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Résumé 

Au cours du XXe siècle, les polymères se sont développés à une vitesse très importante, due à 

leur facilité de production et à leur versatilité, permettant le développement de différentes 

classes de matériaux suivant l'application visée. En raison de leur popularité, la production de 

polymères a entraîné une énorme quantité de déchets. En particulier, les élastomères vulcanisés 

ont récemment souffert d'une mauvaise réputation à cause de leur incapacité à être refondus ou 

réutilisés. Sur de longues périodes, leur dégradation mécanique se fait par des sollicitations 

cycliques et l’effet de l'environnement. Cependant, ils restent très largement utilisés dans 

plusieurs secteurs industriels en raison de leurs propriétés physiques uniques. Un défi majeur 

consiste donc à trouver des matériaux alternatifs capables d'être réutilisés, réparés et recyclés, 

répondant à des exigences très élevées en termes de module d’élasticité, de ténacité, de 

résistance à l'usure, de stabilité chimique et de coût. 

Les élastomères thermoplastiques, basés sur des copolymères à blocs multiples, possèdent les 

propriétés mécaniques requises pour des applications structurelles et peuvent être réutilisés ou 

recyclés. La réparation de ces matériaux est possible, au-dessus de leur température de fusion, 

à travers la dissociation des segments rigides, qui déclenche la transition solide-liquide. Nous 

proposons d’atteindre cette température en chargeant une matrice élastomère thermoplastique 

avec des (nano)particules générant de la chaleur par induction magnétique à haute fréquence, 

pour un traitement thermique rapide et sans contact.  

D’abord, la caractérisation multi-physique a permis une compréhension complète 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'à leur rupture. Finalement, l’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 20th 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 (102-106 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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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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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 Ingénierie@Lyon, involving the collaboration of three 

laboratories in Lyon, France: “Matériaux: Ingénierie et Science” (MATEIS), “Ingénierie des 

Matériaux Polymères” (IMP) and “Laboratoire Génie Electrique et Ferroélectricité” (LGEF). 

The thesis work was mainly conducted at MATEIS laboratory within the “Polymères, Verres 

et Matériaux Hétérogènes” (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 Lumière Matière” (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 I) 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 II focuses on the 

description of the Materials & Methods. The experimental results on the Structure & 

Thermomechanics of Composites are presented in Chapter III, 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 IV) 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 III-V have been recently published as an article 

(Griffiths et al., “Ultrafast Remote Healing of Magneto-Responsive Thermoplastic Elastomer-

Based Nanocomposites”, Macromolecules, 2022). On top of this, a patent has been submitted 

in December 2020 (under revision at the time of writing), on the process of repairing a structural 

defect through magnetic induction healing, illustrated in Chapter V. 
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This chapter introduces the fundamental aspects required for a full understanding of the present 

thesis. First, we will introduce thermoplastic elastomers, some aspects of their structure-

properties relationship and their main applications. Then, we will describe the basics of 

magnetic behavior, the different types of magnetism and the heating mechanisms appearing 

under an oscillatory magnetic field solicitation. Finally, we will describe major advances in 

materials-oriented magnetic induction, with a particular focus on stimulus healing and situate 

our work in this growing literature. 

1 Thermoplastic elastomers 

 1.1 Definition 

In the mid-1960s, multiblock copolymers (MBC) based thermoplastic elastomers (TPE) were 

introduced as a new class of polymers relying on microphase separation, including benefits 

from both thermoplastic and elastomer materials. [1, 2] They have been widely studied, 

developed and improved over the years for their relative ease of processing and their specific 

mechanical properties, making them valuable for fundamental science and direct application in 

several industrial sectors. In the early 1980s, possible ordered microstructures, such as 

spherical, cylindrical and lamellar phases, were proposed for diblock copolymers, helping to 

rationalize the physics of phase separation in more complex MBCs. [3] The understanding of 

the phase separation process has then been enriched through a variety of experimental and 

theoretical works performed on amorphous diblock and triblock copolymers in the late 1980s 

and 1990s, [4-8] further helping the contemporaneous development of MBCs. In this work, 

TPE are taken as a reliable alternative for rubber-based mass goods, because they can undergo 

many cycles of processing and can easily be repaired/reshaped. [9, 10] 

MBC are often made of crystallizable segmented block copolymers, combining rubber-like 

properties of elastomers (flexibility) and ease of processing from thermoplastic polymers. They 

are composed of an alternating arrangement of “soft” amorphous and “hard” crystallizable 

segments (denoted SS and HS respectively), resulting in hard domains encompassed into a soft 

flexible matrix. By connecting SS, HS crystallites bestows to the material its elasticity. As long 

as the HS melting point is not reached, HSs act as permanent nodes in a similar manner as sulfur 

bridges ensures the elasticity in vulcanized elastomers. Their mechanical performances are, 

indeed, predominantly driven by the hard phase volume fraction and morphology. [11] On the 
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other hand, the soft phase provides the material with its flexibility, allowing properties recovery 

after high deformation. [12] More anecdotally, SS may crystallize slightly at low temperature 

according to their chemical structure (e.g., around 0°C for PTHF [13]). 

The thermoreversible character of TPEs relies on the phase-separation and homogenization 

respectively upon decreasing or increasing the temperature. According to the molecular 

topology, the phase separation can either drive or be driven by the crystallization [14] leading 

to the growth of hard domains ensuring the solid-like behavior. The homogenization 

temperature of crystallizable TPEs correspond to the melting point of the hard-domains, 

triggering molecular diffusion and the material’s flow at the macroscopic lengthscale (Figure 

1.1). The thermoreversible nature of TPEs makes them able to be reused, reshaped, repaired 

and recycled. [9, 10] Therefore, TPEs can be manufactured through extrusion, injection 

molding, hot-pressing and even 3D printing. This behavior needs to be considered in contrast 

with chemically crosslinked elastomers, which have excellent mechanical properties but cannot 

flow making them (currently) almost impossible to be efficiently recycled. [15] 

 

Figure 1.1: Schematic representation of the TPE thermoreversibility. At low temperatures, hard 

segments (red) gather forming ribbon-like structures while at higher ones homogenization occurs 

 

On one hand, SSs are commonly made of low-𝑇𝑔 polymers such as polybutadiene (PB), [16-

18] polyisoprene (PI), [18-20] polyethylene oxide (PEO), [21, 22] polyethylene (PE), [23, 24] 

polypropylene (PP), [25] polydimethylsiloxane (PDMS), [26] poly-1-octene, [27] 

polytetramethylene oxide (PTMO), [28-30] or polytetrahydrofuran (PTHF). [31-33] 

On the other hand, HSs are made of crystallizable segments such as polystyrene (PS), [16-18] 

polyethylene terephthalate (PET), [22] polycyclohexylethylene (PCHE), [23, 24] polymethyl 

methacrylate (PMMA), [26] an orthorhombic form of PE, [27] polybutylene terephthalate 

(PBT), [28, 29, 34, 35] T4T, [32, 36] T6T, [30] T6A6T, [30, 37] T6T6T, [30, 38] TΦT, [39, 

40] polyamide 12 (PA12), [31] polyamide 1012 (PA1012) [41] or oxalamide groups. [33] 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI061/these.pdf 
© [P. Griffiths], [2022], INSA Lyon, tous droits réservés



Thermoplastic elastomers 

 

8 

 

While any combination of HS and SS could have possibly led to an interesting material for this 

study, we decide to focus our attention on a commercial thermoplastic polyurethane (TPU), 

being a sub-class of TPEs based on diisocyanates and diols. The existing chemical linkage 

denoted as urethane is: (−𝑁𝐻𝐶𝑂𝑂 −) The reasons for having chosen a commercial TPU rely 

on their low cost and their proven capacity to be scaled up to the industrial scale. Moreover, 

TPUs are characterized by a good resistance to humidity and suitable mechanical properties for 

the intended applications. This TPU (i.e., Desmopan 85085A) is made of an association of 

hexamethylene diisocyanate (HDI) and 1,6-hexanediol (HDO) as HS and of butanediol 

polyadipate and polypropylene oxide as SS1 and SS2 respectively, as shown in Figure 1.2. The 

weight fractions of HS, SS1 and SS2 are 28.0, 49.5 and 22.5 wt.% respectively. We remind the 

reader that the TPU and the corresponding composites prepared in this work will be submitted 

to many temperature cycles, and their resistance to oxygen will prevent any undesired reaction 

with the environment. 

 

Figure 1.2: Schematic representation of the arrangement between HS/SS1/SS2 in the TPU (Desmopan 

85085A) architecture and the topological formulae of each if its segments. 

 

 1.2 Relation between TPE structure and properties 

As presented above, TPEs combine interesting properties of thermoplastic polymers and 

elastomers through the arrangement and separation of soft and hard phases. Interestingly, the 

structure of HS aggregates can be modified to tune the mechanical properties of the TPEs. [12] 

The process used (e.g., drop casting, solvent casting or hot-pressing) influences the structure 

[42] (see Figure 1.3) impacting de facto the mechanical properties. [13] Moreover, different 

morphologies and physical properties can be obtained by varying the type, the length and the 

fraction of segments used. [3, 43, 44] Phase separation depends on the interactions between the 
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respective chemical species and on the mobility of the chains through their capacity to arrange 

themselves in specific conformations reducing their entropy during the processing. Polymer-

oriented self-consistent field theory and numerical resolution methods are reliable procedures 

able to predict the structure of multiphasic polymers, [45, 46] through the simplification of the 

problem into the analysis of a single polymer chain. 

 

Figure 1.3: AFM micrographs of a PBT-PTHF based TPE containing ca. 30 wt.% in HS (PBT). This 

TPE was prepared through (1) drop casting, (2) solvent casting and (3) hot-pressing adapted from [42]. 

The high rigidity phase consisting of HS crystallites appears in “light gold”. 

 

A relevant aspect to consider to understand the TPE’s structure is its thermal behavior. The 

relevant characteristic temperatures of a TPE are the glass transition of the SS (and possibly the 

HSs) (𝑇𝑔) as well as the melting and crystallization points (𝑇𝑚 and 𝑇𝑐 respectively) of both SS 

and HS (see Figure 1.4). The glass transition 𝑇𝑔 designates the transition between the glassy 

state and the rubbery state in an amorphous polymer. It is related with the motion of chain-

segments made of a few repetition units – often called principal or α-relaxation. [47] 

Importantly, crystallizable MBC can play the role of a TPE on the condition that SS and HS are 

respectively rubbery and crystalline at service temperature. Differential scanning calorimetry 

(DSC) thermograms in Figure 1.4 clearly show the effect of different HS content on these 

transitions. This also prevents the formation of stable SS crystallites, as suggested by the lack 

of transition peaks in HS65 caused by the impossibility for the short SS (ca. 1 kg/mol) to bend. 

DSC further revealed the effect of polydispersity [30] of crystallizable segments on the thermal 

transitions of the TPE. Indeed, polydisperse segments tend to hinder the formation of 

crystallites. In contrast, perfectly monodisperse and short segments can lead to high 

crystallinity. It has been proven that monodisperse T4T HS with well-calibrated sizes can 

crystallize up to ~70%. [32] 
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Figure 1.4: DSC thermograms of solvent cast TPEs with different hard segment content, adapted from 

[42]. HSx-SC designates the HS content in the TPE. 𝑇𝑔
𝑆𝑆, 𝑇𝑚

𝑆𝑆, 𝑇𝑚
𝐻𝑆, 𝑇𝑐

𝑆𝑆 and 𝑇𝑐
𝐻𝑆 designate the SS glass 

transition, melting and crystallization points of SS and HS respectively. 

 

Besides, high mechanical properties are required to compete with strong chemically cross-

linked rubbers. The mechanical behavior of TPEs can be adapted and modified by changing the 

SS length, the chain’s molar mass, the ratio between HS and SS and the process used to prepare 

the material. The uniaxial tensile tests are often used to analyze the material’s behavior up to 

the breaking point. At low deformation, TPEs show a quasi-elastic behavior from which we can 

access the elastic modulus (initial slope of the 𝜎 = 𝑓(휀) curves).  

Polyurethane-urea (PU) copolymers with low SS and HS molar mass (2.0 and 0.9 kg mol-1) 

and annealed at 60 and at 100°C are shown in Figure 1.5A. They have a well-defined 

elastomeric behavior, because in both cases SS are completely amorphous with their respective 

characteristic temperatures being 𝑇𝑔
𝑆𝑆 = -57.3 and 61.9 °C and 𝑇𝑚

𝑆𝑆 = 19.9 and 17.6 °C. In these 

cases, phase separation is relatively weak, therefore chains are expected to diffuse with low 

mechanical solicitations. This type of response is characterized by low Young’s modulus and 

no yield point present in their tensile curves. The materials dried at 100°C (i.e., PU-X-100 

displayed in red) present an enhancement in mechanical properties when compared to those 

dried at a lower temperature of 60°C (i.e., PU-X-60 displayed in black). This behavior is 
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explained by the structural and morphological changes, such as the formation of α-complex 

crystalline structures confining hydrogen bonds within a small region, occurring at higher 

temperatures of annealing. The densely packed hydrogen bonds allow for an effective load 

transfer under mechanical solicitation, indicating a more robust elastomeric network.  

Two other PU copolymers with the same HS/SS chemistries and ratio of HS content (i.e., 30 

wt.%) are presented in Figure 1.5B, however they differ by a higher molar mass (i.e., 8.0 and 

3.4 kg mol-1 for SS and HS respectively) for two different temperatures of annealing. These 

materials present clear elastoplastic behavior, with an initial elastic response up to a yield point, 

followed by softening due to the first chain pull-out events and a subsequent hardening due 

chain alignment. [48] In these cases, phase separation is more relevant, [12, 49] blocking chain 

diffusion. Mechanical solicitations initially stretch SS up to the pull-out of HS (appearance of 

a yield point). This process may further result in strain-induced crystallization [21, 28, 50] (see 

Figure 1.6). The progressive fragmentation of the HS, i.e., the loss of connection of the network 

ultimately leads to plasticity and ultimately to the macroscopic failure of the material. This is 

possible because SS are semicrystalline in these materials. Note the values of 𝑇𝑔
𝑆𝑆 are -49.3 and 

68.7°C and those of 𝑇𝑚
𝑆𝑆 are 51.2 and 45.1°C for PU-8-60 and PU-8-100 respectively.  

 

Figure 1.5: Influence of the temperature of annealing on stress-strain curves of polyurethane-urea (PU) 

copolymers with SS molar mass of (A) 2 kg mol-1 and (B) 8 kg mol-1, adapted from [48]. PU-X-60 and 

PU-X-100 refers to copolymers annealed under vacuum at 60°C and 100°C respectively. 
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Figure 1.6: Schematic representation of a crystallizable TPE morphology evolving with increasing 

strain amplitude, showing successively chain pull-out events, chain alignment and strain induced 

crystallization of SS, adapted from [50].  

 

A set of uniaxial tensile tests performed on copolymers with varying structural parameters is 

compiled in Figure 1.7. For example, increasing the HS content in copolymers leads to a 

systematic stiffening, caused by a higher crystalline content accompanied with larger 

crystallites, both effects enhancing the degree of connectivity of the network. However, in the 

case of short copolymers (i.e., under 15 kg mol-1), each molecule can only form a limited 

number of topological links through entangling or crystallization, which explains the failure at 

low strain (see Figure 1.7A). Conversely, increasing the chain length leads to the emergent 

role of bridging segments, with failure at higher strain, indicating a higher connectivity between 

the chains. For long chains, increasing the HS content leads to larger strain hardening but lowers 

the strain at failure of the material. Figure 1.7B shows the effect of temperature on the 

mechanical behavior. The reduction in strain at failure of these materials can be predicted 

depending on the temperature, the chain length and the interactions between HSs by modeling 

the kinetics of the formation and the breakage of physical bonds between HSs. [51] Finally, 

Figure 1.7C shows how the strain rate affects mostly the non-linear regime of the mechanical 

behavior. With higher strain rates (solid lines), chains do not have enough time to relax, thus 

alignment and stretching of SSs is favored as illustrated by a stiffening at large strain. 
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Figure 1.7: Uniaxial tensile tests performed on PBT-PTHF copolymers. (A) The effect of increasing (1) 

the HS (PBT) content and (2) the number of segments, adapted from [52]. (B) The effect of the 

temperature, adapted from [51]. (C) The effect of the chain length (50 and 29 kg mol-1 represented in 

red and brown respectively) and the strain rate (0.17 and 0.0017 s-1 represented in solid and dashed 

lines respectively), adapted from [50]. 

 

The thermoreversible nature of TPEs makes them easy to handle and to study in the molten 

state or around the melting temperature. Rheology is the most reliable technique for this type 

of characterization. The flow regime is related to chain diffusion and is strongly impacted by 

the phase morphologies. Figure 1.8A shows the storage 𝐺’ and the loss 𝐺” moduli in the flow 

regime of a molten TPE, measured through dynamic frequency sweeps and completed with 

inverted creep measurements at the same temperature. This example does not correspond to a 

homogenous polymer melt, in which 𝐺′~𝜔2 and 𝐺′′~𝜔 are expected (Maxwell fluid). In fact, 

at low frequencies, MBC also display sources of elasticity, which come from the phase 

separation persisting in the molten state (see Figure 1.8A). This indicates the possibility of 

manipulating the polymer in the molten state to engineer useful morphology once solidified. 

[53] This is notably the case when dealing with shear-induced crystallization [53, 54] which 

provides the possibility to stretch and therefore, the opportunity to tailor the hard domains 
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structure beyond the use of solvents (see Figure 1.3). The phase transition can be detected 

through frequency sweeps, temperature sweeps or small amplitude oscillation shear (SAOS) 

for shear induced crystallization (see Figure 1.8B). 

 

Figure 1.8: (A) Dynamic frequency sweep (black) and creep (blue) measurements performed on a PBT-

PTHF segmented block copolymer at 185°C after melting it at 210°C. Open and filled symbols 

correspond to storage 𝐺’ and loss 𝐺” moduli respectively. (B) SAOS measurement performed on the 

same PBT/PTHF copolymer at 140°C showing its phase transition through time. Figures are adapted 

from [54]. 

 

A complete characterization of the polymer is therefore necessary to fully comprehend its 

behavior. The different aspects related to the TPE structure (i.e., type of HS and SS, chain 

length, ratio between HS and SS and process) will result in specific thermal and mechanical 

properties. Although in this thesis, we decided to focus mainly on one TPE matrix, it should be 

reminded that by changing the chemistry and the chain structure, we can tune the properties of 

the responsive material to match particular specifications. 

 

 1.3 Applications of TPE 

In 2021, the TPE market represents 3.84 million tons market and is expected to grow to 5.55 

million tons by 2026. [55] The processing advantages and the mechanical behavior of TPEs 

make them particularly interesting in a wide range of applications (see Table 1.1). The 

manufacturing of vehicles components is the primary sector for all TPE products. They are also 

highly relevant for sports goods, medical devices, household items, bitumen modifiers, [56, 57] 

adhesives, [58, 59] energy dissipators, [60] reinforcing fibers, [61] polyelectrolytes, [62, 63] 
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compatibilizers [64] and strain sensors. [65, 66] Figure 1.9 shows some examples of TPEs in 

common goods. From an industrial point of view, the two main characteristics of a TPE that 

are 1) good mechanical properties and 2) ease of processing make them a good choice for cost 

effective production and design flexibility. 

Each type of TPE offers a distinctive set of properties (see Table 1.2). TPEs are generally good 

electrical insulators but fairly susceptible to high-energy UV radiation. The chemical 

performance of the TPE will depend greatly on their chemical structure. The main advantages 

for each type of TPE are summarized in the following table: 

 

Markets Applications 

Automotive Weather seals, shock dust boots, exterior and interior trims, instrument 

panels, air ducts, pipe grommets, glass encapsulation, drive belts, 

high/low pressure pipes, mats for motor scooters, O-rings 

Construction Extruded seals for doors and windows, simple or co-molded hydraulic 

seals, glazing seals, pipe seals 

Industrial Anti-vibration mounts, inlet pipes and exhaust manifolds, seals, drum 

suspension bushes, shock absorbers, roof membranes 

Consumer 

goods 

Magnetic seals for refrigerators, power tools handles, remote control 

covers, mobile phone covers, push-button panels, shock absorbing 

protections for vacuum cleaners 

Medical Breathing tubes, syringe seals 7 tips, ventilation masks and bags, seals, 

valves, catheters 

Electronics Sheaths for condensers, plugs and loose sockets, cables, mobile phone 

components 

Footwear and 

sporting goods 

Items for diving (flippers, snorkels, masks) and skiing (ski pole handles, 

ski boots), sports goods, shoe soles 

 

Table 1.1: Most common TPE uses for different sectors. [67]  
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Figure 1.9: TPE products. PolyOne GLS supplies, adapted from [68]. TPEs in electronic components, 

adapted from [67]. Medical KRAIBURG TPE compounds, adapted from [69]. TPEs used for the soles 

of sport shoes, adapted from [67]. 

 

Material Advantages 

Thermoplastic 

polyurethanes (TPU) 

Chemical tunability, abrasion resistance, 

tear strength, stiffness properties, and 

oxygen, ozone and weather resistance 

Thermoplastic 

styrenic block 

copolymers (SBC) 

High tensile strength and modulus, 

miscibility, good abrasion resistance, 

electrical properties 

Thermoplastic 

elastomer polyolefins 

(TPO) 

Flexible, inert, nontoxic 

Thermoplastic 

vulcanizates (TPV) 

Mechanical properties, fatigue durability, 

liquid and oil resistance 

Thermoplastic 

copolyester 

elastomer (COPE) 

Dynamic properties, good resistance to 

chemicals and oil, excellent strength, heat 

resistance, electrical insulator 

Thermoplastic 

polyether block 

amides (COPA) 

Processability, heat resistance, wear 

resistance 

 

Table 1.2: TPE advantages in accordance with the different natures. [67]  
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Importantly, the thermoreversible nature of TPEs make them good candidates to be 

incorporated in reusable products in the aforementioned markets (see Table 1.1). The process 

of melting and reshaping the material into its original structure leads, in theory, to an almost 

complete recovery of the original shape of the material and its properties. Although it should 

be noted that the recovery capacity of a material is not only defined by the recovery of its 

properties (i.e., mechanical, rheological, electrical properties) after one cycle, but also by the 

number of reuse cycles to which it can be submitted, which directly depends on its chemical 

stability.  

The main condition for allowing the reshaping of a TPE is to reach its liquid state (i.e., the 

melting point of HS), which can be done through different heating methods. In this thesis, we 

chose magnetic induction as the reliable and efficient method of reaching the TPU melting 

point. This method relies on loading the matrix with magnetic fillers. It presents clear 

advantages when compared to usual convective heating: 

• Remote control heating mechanisms enabling an increase in temperature without direct 

contact between the composite material and the magnetic inductor generating the 

alternating magnetic field. 

• Spatio-selective heating is possible through controlled localization / diffusion of 

magnetic fillers in an architectured material. 

• High tunability for the targeted temperature, as the heat generation depends 

simultaneously on the external stimulus (e.g., magnetic field amplitude, frequency, 

irradiation time) and on the material’s properties (e.g., filler fraction, particle nature 

and size, and viscosity of the matrix). 

• Reduced thermal inertia, due to the absence of susceptors, enabling quick phase 

transitions and limits the thermal gradient across the sample thickness. 

To fully understand how magnetic induction works, we will describe all the basic concepts in 

the following section, and then be able to describe the research performed on magnetic 

composites.
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2 Magnetism and associated heating mechanisms 

In this section, we will describe the fundamentals of magnetism and different magnetic 

behaviors, with a special focus on superparamagnetism. Then, we will detail the possible 

heating mechanisms using a magnetic stimulus. 

 2.1 Fundamentals 

  2.1.1 Atomic spin 

A spin magnetic moment is associated to every elementary particle, such as protons, neutrons 

and electrons. Magnetic moments, at the atomic scale, are caused by the spin contribution of its 

corresponding elementary particles. In SI units, magnetic moments 𝑚 is expressed in A.m2. A 

group of spins aligned in the same direction can be considered as a macrospin (Figure 1.10A). 

A magnetic domain (Weiss domain) in a material is usually characterized by a single macrospin 

and is limited by domain walls (Bloch walls). 

In multi-domain ferro/ferrimagnetic structures, regions with uniform magnetization are limited 

by these domain walls (Figure 1.10B). [56] These structures will react to an increase of an 

exterior magnetic field �⃗⃗�  by reorienting its magnetic domains progressively and through the 

movement of the domain walls, until every magnetic moment is aligned in the direction of the 

magnetic field �⃗⃗�  whose amplitude is measured in A.m-1 (or Oe in cgs units). 

 

Figure 1.10: Illustration of magnetic moments. (A) Atomic magnetic moment. (B) Macrospin 

representation within a Weiss domain. 
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  2.1.2 Magnetic susceptibility and relative permeability 

Materials behave differently when subjected to a magnetic field �⃗⃗� , depending on their nature. 

This behavior is characterized by the magnetization �⃗⃗� , whose amplitude corresponds to the 

density of magnetic moments in a magnetic material, measured in A.m-1 (or Oe in cgs units). 

[70] 

In addition, parameters such as temperature, pressure, and frequency or amplitude of the applied 

magnetic field can induce a change on the material reaction with respect to the magnetic field 

�⃗⃗� . [70] In the linear regime, the amplitude of the magnetization �⃗⃗�  and the applied magnetic 

field �⃗⃗�  are associated through the magnetic susceptibility 𝜒, with no unit. 

 �⃗⃗� = 𝜒�⃗⃗�  (I-1) 

 

Another equation is also often used to characterize the induced magnetic field �⃗� , measured in 

T, reacting to an applied magnetic field �⃗⃗�  through the permeability µ, measured in H.m-1. 

 �⃗� = µ�⃗⃗� = µ0(�⃗⃗� + �⃗⃗� ) (I-2) 

 

The induced magnetic field �⃗�  gathers the magnetic field in vacuum µ0�⃗⃗�  and the magnetic 

response of the material µ0M⃗⃗⃗ . [70] The response of a material subjected to a magnetic field �⃗⃗�  

can be evaluated by either the magnetic susceptibility 𝜒 or the relative permeability µ𝑟, both of 

which are linearly linked and have no unit. 

 µ𝑟 = 1 + 𝜒 (I-3) 

 

with the relative permeability µ𝑟 being the ratio between the permeability µ and the vacuum 

permeability µ0. 

 µ𝑟 =
µ

µ0
 (I-4) 

 

The main types of magnetism will be described in the following sections: diamagnetism, 

paramagnetism, ferromagnetism, ferrimagnetism and superparamagnetism. 
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 2.2 Types of magnetism 

  2.2.1 Diamagnetism 

The magnetic moment on a diamagnetic material is null. When a magnetic field �⃗⃗�  is applied 

on a material, an electric current is induced as a loop opposing the change in magnetic flux. 

[71] This interaction, weakly repulsive to the magnetic field �⃗⃗� , is due to a slight modification 

to electron rotation under a magnetic field. This means that there could be a slight tendency to 

align the dipoles opposite to the applied magnetic field �⃗⃗�  (Figure 1.11). All materials present a 

small diamagnetic behavior, that may or may not contribute to the whole material’s magnetic 

behavior. 

A diamagnetic material presents no magnetic moment, therefore there is nothing to compensate 

the intrinsically repulsive reaction to the magnetic field. Materials such as polymers are 

diamagnetic. Diamagnetic materials, such as copper, lead and silver, have a magnetic 

susceptibility 𝜒 slightly inferior to zero (𝜒 ~ -10-5). 

 

Figure 1.11: Diamagnetic material (blue) interacting with an external magnetic field �⃗⃗� . Slightly 

repulsive interaction �⃗⃗�  (orange). 

 

  2.2.2 Paramagnetism 

Materials with a small magnetic moment due to the presence of unpaired electrons in their 

atomic orbitals, exhibit a paramagnetic behavior. In this case, the applied field �⃗⃗�  can slightly 

align the individual magnetic moments in the material. The repulsive diamagnetic response is 

still present in the material but it is overcome by the attractive influence of the magnetic 

moments. [71] The overall interaction is weakly attractive toward a magnetic pole. 
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When no magnetic field �⃗⃗�  is applied to the paramagnetic material, all moments are randomly 

oriented in every possible direction as represented in Figure 1.12. Paramagnetic materials retain 

no magnetization in the absence of the magnetic field. They have a magnetic susceptibility 𝜒 

slightly superior to zero (𝜒 ~ 10-5). 

 

Figure 1.12: Randomly oriented magnetic moments within paramagnetic material. At the macroscopic 

scale, the sum of all moments is null. 

 

  2.2.3 Ferromagnetism 

As explained in Chapter I section 2.1.1, a magnetic domain is a domain in which the spins are 

aligned in a given direction, limited by domain walls, both of which are pictured in Figure 1.13. 

[72] A magnetic domain is, thus, characterized by a single macrospin oriented in one direction. 

The size of these domains is usually in the order of the tens of nanometers. 

 

Figure 1.13: Magnetic moments in a ferromagnetic material. Block walls separating magnetic domains 

(Weiss domains) characterized by an internal alignment of the magnetic moments. 
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Ferromagnetism is limited by a temperature beyond which the magnetization is suppressed by 

the thermal motion. This temperature is called Curie temperature 𝑇𝐶𝑢 measured in K, and 

represents the transition between ferromagnetism and paramagnetism. This means that above 

this value, the thermal agitation induces a disorder in the material, the magnetic domains cannot 

be maintained and the material becomes paramagnetic, losing its ferromagnetic properties. In 

the case of iron and magnetite, Curie temperature is 1044 K and 858 K respectively. [71, 73-

75] 

Ferromagnetic materials have a strongly attractive interaction toward a magnetic solicitation. 

Their magnetic susceptibility 𝜒 is higher than 10-2, and therefore they are more sensitive to an 

external field through the alignment of their magnetic spins. An example of a ferromagnetic 

material is iron Fe (𝜒 ~ 200 000). Once the magnetic field �⃗⃗�  is applied to a ferromagnetic 

material, its macrospins start to align in the direction of the applied field, causing a motion of 

their domain walls. Magnetic domains, which were already oriented in the direction of the 

applied field, will grow by realigning the spins at the border of the domain wall. 

Initially, the magnetization 𝑀 increases linearly with the magnetic field amplitude 𝐻 with 𝜒 as 

the slope. At higher amplitudes of 𝐻, there is a non-linear increase of the magnetization 𝑀 until 

the magnetic saturation 𝑀𝑠, corresponding to the point at which all the magnetic domains are 

aligned in the direction of �⃗⃗�  (see Figure 1.14). After reaching 𝑀𝑠, if the applied magnetic field 

𝐻 is stopped, the magnetic domain spins will not return to the original stable configuration. The 

material will present a magnetic remanence 𝑀𝑟. The magnetization 𝑀 of a ferromagnetic 

material can return to zero by applying a magnetic solicitation in the opposite direction. This 

solicitation is called coercivity 𝐻𝑐, measured in A.m-1, [71, 76] which decreases with the 

particle size 𝑑 [77]: 

 𝐻𝑐 = 𝐻𝑐,0 +
𝑐𝑛𝑠𝑡

𝑑
 (I-5) 

 

This is applicable for all multi-domain particles; nevertheless, it cannot be applied to single-

domain particles. The coercivity 𝐻𝑐 attains a maximum in the limit between the single-domain 

and the multi-domain. 

Both 𝑀𝑟 and 𝐻𝑐 are measured in A.m-1. Figure 1.14 shows the different magnetic responses to 

an applied magnetic field �⃗⃗� . The case of superparamagnetic behavior will be introduced in 

Chapter I section 2.3. 
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Figure 1.14: Magnetic behavior of different materials submitted to an applied magnetic field. [78] 

 

  2.2.4 Ferrimagnetism 

Ferrimagnetic materials have two sublattices creating an antiparallel alignment. [71] Their 

moments are parallel to each other but in opposite directions, as shown in Figure 1.15. These 

moments do not cancel each other, meaning that they leave a permanent magnetization in the 

material. Thus, the sum of the moments is also susceptible in regards to the magnetic field. 

Similarly, to ferromagnetic materials, ferrimagnetic materials exhibit magnetic domains of size 

in the tens of nanometers. 

Ferrimagnetic materials also have a magnetic susceptibility 𝜒 higher than 10-2. An example of 

a ferrimagnetic material would be magnetite Fe3O4 (𝑇𝐶𝑢 = 860 K and 𝜒 = 2,59). [71, 73, 79] 

 

Figure 1.15: Magnetic moments in a ferrimagnetic material. Opposite moments (blue, orange) do not 

balance each other. 
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 2.3 Superparamagnetism 

  2.3.1 Superparamagnetic domain 

The behavior of a ferro/ferrimagnetic material changes once its size reaches the dimensions of 

a single magnetic domain. Identifying the different magnetic behaviors is of utmost importance 

when dealing with small particles of a magnetic material. Near this size, there is a critical value 

below which it costs more energy to create a domain wall than to support the magnetostatic 

energy. [56] This single-domain particle is uniformly magnetized with all of its spins aligning 

in the same direction. [56] The maximum single-domain size 𝐷𝑠 represents the limit between 

single-domain and multi-domain and is defined by equation (I-6). 

 𝐷𝑠 = 72√𝐴𝑝|𝐾1|/µ0𝑀𝑠
2 (I-6) 

 

where 𝐾1 is the magnetocrystalline anisotropy in J.m-3 and 𝐴𝑝 is the exchange stiffness constant 

which serves to characterize the electron exchange in a ferromagnetic material in J.m-3. [80] 

The different types of magnetic anisotropies will be explained in Chapter I section 2.3.4. 

An individual particle, smaller than the single-domain size, having one large magnetic moment 

(or macrospin), can behave like a giant paramagnetic atom with fast response to an applied 

magnetic field �⃗⃗� . Superparamagnetic particles are a variant of a ferro/ferrimagnetic material. 

Once the size of a ferro/ferrimagnetic material is sufficiently small, the size of the particle is 

similar to that of a magnetic domain (tens of nanometers). This limit particle size is referred as 

the superparamagnetic blocking diameter 𝐷𝑠𝑝, and its value can be determined by equation (I-

7). [80]  

 𝐷𝑠𝑝 = (48𝑘𝐵𝑇/|𝐾1|)
1/3 (I-7) 

 

where 𝑇 is the temperature in K and 𝑘𝐵 is the Boltzmann constant 𝑘𝐵 = 1.38 x 10-23 J.K-1. 

Under the superparamagnetic limit, the particle will then be characterized by one macrospin 

with all of its local moments aligned in one single stable direction, determined by its 

magnetocrystalline anisotropy. Meaning that at small particle sizes, there can be frequent 

spontaneous magnetization reversal, from one stable orientation to the opposite one. After a 
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certain amount of time, the orientation of the macrospin can be spontaneously reversed (without 

the use of a magnetic solicitation). 

Superparamagnetic nanoparticles keep a high value of magnetic susceptibility 𝜒. In contrast to 

the two previous types of magnetism (ferro/ferrimagnetism), superparamagnetic particles do 

not display a hysteresis through a magnetization test at low frequency and therefore the 

coercivity 𝐻𝑐 is null (see Figure 1.14). 

The values of 𝐷𝑠𝑝 and 𝐷𝑠 for iron Fe and magnetite Fe3O4 particles are referenced in Table 1.3, 

calculated for spherical particles. These values are susceptible to the particles’ shape factor. 

Figure 1.16 shows the coercivity 𝐻𝑐 as a function of the particle size. It also displays the multi-

domain and single-domain particles separated 𝐷𝑠, as well as the ferro/ferrimagnetic FM and the 

superparamagnetic SPM domains separated by 𝐷𝑠𝑝. 

 

 Fe Fe3O4 

Superparamagnetic blocking diameter Dsp 16 nm 26 nm 

Maximum single-domain size Ds 20 nm 76 nm 

 

Table 1.3: Characteristic particle size, for spherical particles, limiting different behavioral magnetic 

ranges. 

 

 

Figure 1.16: (A) Particle coercivity 𝐻𝑐 versus particle size, with 𝐷𝑠𝑝 being the superparamagnetic 

blocking diameter and 𝐷𝑠 being the maximum single-domain size. [81] (B) Magnetization curves 

displaying the presence or lack of hysteresis for different particle sizes, with colors matching the 

coercivity figure. 
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  2.3.2 Blocking temperature 

The superparamagnetic behavior is also characterized by the blocking temperature 𝑇𝐵. Thermal 

fluctuations need to be sufficient to enable the rotation of the magnetic moment of the particle. 

Above the blocking temperature 𝑇𝐵, ferro/ferrimagnetic nanoparticles exhibit 

superparamagnetic behavior, the rapid nanoparticle magnetization reversals can take place 

while it is not possible below (spins are considered as blocked and do not react to an exterior 

solicitation). [78, 82] This characteristic temperature depends on the size and the magnetic 

properties of the particle, according to the following equation [82]: 

 𝑇𝐵 =
|𝐾|𝑉

𝑘𝐵 ln(𝜏𝑚/𝜏0)
 (I-8) 

 

Where 𝐾 is the magnetic anisotropy constant in J.m-3, 𝑉 is the particle volume in m3, 𝜏𝑚 is the 

measurement time (the inverse of the frequency 𝑓𝑚 of the magnetic field used for the 

measurement) and 𝜏0 is the attempt time, both in s. The attempt time 𝜏0 is an average timescale 

between two successive random thermal excitations, usually between 10-9 and 10-12 s. [56, 76, 

78, 83-89] 

An increase in particle size will directly lead to an increase in the value of the blocking 

temperature 𝑇𝐵. [85] With the blocking temperature 𝑇𝐵 being highly sensible to the particle 

volume, a wide distribution of the particle sizes results in a wide distribution of the blocking 

temperatures 𝑇𝐵. [56] 

A dependence of 𝑇𝐵 with the value of the applied magnetic field �⃗⃗�  has also been reported, 

showing that the increase of the amplitude 𝐻 shifts the blocking temperature 𝑇𝐵 towards lower 

temperatures. [90] For example, Tanwar et al. [91] performed Zero Field Cooling – Field 

Cooling (ZFC-FC) on 10 nm monodisperse magnetite Fe3O4 particles showed the dependency 

of 𝑇𝐵 as a function of the applied field 𝐻. These measurements, performed at 50, 200, 500, 

1000, 2000, 3000, 4000 and 5000 Oe, result in 96, 80, 60, 44, 30, 22, 19 and 15 K as blocking 

temperatures. 𝑇𝐵 should not be considered as the limit of a phase transition but as a temperature 

for which a sudden change in relaxation time 𝜏 occurs. [83] 
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  2.3.3 ZFC-FC curves 

It is possible to differentiate a ferromagnetic material from a superparamagnetic material by 

characterizing its response to a magnetic field through a wide temperature range. A 

Superconducting Quantum Interference Device (SQUID) or a Vibrating-Sample Magnetometer 

(VSM) are typically used for this type of experiment, by following the material’s magnetization 

of a material tested in a temperature-controlled cell under an applied magnetic field 𝐻 delivered 

by an alternating current AC or a direct current DC. 

A ZFC-FC experiment is used to determine a characteristic temperature for the transition 

between superparamagnetic and blocked states (see Figure 1.17). The protocol used for the 

ZFC-FC characterization of our samples is described in Chapter II section 3.7. As explained in 

the previous section, this temperature is called the blocking temperature 𝑇𝐵. It depends on the 

frequency used for its measurement, determining if the magnetic material is in a blocked state. 

[83] Below this temperature, the particle has its magnetic moment blocked and the 

magnetization decreases enormously. The fact that the ZFC and FC curves do not superimpose 

is a clear indication of superparamagnetism. It is possible to relate the blocking temperature to 

an average size of particles. In the ZFC curve, a clear peak indicates a narrow dispersion in 

particle size.  

 

Figure 1.17: Schematic ZFC-FC measurements of magnetization performed on a superparamagnetic 

material. [78] 

  

  2.3.4 Magnetic anisotropy K 

The blocking temperature 𝑇𝐵 also depends on the value of the magnetic anisotropy constant 𝐾, 

which characterizes the magnetic properties of a material depending its nature (arrangement of 

its atomic spins) and its shape. [92] It has two main contribution: the magnetocrystalline 
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anisotropy 𝐾1 and the shape anisotropy 𝐾𝑠ℎ, in J.m-3. A third contribution called stress 

anisotropy 𝐾𝜎 exists but will not be discussed because the materials considered here are not 

subjected to stress when exposed to an alternating magnetic field. [92] 

 𝐾 = 𝐾1 + 𝐾𝑠ℎ (I-9) 

 

The magnetocrystalline anisotropy 𝐾1 is intrinsic to a material and characterizes the ease to 

obtain a magnetic effect on a preferential crystallographic direction. [71] Depending on the 

crystalline structure of the material, the spins are oriented in a particular direction more easily 

than the others. For iron particles, the magnetocrystalline anisotropy is 48 kJ m-3, whereas for 

magnetite particles, it is -13 kJ m-3. [71, 74, 85, 93-95] 

The shape anisotropy 𝐾𝑠ℎ, as its name suggests, depends on the different shapes of particles 

composing the material: spheres, cubes, cylinders. [71] The main equation used to calculate the 

shape anisotropy contribution is the following: 

 𝐾𝑠ℎ =
1

4
µ0𝑀𝑠

2(1 − 3𝑁) (I-10) 

 

where µ0 is the vacuum magnetic permeability with µ0 = 4π·10-7 J.A-2.m-1, 𝑀𝑠 is the saturation 

magnetization in A.m-1, also called spontaneous magnetization and 𝑁 is the demagnetizing 

factor depending on the particle shape, with no unit. [92] Table 1.4 gathers the different possible 

values of the demagnetizing factor 𝑁 depending on the particle shape. 

 

Shape Demagnetizing factor N 

Long needle (parallel to magnetization) 0 

Long needle (perpendicular to magnetization) 1/2 

Sphere 1/3 

Thin film (parallel to magnetization) 0 

Thin film (perpendicular to magnetization) 1 

 

Table 1.4: Demagnetization factor 𝑁 for different particle shapes. 
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For a spherical particle, the demagnetization factor 𝑁 is zero, which means that the shape 

anisotropy 𝐾𝑠ℎ would be null and the magnetocristalline anisotropy 𝐾1 would be the only one 

contributing to the value of the magnetic anisotropy 𝐾. 

For needle-shaped particles, the value of 𝑁 varies depending on the alignment of the particle in 

relation to the applied magnetic field 𝐻. The shape anisotropy 𝐾𝑠ℎ shows a minimum and 

maximum value. For iron particles, the shape contribution to the magnetic anisotropy is 

comprised between - 450 and 900 kJ.m-3, whereas for particles, it is comprised between - 35 

and 70 kJ.m-3. 

Other expressions of the shape anisotropy 𝐾𝑠ℎ in cgs units have been referenced [71, 93] such 

as:  

 𝐾𝑠ℎ =
1

2
(𝑁𝑎 − 𝑁𝑐)𝑀𝑠

2 (I-11) 

 

in which, 𝐾𝑠ℎ is measured in erg.cm-3, 𝑀𝑠 is measured in emu.cm-3 and (𝑁𝑎 – 𝑁𝑐) are the shape 

factors depending on the ratio between the longest and the shortest width of the particle 𝑐/𝑎, 

with some of its values referred on Table 1.5: 

 

Shape ratio c/a (Na - Nc) 

1.0 0.00 

1.1 0.47 

1.5 1.89 

2.0 3.01 

5.0 5.20 

10 5.90 

 

Table 1.5: (𝑁𝑎 − 𝑁𝑐) factor corresponding to different shape ratios 𝑐/𝑎 between the biggest and 

smallest dimensions of the particle. 

 

  2.3.5 Néel/Brown relaxations 

In the case of superparamagnetic particles, the magnetic moment of a nanoparticle has two 

stable orientations antiparallel to each other. For the nanoparticle magnetic moment to fluctuate 

between these two orientations, it needs to overcome an anisotropic energy barrier 𝐾𝑉, [96] 
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with 𝐾 the anisotropic constant due to crystalline and/or shape effects in J.m-3 and 𝑉 the volume 

of the particle in m3. 

Magnetic relaxations can take place through the spontaneous realignment of a particle’s 

magnetic moment towards its stable orientations. Néel relaxation occurs if the thermal energy 

𝑘𝐵𝑇 sufficient move the moment from its preferred orientation. The relaxation of the moment 

towards its equilibrium state releases thermal energy through the rotation of the magnetic 

moment of the particle at high frequency. [84] This rotation occurs once a magnetic field �⃗⃗�  is 

applied upon the particle and it happens without macroscopic rotation of the particle. 

This process is characterized by its relaxation time 𝜏𝑁 in s, given in by the Néel-Arrhenius 

equation [56, 76, 78, 83, 85-87, 89] using the attempt time 𝜏0 introduced in Chapter I section 

2.3.2: 

 

 𝜏𝑁 = 𝜏0𝑒
𝐾𝑉 𝑘𝐵𝑇⁄  (I-12) 

 

or by the equation modified by Brown [71-74]: 

 𝜏𝑁 =
𝜏0

2
√𝜋

𝑘𝐵𝑇

𝐾𝑉
𝑒𝐾𝑉 𝑘𝐵𝑇⁄  (I-13) 

 

Brown relaxation is a viscous loss due to particle reorientation in a fluid; the heat is generated 

through shear stress with its surrounding. [84] In contrast to Néel relaxation, Brown relaxation 

occurs through the rotation of the particle to align its moment in the direction of the magnetic 

field. This process is characterised by a relaxation time 𝜏𝐵 in s. [76, 78, 82, 84, 86, 88, 89] 

 𝜏𝐵 =
3𝜂𝑉𝐻

𝑘𝐵𝑇
 (I-14) 

 

where 𝜂 is the viscosity of the material in Pa·s, 𝑉𝐻 is the hydrodynamic volume in m3. 

In the case of a complex fluid, we can take the viscosity of the material 𝜂 as being equal to the 

zero-shear viscosity 𝜂0. However, one should keep in mind that other cases may emerge, in 
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particular when the particle’s size becomes smaller than the typical distance between 

topological constraints (e.g. entanglements in a polymer melt). 

An induced particle rotation is also possible for ferro/ferrimagnetic particles if it is enabled by 

the environment surrounding it. In this document, we shall make the distinction between Brown 

relaxation for single-domain superparamagnetic particles which is a spontaneous phenomenon 

and viscous loss friction for multi-domain ferro/ferrimagnetic particles which is provoked by 

the particle’s reorientation in the magnetic field direction. 

The apparent relaxation time 𝜏 is dominated by the shorter between the Néel and Brown 

relaxation times: [76, 82, 84, 86, 88] 

 
1

𝜏
=

1

𝜏𝐵
+

1

𝜏𝑁
 (I-15) 

 

One clear indication for the superparamagnetic behaviour is the lack of hysteresis in 𝑀(𝐻) 

curves (see Figure 1.14). [97] Instead, we can observe a clear sigmoidal curve with no 

hysteresis, which can be fitted to determine the average size of superparamagnetic particles, 

using Langevin’s equation [71, 97]:  

 𝑀 = 𝑀𝑠 (cot(𝑥) −
1

𝑥
) (I-16) 

 

in which 𝑥 is a dimensionless parameter given by: 

 𝑥 =
𝑚µ0𝐻

𝑘𝐵𝑇
 (I-17) 

 

and 𝑚 is the magnetic moment of the nanoparticles. 

 𝑚 = 𝑀𝑠(𝑏𝑢𝑙𝑘)𝑉 (I-18) 

 

 2.4 Heating mechanisms 

A magnetic field applied to a material can generate heat through different mechanisms. The 

reaction of the particle to an applied magnetic field �⃗⃗�  can vary significantly with its size and it 
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is crucial to know which mechanism leads directly to the heating of the particle. The different 

heating mechanism, such as eddy currents, domain wall motion and relaxation will be 

predominant in either the bulk material, multi-domain particles or single-domain particles 

respectively. 

It should be noted that a wide dispersion of particle size could mean that several driving 

mechanisms may be activated, when a composite material (as it is the case in this work) is 

subjected to an alternating magnetic field. 

  2.4.1 Eddy currents 

An alternating magnetic field applied to a conductive material with a size bigger than 1 cm can 

generate eddy currents within the material. [84] These currents formed in a closed loop in a 

susceptor material can cause heating through Joule heat losses. [98-100] If the material is a 

conductor, the inner currents generated will induce heating by Joule effect. Eddy current loss 

𝑃𝑒𝑑𝑑𝑦 in W is evaluated using the following expression [76]: 

 𝑃𝑒𝑑𝑑𝑦 = 𝐾𝑒𝐵𝑚
2𝑓2𝑑2/𝜌𝑚 (I-19) 

 

where 𝐾𝑒 is a constant depending on the sample geometry in m3, 𝐵𝑚 is the maximum inducted 

magnetic field in T, 𝑓 is its frequency in Hz, 𝑑 is the smallest dimension transverse to flux in 

m and 𝜌𝑚 is the material resistivity in Ω m. [76] 

The effects of the magnetic field 𝐻 in conductors are limited by penetration depth 𝛿 in m, 

depending on the resistivity 𝜌𝑚 in Ω m, the permeability µ in H.m-1 and the frequency 𝑓 in Hz 

of the alternating field. Therefore, the size of the particles is an important parameter for a 

specific applied magnetic field to act upon the entirety of the particle. 

 𝛿 = √
𝜌𝑚

𝜇𝜋𝑓
 (I-20) 

 

It is worth noting that conductive or insulator materials could be either diamagnetic, 

paramagnetic or ferromagnetic. Copper, aluminum and iron are conductive materials, but have 

different magnetic behaviors. Their magnetic susceptibility equals - 9.6·10-6, 2.2·10-5 and 

2.0·105 respectively. 
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  2.4.2 Magnetic hysteresis losses 

Induction heating through magnetic hysteresis losses can happen on ferro/ferrimagnetic 

materials and on superparamagnetic magnetic nanoparticles possessing a high magnetic 

susceptibility. Here, we shall refer to all magnetic losses occurring in nanoparticles on the 

ferro/ferrimagnetic or on the superparamagnetic regimes (see hereafter). [82, 101] 

Magnetic domain wall motion is the predominant heating mechanism for particles with a size 

larger than 100 nm. [84] This mechanism happens by domain wall motion and domain 

realignment. [84, 99] When a ferro/ferrimagnetic material is magnetized by an increasing 

magnetic field 𝐻, and then the field is decreased, the magnetization does not follow the initial 

magnetization curve. This irreversibility is called hysteresis and it can be seen by following the 

magnetization 𝑀(𝐻) curve (see Figure 1.14). [71, 76] The first magnetization shows a linear 

relation between 𝑀 and 𝐻, and the slope corresponds to the value of the magnetic susceptibility 

𝜒. [75] 

To explain the hysteresis, we shall detail every step in the magnetization/demagnetization. At 

high applied fields, the Weiss domains arrange in the direction of the magnetic field �⃗⃗�  and 

create a temporary magnetic dipole [98] and the magnetization approaches the saturation 

magnetization 𝑀𝑠. It is reached once all the magnetic dipoles are aligned in the direction of the 

magnetic field �⃗⃗� . [78] For iron particles, the saturation magnetization 𝑀𝑠 is 1720 kA m-1, 

whereas for magnetite particles, it is 480 kA m-1. [71, 75, 94, 102] 

It has been shown that the saturation magnetization 𝑀𝑠 decreases with decreasing size of 

particles from the bulk value. [78] This happens because magnetic nanoparticles possess a 

disordered spin layer at their surface. Smaller particles have a higher ratio of surface over 

volume atoms. The following equation accounts for this deficiency: 

 𝑀𝑠 = 𝑀𝑠
𝑏𝑢𝑙𝑘 (

𝑟 − 𝑑

𝑟
)
3

 (I-21) 

 

where 𝑟 is the particle radius, 𝑑 is the thickness of disordered spins and 𝑀𝑠
𝑏𝑢𝑙𝑘 is the bulk 

saturation magnetization in A.m-1. 

The saturation magnetization 𝑀𝑠 also varies with temperature. It decreases when temperature 

increases until Curie temperature 𝑇𝐶𝑢. [78] This is logical because after the Curie temperature 
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𝑇𝐶𝑢 a ferro/ferrimagnetic material losses its magnetic properties and becomes paramagnetic. 

According to Bloch’s law, the saturation magnetization 𝑀𝑠 should follow the equation: 

 𝑀𝑠 = 𝑀0 (1 − (
𝑇

𝑇𝐶𝑢
)
1,5

) (I-22) 

 

where 𝑀0 is the magnetization at 0 K in A.m-1. 

In Figure 1.18, the magnetization and the demagnetization processes are represented following 

the applied magnetic field. It clearly shows the hysteresis created through this process. 

 

Figure 1.18: Typical ferro/ferrimagnetic material magnetization-demagnetization curve, displaying 

hysteresis. The first magnetization reaches the magnetic saturation 𝑀𝑠. The following steps for the cycle 

are detailed in Chapter I section 2.3.3.  

 

The volumetric power 𝑃ℎ𝑦𝑠𝑡, measured in W.m-3, dissipated through hysteresis loss can be 

calculated using the equation [76, 103]: 

 𝑃ℎ𝑦𝑠𝑡 = µ0𝑓 ∫ 𝑀(𝐻)𝑑𝐻
𝐻0

−𝐻0

 (I-23) 

 

where µ0 is the vacuum magnetic permeability in H.m-1, 𝑓 is the frequency in Hz, 𝐻 is the 

applied magnetic field in A.m-1, 𝐻0 is the amplitude of the oscillatory signal of the applied 

magnetic field in A.m-1 and 𝑀 is the magnetization in A.m-1. 
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𝑆𝐿𝑃 specific loss power (or 𝑆𝐴𝑅 specific absorption rate) evaluates the heating performance of 

the magnetic particles, expressed as the heat dissipated per unit time per particle mass unit. [76, 

104] The 𝑆𝐿𝑃 is measured in W.g-1. 

 𝑆𝐿𝑃 =
𝑃ℎ𝑦𝑠𝑡

𝜌𝜑
 (I-24) 

 

where 𝜌 is the density of the particles and 𝜑 is their volume fraction. 

Through the latter equations, we can assume that heating at this scale is favored for materials 

possessing high saturation magnetization 𝑀𝑠 and high susceptibility 𝜒. [105] From a practical 

view, hysteresis can be maximized with increasing frequency 𝑓 and applied magnetic field 𝐻. 

Other articles reference an equation for the determination of 𝑆𝐿𝑃 using cgs units [94]: 

 𝑆𝐿𝑃 = 10−7𝑀𝑠𝑓𝐴/𝜌 (I-25) 

 

where 𝑆𝐿𝑃 is in W.g-1, 𝑀𝑠 is in emu.cm-3, 𝑓 is in Hz and 𝐴 area of 𝑀/𝑀𝑠 as a function of 𝐻 (in 

Oe).   

Magnetic relaxation is the main heating mechanism for superparamagnetic nanoparticles. 

Superparamagnetic particles present no hysteresis at low frequency magnetic excitation. 

However, at high frequency magnetic excitation, hysteresis loss becomes possible and it can be 

quantified through the relaxation time 𝜏. On the other hand, if the frequency is too high, the 

particles do not have the time to follow the magnetic solicitation and the hysteresis decreases. 

[88, 101] Therefore, the objective to maximize relaxation losses is to choose the optimal 

frequency for a given type of material (nature, size, agglomeration, environment). 

It is possible to use the linear response theory (LRT) to estimate the theoretical value of the 

𝑆𝐿𝑃. This method is used under certain conditions met by the geometrical and magnetic 

characteristics of an ensemble of magnetic particles. The 𝑆𝐿𝑃 is calculated through the product 

of the hysteresis area 𝐴 of the hysteresis loop and the frequency 𝑓 of the applied magnetic field 

𝐻, and normalized by the density of the magnetic particle to express the 𝑆𝐿𝑃 in W.g-1 (see 

Equations I-23 and I-24). [102] For the 𝑆𝐿𝑃 to be correctly evaluated with this theory, the size 

of the particle must be smaller than the single domain size 𝐷𝑠 to allow a macrospin 
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approximation, but also smaller than the superparamagnetic blocking size 𝐷𝑠𝑝 for a two-level 

approximation through the equilibrium functions. [101] 

The two-level approximation states that every superparamagnetic particle macrospin has two 

preferred orientations corresponding to two minima of energy. This approximation, which is 

only valid when the dimensionless parameter 𝜉 = µ0𝐻𝑚𝑎𝑥𝑀𝑠𝑉/𝑘𝐵𝑇 is inferior to 1. In addition 

to LRT, this entails a linear dependence of the magnetization with the magnetic field applied 

and no dependence between the equilibrium functions (i.e., determining the easy axis of 

magnetic orientation) and the magnetic particle’s anisotropy. This results in two scenarios for 

the static susceptibility 𝜒0. 

For magnetic particles with randomly oriented moments: 

 𝜒0 =
µ0𝑀𝑠

2𝑉

3𝑘𝐵𝑇
 (I-26) 

 

For magnetic nanoparticles, whose magnetic moment is aligned in the direction of the magnetic 

field: 

 𝜒0 =
µ0𝑀𝑠

2𝑉

3𝑘𝐵𝑇
(3 −

2

1 + (
𝜎
3.4)

1.47) (I-27) 

 

with 𝜎 = 𝐾𝑒𝑓𝑓𝑉/𝑘𝐵𝑇 being another dimensionless parameter. 

Both of these equations will lead to different expressions of the hysteresis loop area 𝐴. 

For magnetic particles randomly oriented [76, 82, 84, 86, 88]: 

 𝐴 =
𝜋µ0

2𝐻𝑚𝑎𝑥
2𝑀𝑠

2𝑉

3𝑘𝐵𝑇

𝜔𝜏

1 + 𝜔2𝜏2
 (I-28) 

 

For magnetic nanoparticles aligned in the direction of the magnetic field: 
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 𝐴 =
𝜋µ0

2𝐻𝑚𝑎𝑥
2𝑀𝑠

2𝑉

3𝑘𝐵𝑇

𝜔𝜏

1 + 𝜔2𝜏2
(3 −

2

1 + (
𝜎
3.4)

1.47) (I-29) 

 

An example of calculated 𝑆𝐿𝑃 curves resulting from the two scenarios are plotted in Figure 

1.19 as a function of the superparamagnetic particle size 𝑑 to show the distribution of specific 

energy generation. 

The theoretical specific loss power 𝑆𝐿𝑃 is then calculated from the heat generation 

 𝑆𝐿𝑃 =
𝐴𝑓

𝜌𝜑
 (I-30) 

 

 

Figure 1.19: 𝑆𝐿𝑃 distribution of Fe3O4 particles subjected to an alternating magnetic field of µ0𝐻𝑚𝑎𝑥 

= 4 mT and 855 kHz at 300 K. The values of 𝜏 have been calculated with Equation I-15. In the two 

extreme cases of randomly oriented moments (black) and moments aligned in the direction of the 

magnetic field (red). 

 

The specific loss power 𝑆𝐿𝑃 is maximized at 𝜔𝜏 ~ 1. [76, 82, 84] Therefore, it would be wise 

to find the best range of frequencies for which 𝜔𝜏 would be close to 1. For different particle 

nature, size and environment (i.e., matrix or liquid), there is a preferable frequency range 

inducing the magnetic relaxation. 

A distinction must be made between ferro/ferrimagnetic and superparamagnetic particles. For 

ferro/ferrimagnetic multi-domain particles, 𝑆𝐿𝑃 is the product of the frequency and the 

hysteresis area of the magnetization curves, the latter being described through Rayleigh loops, 
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in accordance with equation I-23. As explained in Chapter I section 2.4.2, 𝑆𝐿𝑃 (or 𝑆𝐴𝑅) has a 

maximum for 𝜔𝜏 = 1 (see Figure 1.20A) in superparamagnetic particles. The relaxation time 𝜏 

depends on the nature, size and shape of the particle, and the viscosity of its environment, which 

means that for each combination of particle parameters, there is a matching frequency 

maximizing the value of 𝑆𝐿𝑃. As previously mentioned, dipolar interactions can decrease the 

apparent value of the relaxation time 𝜏. Figure 1.20A indicates that a decrease in 𝜏 can be 

beneficial or detrimental to SLP if the relaxation losses are considered to be Néel-dominated 

[86, 106-108] or Brown-dominated. [88, 108] Figure 1.20B displays the hysteresis loops for 

many 𝜔𝜏 values, illustrating the importance of having a frequency matching the relaxation time 

𝜏. We consider that most characterization of magnetic particle heating efficiency are performed 

at AC magnetic fields between 100 and 700 kHz. 

As for the influence of the amplitude of the magnetic field on superparamagnetic particles, 𝑆𝐿𝑃 

will increase with the square of the amplitude 𝐻, [88, 109, 110] as expected from equations I-

28 and I-29, and with the cube of 𝐻 for ferro/ferrimagnetic particles. [110] 

 

Figure 1.20: (A) Normalized 𝑆𝐴𝑅 as a function of 𝜔𝜏 from equations I-28 and I-30 applicable to 

superparamagnetic particles. A maximum for SAR is seen for 𝜔𝜏 = 1, in accordance with the 

Rosensweig model, supposing a system of non-interacting particles. [84] (B) Hysteresis loops for 

different values of 𝜔𝜏. [101] 

 

The formation of nano-assemblies of particles in a medium (i.e., as fillers in a composite 

material) poses a problem for predicting and interpreting the heat efficiency through magnetic 

induction. Some studies have aimed at preventing agglomeration or precipitation of particles in 

the liquid state. [111] In well-dispersed particles, the interaction is weak and non-relevant and 

the magnetic behavior can be associated to that of an individual nanoparticle. Whereas 

concentrated samples lead to a collective behavior, as the interactions become more relevant. 

[112] The Interacting SuperParamagnetic (ISP) model suggests that nanostructures can be 
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considered as a single entity a larger magnetic moment and volume, although the behavior of 

the whole structure seems more complex as the magnetic moments will mainly interfere 

between them. 

Most these studies have been performed on well-dispersed suspensions of magnetic particles in 

an environment with low viscosity. Even though this is not the case for the materials presented 

in this manuscript, we should keep in mind that the progresses and the interpretations will help 

us better understand the magnetic behavior of the particles used in this work. 

 

In conclusion, all the heating mechanisms previously mentioned lead to particles interacting 

differently with a magnetic field. Each of them can be the predominant method of heating 

depending on the particle size. Magnetic and electric properties, as well as the environment 

itself and the degree of agglomeration, are the main factors, which will determine the amplitude 

of this effect. An additional mechanism for induction heating exists (i.e., “induced friction”), 

although we have chosen to detail it in an upcoming section, as it is wiser to introduce it once 

the thermal and rheological behavior of each composite has been presented. 

In this work, we chose to use different iron Fe and magnetite Fe3O4 particles for their high 

susceptibility to the magnetic field and therefore high potential heating capacity. Different filler 

fractions are selected for our nanocomposites to be able to tune the heating rate and the 

maximum temperature accessible. This is particularly relevant in this study because we aim at 

targeting a fast healing of our materials in a specific range of temperature. 
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3 Induction heating on magnetic nanocomposites 

As previously stated in the Introduction, we have decided to approach the concept of repairing 

a material using healing-on-demand based on induction heating, instead of self-healing. 

Therefore, this part will be restricted to detailing the most relevant works on induction heating 

performed on polymer-based nanocomposites. First, we will explain and justify the mechanical 

and rheological properties required for a material to be healed. Then, we will justify our choice 

for using TPEs in this works. Finally, we will present the need for a multi-physics approach 

taken for the full comprehension of the magnetic induced healing. 

 

 3.1 Specifications 

In this part, we will determine the criteria for a TPU to be healed through magnetic induction. 

The primary aspect to take into consideration is the targeted temperature (see Figure 1.21). The 

magnetic composite needs to be able to heat over its melting point to flow, triggering polymer 

diffusion and thus repair the defect. Furthermore, this healing procedure is limited by the 

thermal degradation of the TPU matrix (i.e., usually around 250°C for TPUs). [113] Therefore, 

there is a range of temperatures that could interest us for healing our material. For the TPU used 

in this work (i.e., Desmopan 85085A), the corresponding range would be from 150 to 200 °C, 

although the optimal temperature will be set in Chapter III. 

 

Figure 1.21: Temperature profile of a magnetic composite through induction heating. 
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For a given setup (i.e., magnetic inductor geometry, alternating magnetic field amplitude and 

frequency, inductor-sample distance), the ability of a magnetic composite to generate heat is 

dictated by its magnetic fillers. Increasing the filler fraction will lead to an increase of the 

heating rate and the maximum temperature attained. At the same time, we must limit the 

concentration in magnetic particles, as these can affect the mechanical and rheological 

properties of our neat polymer (e.g., fragility, gelation). [10, 114, 115] Gelation hinders the 

TPU’s capacity to flow above its melting point as the material presents a gel-like structure. 

Additionally, at the solid state, the strain at fracture (and energy at failure) decreases with 

increasing filler fraction. Both of these effects should be avoided by limiting the magnetic fillers 

content. Particle/particle or particle/matrix interactions lead to these changes (see Figure 1.22), 

and are made more evident with increasing filler content. Indeed, we have limited our study to 

composites filled with 15 vol.% in magnetic particles, to limit the effects on mechanical and 

rheological properties. 𝑆𝐴𝑅 can be improved differently depending on nanoparticle 

characteristics (i.e., nature and size). Note that limiting filler content also works in the mindset 

of the thesis (i.e., insisting in the low-cost aspect of the processes). 

 

Figure 1.22: Storage shear modulus versus frequency of TPU/PCL composites filled with magnetite 

nanoparticles.”70/30/X” denotes the TPU/PCL weight ratio and X the magnetic filler content in weight 

percentage, adapted from [115]. 

 

According to Equation I-28, the magnetic field amplitude has a clear positive effect on 𝑆𝐴𝑅, 

whereas frequency will have different effects depending on the predominant heating 

mechanism, which is linked to the nature and the size of the magnetic particles. Having a 

different setup subjecting the sample to a higher magnetic field amplitude and at an optimal 
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frequency may allow for the same temperature to be reached for a material with reduced 

magnetic filler content. [116, 117]  

In this study, we have determined that the material also needs to flow under a reasonable 

timescale (i.e., for terminal relaxation time below 0.01 s). This aspect is linked to the 

temperature and to the average molecular weight of the TPU. The former should be sufficiently 

high over the glass transition and the latter should be comprised between 20 and 60 kg.mol-1. 

[118] 

The rheological behavior of our TPU is also of major importance. After reaching the TPUs 

melting point, it is typical for the storage 𝐺’ and loss 𝐺” moduli to highly decrease. The flow of 

the material occurs in a reasonably timescale for healing (≈ 1 min) if 𝐺” is at least ten times 

higher than G’ and we believe that the viscosity of the matrix should be around 100 Pa s at the 

molten state so that the TPU would be able to flow sufficiently. We must take into account the 

possibility of gelation in the composites with higher filler fraction. [115] The value of the 

viscosity does not decrease as much as it should to enable the healing of the material and thus, 

it would not be relevant for the application. 

Table 1.6 assembles the different specifications needed for the healing process to occur 

effectively. 

 

Variables Values 

Temperature range (°C) 150 – 200 

Filler content (vol.%) 1 – 15  

Viscosity at the molten state (Pa s) ~ 100 

Energy at failure (MJ m-3) 50 – 200  

 

Table 1.6: Summary of relevant parameters for magnetic induced healing. 

 

 3.2 State of the art on induction healing in polymer nanocomposites 

Here, we will focus on the state of the art for different types of polymer-based magnetic 

nanocomposites. Several research teams have shown their interest for induction heating applied 

to polymer matrixes, not only for healing-on-demand, [9, 10, 87, 119] but also for 

magnetoactive composites, [120] shape recovery [9, 121] and 3D printing of magnetically 
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designed structures. [122] Different types of polymers are used in these studies depending on 

the targeted application: thermoplastic polymers, thermoplastic elastomers and ionic gels. 

In most cases the concept of mechanical recovery has been defined as the ratio between the 

elongation at break of an original and a healed sample. [9, 10, 123, 124] 

The pioneering work of Cordier et al. presented a supramolecular network capable of 

spontaneous recovery of its tensile properties after 180 minutes with stress-strain curves 

superposing perfectly. [125] The recovery of the elongation at break increases gradually with 

time (over a few hours), therefore this approach is highly dependent of the time required for the 

full healing to occur and the materials’ sensitivity to moisture. As the time necessary for healing 

to occur efficiently is too high, some studies [126] incorporated the concept of stimulus healing 

into unentangled materials to assist and to accelerate this process. Magnetic particles are added 

as fillers in supramolecular networks (see Figure 1.23A) to assist through the generation of heat 

through magnetic induction. Two ionic aggregates were used for supramolecular studies: 

terpyridine (TPy) and ureidopyrimidinone (UPy), filled with magnetite Fe3O4 particles. [126, 

127] Figure 1.23B shows that, even after 2h of magnetic-assisted healing at 110.1 kHz and 20 

kA.m-1, resulting in a temperature of 55 °C, the mechanical recovery of the UPy-based 

composite, filled with 20 wt.% in magnetic particles, is not optimized. It should be noted that 

the tensile stress and tensile stress of these materials are not sufficient to match the mechanical 

properties required for our study. 

 

Figure 1.23: (A) Schematic illustration of induction heating used to assist in UPy-based healing. (B) 

Tensile stress and tensile strain of the corresponding materials filled with 20 wt.% in Fe3O4 particles 

before and after healing assisted by induction heating at 55°C for 2h. Both are adapted from [126]. 

 

Magneto responsive ionomeric composites, capable of healing with the assistance of an AC 

magnetic field, have also been studied by Hohlbein et al. [123] The magnetic fillers considered 
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where Fe3O4 and CoFe2O4 with different shapes and sizes, such as spheres (15 to 200 nm in 

radius), cubes (200 nm in side length) and rods (500 nm in length and 55 nm in width). 

Composites of 0.03 to 0.4 vol.% in magnetic fillers were prepared and a characterization of 

their magnetic and rheological properties was performed. To determine the healing efficiency 

of these materials, samples were cut in half and then either healed inside an oven at 70°C or 

through magnetic induction at 31.5 kA.m-1 with a frequency of 250 kHz (see Figure 1.24A). 

The best results in mechanical recovery were obtained through magnetic induction with 

composites filled with 0.05 vol.% in 200 nm cubic Fe3O4 with a 𝑆𝐴𝑅 value of 69.4 W/g reaching 

a temperature of 100°C in 15 minutes (see Figure 1.24B-C). The composite healed through 

magnetic induction has a recovery of the elongation at break evaluated at over 95% for 15 

minutes, breaking at 1.15 MPa in stress for 345% strain.  

 

Figure 1.24: (A) Illustration of the repairing process applied to a cut sample. (B) Strain-stress curves 

of native (straight lines) and healed (dashed lines) samples of ionomer (black) and ionomer filled with 

cubic 0.05 vol.% in Fe3O4 (red), indicating the time used for healing. (C) Evolution of healing efficiency 

over time of the ionomer (black) and the ionomer filled with 0.05 vol.% in Fe3O4 (blue) healed in the 

oven at 70°C, the ionomer filled with 0.03 and 0.05 vol.% in Fe3O4 (green and red respectively) healed 

through magnetic induction. This figure is adapted from [123]. 

 

Induced healing of supramolecular polymers shows promising results on recovery of 

mechanical properties, although this process required a relatively long time. On top of this, 
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supramolecular materials are lacking in strong mechanical properties, presenting an elastic and 

shear modulus below 1 MPa due to the unentangled nature of its polymer chains. This discards 

them as possible materials for the intended applications in this work. [123] 

 

Thermoplastic polymers can be either amorphous or semi-crystalline and can be melt- 

processed under heating. They present higher values of Young’s modulus up to 4.5 GPa below 

their glass transition temperature, and high elongations at break up to 300% in its vicinity , a 

wide range of glass transition 𝑇𝑔 and melting point 𝑇𝑚 from -135 to 290°C and from 105 to 

345°C respectively. [128, 129] The temperature to consider to evaluate the possibility of healing 

for these materials is the melting temperature 𝑇𝑚 for semi-crystalline and Tg for amorphous 

ones. Above these temperatures, the material flows and the sample can be repaired (see Figure 

1.25A) because of the reversible aspect of this transition. These materials can be easily reshaped 

and recycled.  

Several research groups have focused their attention on applying magnetic induction on these 

materials to repair them. [10, 87, 98, 119, 130] Figure 1.25B shows the strain cycles undergone 

by Mn-Zn ferrite composites with a thermoplastic matrix and its respective recovery step, 

confirming that these materials can be repaired if needed. Ramanujan et al. have also proposed 

a series of magnetic composites filled with Mn-Zn ferrites (i.e., MnxZn1-xFe2O4), [10, 119] 

based on polymer poly(ethylene-co-vinyl acetate) EVA matrixes as healable rubbers with 

promising shape recovery through many cycles and repairable after fracture. Composites with 

10-20 wt.% in Mn-Zn ferrites were prepared, with particle sized ranging from 12 to 15 nm 

leading up to 50 MPa for the storage modulus at room temperature for the composite with the 

highest filler fraction (i.e., 20 wt.%), determined through DMA. The healing process shows a 

near perfect recovery of the strain at failure and the elastic modulus, however the tensile stress 

at failure is lower for the healed samples. All of them presented high shape recovery over three 

cycles of uniaxial stretching from 96.7 to 100%. In these particular cases, the recovery is given 

as the ratio between the tear strength of an original and a healed sample. The healing process 

was deemed effective and the restoration of the sample was reached after 10 minutes of 

exposure to the magnetic field at 475 kHz with an amplitude of 4 kA.m-1.  

While in most cases, the choice for magnetic filler is made depending on heating efficiency, 

here the Curie temperature of the Mn-Zn ferrite (i.e., 230°C) works as a temperature limit for 

induction heating, preventing polymer degradation. As explained in Chapter I section 2.2, 
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atomic magnetic moments are no longer correlated above the Curie temperature, resulting in 

the disappearing of Bloch walls and a sudden drop of 𝑆𝐴𝑅. The Mn-Zn ferrite Curie temperature 

can also be tuned between 190 and 280°C by adjusting the Mn to Zn ratio. [119] This can be 

advantageous for heating the composite while avoiding polymer degradation. 

Other thermoplastic matrixes can potentially be used for healing thermoplastic materials. For 

each of these materials, their respective melting points must be considered as the targeted 

temperatures required for effective healing. [98] 

 

 

Figure 1.25: (A) Schematic representation of the damage-healing cycle of a thermoplastic tensile 

sample. The sample is stretched up to the failure. Then, the sample is healed and the original shape is 

recovered through magnetic induction heating. (B) DMA measurements of the same thermoplastic 

samples filled with up to 20 wt.% in Mn0.8Zn0.2Fe2O4, following two cycles of strain and recovery without 

reaching its rupture. This figure is adapted from [10]. 

 

Composites with extremely low magnetic filler content have also proven to be candidates for 

induction healing with the condition of using an induction machine the proper characteristics 

for improving 𝑆𝐴𝑅. Thermoplastic polymers such as polypropylene and polymethyl 

methacrylate have been used for the production of composites with low content in maghemite 

γ-Fe2O3 (i.e., under 0.25 vol.%). [116, 117] In particular, composites filled with maghemite 

treated with polyethylene glycol γ-Fe2O3@PEG have shown largely better results than those 

filled solely with maghemite. The PMMA composites with 0.23 vol.% in filler content have 

indicated that it is possible to obtain above 95% recovery for materials following 100 cycles of 

cracking and healing. This process occurs for 40-60 minutes under a magnetic field amplitude 
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of 10 kA.m-1 and a frequency of 968 kHz. The remarkable results and repeatability of the 

healing process is due to the long period of time attributed to it, the high magnetic field 

amplitude, and the ability for particles to diffuse through the heated matrix during the procedure 

(see Figure 1.26). Diffusion of magnetic fillers, towards the crack or surface defect, is aided by 

the high frequency alternating magnetic field and the heat induced by it. The density of particles 

increases around the crack, thus increasing the 𝑆𝐴𝑅 locally and accessing higher temperatures. 

 

 

Figure 1.26: Illustration depicting the healing steps occurring during the induction healing process, 

adapted from [117]. 

 

Elastomers are interesting in this sense as they have a viscoelastic mechanical behavior, 

capable to deform under extreme solicitations. Several teams have studied the possibility of 

healing elastomer-based material. [9] The use of a magnetic field has been proven useful for 

shape recovery of a composite (see Figure 1.27A) produced with an elastomer such as 

acrylonitrile butadiene rubber NBR. [9] Such samples underwent up to four cycles of strain and 

magnetic induced shape recovery with an AC field of 4 kA.m-1 at 375 kHz. Composites filled 

with 20 wt.% in Mn-Zn ferrite showed promising results for repairing damages samples damage 

(see Figure 1.27B). This sample was stretched up to its fracture. The shape of both parts was 

recovered with the use of the AC magnetic field. Then, both ends were put together within the 
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coil and the magnetic field was applied for 10 minutes. The samples followed this procedure 

four times and the strain-stress performances are reported in Figure 1.27C, with the 

measurements being made up to 300% in strain. The sample filled with 20 wt.% in magnetic 

particles showed the best results for mechanical recovery with the composite reaching a 

temperature plateau at 148°C after 5-6 minutes. In this case, the repairing is not as optimized 

as it is the case for thermoplastic materials. The clear solution would be to look for materials 

benefitting from the advantages brought from thermoplastic and elastomer polymers. 

 

Figure 1.27: (A) Shape recovery and (B) induced healing of a tensile dumbbell magnetic polymer 

Magpol. (C) Stress-strain curves for native and healed Magpol samples after 1-4 cycles. Figures 

adapted from [9]. 

 

The ensemble of references in this section show that a full multi-disciplinary study (i.e., 

structural, rheological, magnetic, mechanical characterizations) on polymer-based magnetic 

composites has not been made systematically and we shall focus on justifying the advantages 

of doing so. Considering all the sample properties and the machine settings presented in this 

section, we justify our choice, directed towards thermoplastic polyurethanes TPUs, a group of 

thermoplastic elastomers TPEs combining all the advantages from the thermoplastic polymer 

previously mentioned and the rubber-like behavior. TPUs are expected to have their properties 

improved (i.e., thermal, mechanical, rheological) or new ones bestowed (i.e., electric, magnetic) 

by increasing the magnetic filler content. The reinforcement determined with the TPU and the 
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composite’s Young’s modulus is expected to increase with filler fraction, while strain at break 

should decrease as filler fraction increases. [131]  

 3.3 Multi-physics approach for heat production rationalization 

We have previously stated the properties necessary to ensure the flow of the material and we 

have justified our choice for the matrix while comparing the recent induction healing studies 

performed on polymer-based composites. Here, we focus our interest in optimizing the 

induction healing performance. The previous section has shown outstanding healing results for 

different polymer-based magnetic composites, although none of the studies have presented a 

full multi-physics characterization of the sample and the healing process. A more complete and 

in-depth characterization is necessary to rationalize the overall behavior with the hope of 

improving our understanding of the physics of induction-driven healing.  

Electric and magnetic properties determine the 𝑆𝐴𝑅 of the material subjected to an alternating 

magnetic field through many possible heating mechanisms, as presented in Chapter I section 

2.4. The impact of the chemistry, the size, the morphology and the aggregation of particles on 

the materials’ ability to produce heat has been investigated. [82] In fact, magnetic susceptibility, 

coercivity and magnetic saturation, which are directly linked to hysteresis losses (and 𝑆𝐴𝑅), 

will vary depending on the nature of the particles. [97, 132-137] On the other hand, Joule losses 

will only be relevant if the material’s electric conductivity is sufficient. 

Beyond magnetic characteristics, mechanical ones also play an important role in affecting 𝑆𝐴𝑅. 

In fact, if the viscosity is sufficiently low, the magnetic particles can form two types of nano-

assemblies under an applied AC magnetic field: nanochains or nanoclusters (see Figure 1.28). 

The formation of perfectly aligned nanochains has shown to be beneficial for heat generation, 

[138, 139] whereas the formation of nanoclusters have been mostly detrimental. [82, 86, 94, 96, 

106, 127, 139] A nanochain can be considered an assembly of nanoparticles with their magnetic 

moments locked together. Magnetic moments will react together to the magnetic field applied. 

Increasing filler fraction can lead to the formation of undesired nanoclusters. Dipole-dipole 

interactions may modify the energy barrier 𝐾𝑉, which must be overcome by the thermal energy 

for the nanoparticle’s magnetic moment to switch to the other stable orientation. This tends to 

decrease the characteristic relaxation time of the nanoparticle, which might increase or decrease 

the heating efficiency of the particles. Thus, the induction heating efficiency is dependent on 

the dispersion state of the particle inside the matrix. 
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Figure 1.28: Two possible arrangements for nanoparticles under an AC magnetic field, adapted from 

[82]. 

 

Finally, the fall in viscosity at the molten state might lead to additional responses to the 

alternating magnetic field, thus increases the 𝑆𝐴𝑅, indicating a direct impact of the TPU’s 

mechanical properties on the magnetic induced heat generation. Some studies have reported the 

presence of another heating mode appearing at the melting point with two different 

thermoplastic matrixes, (i.e., high density polyethylene HD-PE and polyamide 6 PA-6). [98] 

Once the temperature reaches the polymers’ respective melting point, an additional heating 

mechanism seems to appear systematically. This is due to the decrease in viscosity in the 

material once it reaches its melting point, leading to an increase in 𝑆𝐴𝑅. At this point, the 

magnetic fillers have a higher degree of mobility and this could lead to heat generation through 

friction with the matrix. This represents an important aspect to take into account once we heal 

our composites, as it is essential to reliably control the temperature profiles. 

Figure 1.29 illustrates two different possible heating behaviors resulting from ferromagnetic 

particles embedded in a matrix having a phase transition. The crossing of solid to liquid 

transition temperature Tm of the gel leads to a sharp increase of the temperature. This 

phenomenon is attributed to the viscosity drop, allowing particle movement (rotation at high 

frequency, following �⃗⃗� ), and therefore enabling an additional heating mechanism based on 

friction between the filler and the matrix. Such a heating mechanism has also been reported by 

Yassine et al. on hydrogels. [140] 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI061/these.pdf 
© [P. Griffiths], [2022], INSA Lyon, tous droits réservés



Chapter I: Literature Review 

 

51 

 

 

Figure 1.29: Temperature profile for the heating of a magnetic particles in (a) a ferrofluid and (b) 

suspended in a gel capable of melting, adapted from [110].  

 

The dependence of 𝑆𝐴𝑅 on the multiple properties of the material (i.e., magnetic, electrical, 

structural, rheological) proves the crucial need for a multi-physics study. The characterization 

of the structure of TPUs and their thermal behavior are crucial if we intend to have a reliable 

understanding of the response to magnetic induction. 

To conclude this section, the fundamental concepts required for understanding this work have 

been described. The characteristics of thermoplastic elastomers have been listed, with an 

emphasis on the link between their structure and their properties. Basics concepts of magnetism 

and magnetic induction under an oscillatory magnetic field have been detailed. Finally, the state 

of the art for induction heating on polymer-based nanocomposites has helped in situating our 

work in this growing literature, emphasizing the importance of a multi-physics study.
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1 Raw materials 

 1.1 TPU matrix 

The polymer matrix used in this work consists of a commercial TPU, Desmopan 85085A 

supplied by Covestro (Germany). The TPU comes in the shape of plastic pellets, intended for 

processing through extrusion or injection moulding (see Figure 2.1A). As explained in Chapter 

I section 1.1, a TPU is made of a succession of hard-segment (HS) that can phase separate and 

possibly crystallize at room temperature encompassed into a soft-segments (SS) amorphous 

rubbery background. As seen in Figure 2.1B, HS are formed by the association of hexane-1,6-

diol (HDO) and hexamethylene diisocyanate (HDI) as chain extender. SS are made of a mixture 

of butanediol polyadipate PABD (𝑀𝑛 ~ 1350 g/mol) and polypropylene oxide PPO (𝑀𝑛 ~ 1000 

g/mol). Flory statistics theoretically indicates a polymolecularity index equal to 2, meaning that 

at higher lengthscales, the whole TPU chains are polydisperse because of their synthesis 

through polycondensation.  

 

Figure 2.1: Desmopan 85085A. (A) Pellets for the production of TPU-based magnetic composites. 

Pellets are white because of the HS/SS phase separation and crystallization of HS. (B) Schematic 

representation of the TPU architecture and corresponding chemical formulae for each segment. 

 

 1.2 Magnetic particles 

The three different magnetic powders, purchased from Nanografi (Turkey), are chosen as fillers 

to reinforce and prepare responsive rubber composites (see Figure 2.2). For simplicity, the three 

sets of particles will be referred to as Fe3O4, Fe-n and Fe-µ. The heating mechanisms expected 

for each set of particles will be detailed in Chapter II section 2.4. The densities used for Fe3O4 

and Fe composites are 5.17 and 7.87 g cm-3 respectively. Their characteristics are as follows: 
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• Fe3O4 nanoparticles (99.55%) consist on building block particles of 14 - 29 nm in 

diameter forming “fractal aggregates” of ca. 100 nm in radius (see Figure 2.2B). Since 

the superparamagnetic blocking diameter is  𝐷𝑠𝑝
𝐹𝑒3𝑂4 is 26 nm at room temperature, these 

particles are mainly superparamagnetic (see Chapter I sections 2.3 and 2.4). 

• Fe-n nanoparticles (99.55%) consist on spherical particles with a diameter of 90 – 100 

nm (see Figure 2.2C). In spite of their nanometric size, these particles are bigger than 

the iron maximum single domain size (i.e., 20 nm), and therefore, they are expected to 

be multi-domain making their spin structure more complex than in the case of Fe3O4 

powder. These particles are expected to mainly heat through magnetic walls motion (see 

Chapter I section 2.4). 

• Fe-µ particles (99.99%) have been sieved with a 325 mesh (≈ 44 µm), and contain a 

wide distribution of particle sizes and shapes (see Figure 2.2D). While most of the 

particles have a ca. 50 µm diameter, some of them are larger, mainly below 200 µm. 

Furthermore, it appears that there is a non-negligible number of needle-shaped 

nanoparticles of typically 300 nm long and 50 nm wide. These particles are not visible 

in the SEM images of the as-received powder, it is possible that they come from the 

breaking of agglomerates (see Figure 2.2E) during composite processing (see Chapter 

II section 2). The polydispersity in this powder is thus important to keep in mind for 

further interpretations. 

 

 

Figure 2.2: (A) Nanografi Fe3O4, Fe-n and Fe-µ magnetic particles (from left to right respectively). 

SEM micrographs of (B) Fe3O4, (C) Fe-n and (D-E) Fe-µ powders. 
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X-Ray Diffraction measurements were performed on the as-received magnetic powders to 

confirm their nature (see Figure 2.3). Diffractograms show that all the peaks correspond 

crystallographic plane families as described by the Miller indices (hkl) of magnetite Fe3O4 and 

iron Fe respectively, confirming the purity of the magnetic particles.  

Fourier-transform infrared spectroscopy (FTIR) experiments performed in attenuated total 

reflectance mode on Fe3O4, Fe-n and Fe-µ powders are presented in Figure 2.4. Typical Fe-O 

and O-H bands are visible in Fe3O4 corresponding to the surface state made of Fe-O-Fe bridges 

and Fe-OH groups (see Figure 2.4A). In contrast, O-H bands are not noted in Fe particles (see 

Figure 2.4B). Interestingly, while Fe-µ does not exhibit any strong band, synonymous of a high 

purity, whereas Fe-n does reveal the presence of Fe-O groups likely to interact with the HS of 

the TPE. 

 

 

Figure 2.3: XRD patterns for (A) Fe3O4, (B) Fe-n and Fe-µ as-received powders. 

 

 

Figure 2.4: FTIR spectra of (A) Fe3O4, (B) Fe-n and Fe-µ as-received magnetic powders.
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2 Formulation and processing of the composites 

The composites are processed through twin-screw extrusion followed by hot-pressing. An 

appropriate amount of Desmopan (12 g) and magnetic particles (from ca. 1 to 15 g) are first 

hand-mixed at room temperature. The corresponding composites with increase filler fraction 

are referred to as 1, 5, 10 and 15 vol.%. The exact filler content for each composite sample has 

been determined by thermogravimetric analysis and can be found in Chapter III section 2.1.  

This mixture is then poured into a DSM Xplore (Netherlands) mini-extruder (see Figure 2.5A) 

having a chamber of 15 cm3, equipped with two vertical co-rotative screws in a stepwise manner 

and a canal creating a recirculation loop for the extruded material. The extruder chamber is pre-

heated at 175°C ensuring the quick melting of the TPU. The extruder’s rotor speed is set to 80 

rpm and the mixing time to 5 min once the whole sample is poured into the extruder. After this 

time, the couple exhibits a minimum and remains constant. The extruded composite is collected 

on a Teflon composite sheet.  

The raw composites are then hot-pressed at 180°C for 3 min under 10 MPa and subsequently 

cooled down in air down to room temperature in ca. 10 min with no external pressure. The 

composites are shaped into films of either 65 x 65 x 1 mm3 or 40 x 40 x 0.5 mm3 depending on 

the type of characterization for which they are intended. Aluminum plates and 0.1 mm-thick 

Teflon sheets are used for molding the composite films (see Figure 2.5B). For tensile and 

healing experiments, thicker composite films (i.e., 1 mm) are required, while the thinner films 

(i.e., 0.5 mm) are used for other characterizations, such as dielectric spectroscopy, atomic force 

microscopy, electron microscopy, rheology, magnetic characterizations and induction heating. 

Hot-pressed films are then kept in sealed plastic bags at room temperature. 
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Figure 2.5: (A) DSM Xplore mini-extruder and its schematic representation. [1] (B) Arrangement for 

hot-pressing.

 

3 Physical characterization of materials 

 3.1 Atomic force microscopy  

Atomic force microscopy (AFM) is a microscopy technique using the interaction between the 

atoms at the tip (connected to a cantilever) and the surface. The interaction leads to a contrast 

in rigidity or topography with the tip scanning the selected surface one line at a time. The 

probing device (cantilever and tip) relies on piezoelectric components allowing for a precise 

control of the device (see Figure 2.6), with a signal feedback loop controlling its reaction 

movement. Small changes in the topography or rigidity of the surface are detected with a laser 

being reflected on the top surface of the cantilever. This is particularly interesting for polymer 

materials, for which electron microscopy would not display any contrast. A high-quality tip, 

carefully tuned to its resonating frequency, can lead to a resolution down to the atomic level. 

This technique is limited by the quality of the sample’s surface and its scanning rate is relatively 

slow compared to other microscopy techniques. 

AFM phase micrographs are performed on a Dimension 3100 equipped with a Nanoscope V 

scanning probe controller (Bruker, USA) using tapping mode. All experiments are performed 
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in air and at room temperature using noncontact PointProbe® Plus Non-Contact / tapping mode 

– High resonance frequency (PPP-NCH) tips with resonating frequencies around 330 kHz, a 

radius of curvature smaller than 7 nm, and a nominal spring constant of 42 N m−1 (Nanosensor, 

Switzerland). Raw samples, processed through hot-pressing, are used for AFM analysis. 

 

Figure 2.6: Schematic representation of an AFM feedback loop, controlling the movement and detecting 

the oscillation amplitude of the cantilever over the surface of the sample. [2] 

 

 3.2 Electron microscopy 

Electron microscopy is based on the interaction between an electron beam and the sample, 

although in most cases, it requires an induced vacuum to work. Depending on the accelerating 

voltage used, it can access resolutions down to 0.2 nm for the best instruments (high resolution 

transmission electron microscopes). The reliance of these techniques on the interaction between 

electrons and the material (see Figure 2.7) can lead to material damage depending on the 

intensity of the beam and the exposure time. Polymers are particularly sensitive to the electron 

beam. Analyzed samples need to be conductive or have a metal coating to avoid overcharging 

the surface.  

Scanning electron microscopy (SEM) produces images through the scanning of the surface 

with an electron beam. Among all the electrons generated by the interactions between the 

incident beam and the sample, secondary electrons SE are useful for the topography and 

backscattered electrons BSE are used for the chemical contrast. The interaction with the 

material leads to the emission of secondary electrons, which are detected and generate the SEM 
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image. The large field depth can generate images representing the surface. Coating with a thin 

layer of metal might be needed for some samples (non-conductive specimens), to prevent 

problems generated by the accumulation of electron charges. Samples intended for SEM have 

been metallized with platinum. SEM images of magnetic powders and composite micrographs 

are obtained using a VEGA3 (TESCAN, USA). The acceleration tension of the electrons is set 

to 10 - 20 kV, and the beam intensity varied from 3 to 13. 

Transmission electron microscopy (TEM) is a different technique in which a thin specimen 

is irradiated and the electrons are collected after passing through the sample. Depending on the 

composition of the sample, these electrons are scattered, absorbed or transmitted. The TEM 

image is the print of all the interactions and displays a contrast in atomic number, making it a 

technique adapted to materials composed by inorganic particle and an organic matrix. The field 

depth is small, and a single image might not be representative of the whole sample. A sample 

in the shape of thin film is crucial to ensure a good signal to noise ratio. The specimens analyzed 

are prepared by cryo-ultramicrotomy using a Ultracut UCT microtome (Leica, Germany) with 

a diamond knife (DiAtome, United Kingdom). The temperature of the sample and the cutting 

speed are set to -80°C (below the glass transition of the soft phase) and 0.3 mm s-1 respectively. 

Sections of about 90 nm thick are dry-collected and placed on a 400-mesh copper grid. TEM 

images are acquired using a CM120 Philips transmission electron microscope operating at an 

accelerating voltage of 120 kV. Precise scans of various regions of the sample are 

systematically collected, starting from a small magnification and then gradually increased. 

 

Figure 2.7: Illustration of the different interactions of an electron beam with the sample. 
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 3.3 X-ray diffraction 

X-ray diffraction (XRD) relies on the interaction between X-rays and a specimen. The resulting 

diffractogram displays the intensity of diffracted X-ray over 2θ (i.e., the angle between the 

incident beam and the diffracted X-rays). As the wavelength of the X-ray beam is known, 

diffracted X-rays are detected displaying peaks at characteristic angles, following Bragg’s 

equation. Every crystal structure generates a distinctive X-ray diffractogram with peaks at 

specific angles, and thus this analysis leads to the identification of the nature and crystal 

structure of the specimen. If the sample consists of different components (e.g., particles having 

an oxidized layer), both characteristic patterns appear in the diffractogram. 

XRD measurements are performed at room temperature on a D8 advance apparatus (Bruker, 

USA) using Cu-Kα1 radiation wavelength of 1.54 Å. The diffraction pattern of our Fe3O4 

powder was recorded in the 2𝜃 range of 15 – 90°, whereas that of Fe-n and Fe-µ was recorded 

in the range of 20 – 120°. 

 

 3.4 Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) is a technique relying on the detection of scattered 

electrons from the sample at small angles 𝜃 (i.e., 0.1 to 10°), which are linked to the scattering 

vector 𝑞 through the following equation: 

 |𝑞| =
4𝜋

𝜆
sin

𝜃

2
 (II-1) 

 

This measurement at the nanoscale is used to determine the size and shape of particles in a 

composite or of various phases in the case of bi-phasic specimens. It generates an average of 

the electron interactions over a relatively large section of the sample, in the order of 104 – 105 

µm2 (see Figure 2.8). Intensity 𝐼(𝑞) is determined using the following equation: 

 𝐼(𝑞) = 𝐼0𝑃(𝑞)𝑆(𝑞) (II-2) 
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where 𝐼0, 𝑃(𝑞) and 𝑆(𝑞) are the intensity at origin, the form factor and the structure factor 

respectively. The form factor characterizes the distribution of the object’s mass in the space, 

while the structure factor is given by the spatial correlation between such objects.  

SAXS experiments are carried out on a Xeuss 2.0 apparatus (Xenocs, FR) at the Laboratoire 

Léon Brillouin (LLB, CEA Saclay, France). The instrument uses a microfocused Cu-Kα1 

source with a wavelength of 1.54 Å and a Pilatus3 detector (Dectris, Switzerland). Samples are 

shaped into 1 mm thick films and the sample-detector distance was set to 2.5 m to achieve a 𝑞-

range from 0.03 - 2 nm-1. Data is corrected from the background, transmission and thickness 

sample to obtain the scattering intensity in absolute units (cm-1). 

 

Figure 2.8: Schematic representation of the pattern resulting from a SAXS experiment. 

 

3.5 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a thermal analysis technique in which the heat flow 

difference between a specimen and a reference is measured as a function of the temperature. 

Both the sample and the reference follow the same temperature cycle, which can consist of 

several heating and/or cooling steps. This is the predominant technique for determining phase-

transition temperatures such as the glass transition 𝑇𝑔, the melting point 𝑇𝑚 and the 

crystallization point 𝑇𝑐. Chemical properties, such as oxidation, stability, degradation and 

kinetics of crystallization can also be studied. It can also indicate the specific heat capacity 𝐶𝑝 
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of the specimen, with the heat flow baseline divided by the heating rate used for the 

measurement.  

Controlling the atmosphere and the temperature during testing is crucial. Usually, an inert gas, 

such as nitrogen, helium or argon is used to prevent an undesired interaction with the sample 

and to regulate the temperature. 

Samples of 10 to 20 mg are tested using a Perkin Elmer DSC 8000 (see Figure 2.9) by cooling 

down to -90°C and then heating up to 220°C with a rate of 10°C min-1. This cycle is then 

repeated, resulting in a total of two cycles for each formulation. The cooling is ensured with a 

nitrogen flow of 20 mL min-1 at -120°C. 

 

Figure 2.9: (A) Perkin Elmer DSC 8000 and (B) schematic representation of the workings of a DSC. 

[3] 

 

 3.6 Rheology 

Rheology is the study of the flow and deformation of matter under an applied stress. It is mostly 

used to measure characteristic mechanical properties of soft materials. In the case of a rotational 

rheometer, the deformation of the material comes from the rotation of plates over and/or under 

the sample through steady shear of oscillatory shear. The most common types of rheology 

experiments are stress relaxation, creep recovery and dynamical frequency sweeps. 

We performed dynamic frequency sweep measurements (100 > ω > 0.1 rad s-1 and γ = 10 – 

50 % according to the materials) in a strain-controlled rheometer (ARES 2KFRTN1 from 

Rheometric Scientific, currently TA, USA) using stainless steel parallel plates of 8 mm 
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diameter (ca. 0.8 mm in sample thickness). A nitrogen convection oven allowed maintaining 

an inert atmosphere with a temperature control in the order of ±1°C. Measuring the storage and 

loss shear moduli (components of the complex shear modulus) over time or temperature will 

give indications for the state of the matter and the characteristic phase-transition times or 

temperatures. The storage modulus 𝐺’ and the loss modulus 𝐺” represent the elastic and viscous 

contributions of the viscoelastic behavior respectively. 

It is worth noting that many different measuring geometries can be used such as, plate-plate, 

cone-plate, concentric cylinders (see Figure 2.10) according to the properties of the measured 

sample. For example, larger plates will be used to measure samples of lower viscosity to ensure 

a good signal/noise ratio and to limit the deformation of the tool. Parallel plate is the most 

common geometry for linear (low deformation) measurements. 

 

Figure 2.10: (A) Plate-plate measuring geometry. (B) Schematic representation of the plate-plate 

geometry. [4] 

 3.7 Superconducting quantum interference device 

The superconducting quantum interference device (SQUID) has the purpose of characterizing 

the magnetic behavior of a material by following its magnetization in a temperature-controlled 

cell under an applied magnetic field 𝐻 delivered by either an alternating current AC or by a 

direct current DC. Small samples (i.e., 2 x 2 x 0.5 mm2) intended for magnetic characterization 

are placed inside a transparent plastic straw and attached with a thread on both ends to suspend 

the sample at the center of the straw (see Figure 2.11A-B). We performed two types of tests 

using the SQUID magnetometer: magnetization-demagnetization and zero field cooling - field 

cooling. 
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Magnetization-demagnetization curves are obtained by following the induced magnetization on 

the material subjected to a set of magnetic solicitations. Different types of magnetic behavior 

have been described in Chapter I section 2.2. This test is performed with a quasi-static frequency 

(i.e., 𝑓 = 0.5 Hz) varying magnetic solicitations, at 300 K. First, a magnetic field with an 

amplitude of +4000 kA m-1 is applied to the specimen. Then, the measurements of the magnetic 

moment are performed while the amplitude of the solicitation decreases down to -4000 kA m-1 

and increases back to +4000 kA m-1 to complete the cycle. 

The zero-field cooling - field cooling (ZFC-FC) allows for a clear distinction between 

superparamagnetic and ferro/ferrimagnetic behavior of a material. The tested material is cooled 

down to a near-zero Kelvin temperature (i.e., 6 K) in the absence of an external magnetic field. 

Then the material is subjected to a magnetic field amplitude 𝐻 (i.e., 4 kA m-1) with a quasi-

static frequency (i.e., 0.5 Hz) and heated up to 300 K. The measurement of the magnetic 

moment while increasing the temperature is called the ZFC curve. While maintaining the same 

magnetic field amplitude, the temperature is decreased again to a near-zero Kelvin temperature. 

The measurement of the magnetic moment while decreasing the temperature is called the FC 

curve. 

The fact that the ZFC and FC curves do not overlap is a clear indication of superparamagnetism 

(see Figure 2.11C). For the ZFC measurement of a superparamagnetic material, once the 

material has been taken to a near-zero temperature, it can be considered as blocked. Raising the 

temperature near 𝑇𝐵 will take the particle out of its blocked state, and increase the 

magnetization. The thermal energy activates the superparamagnetic behavior above 𝑇𝐵.  

 

 

Figure 2.11: (A) Set-up for holding the sample inside the SQUID. (B) Zoom in on the sample attached 

with a thread. (C) Typical ZFC-FC curve for a superparamagnetic specimen. Curve extracted from 

Caruntu et al., [5] for oleate-capped magnetite nanocrystals with 6 mm in diameter. 
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 3.8 Tensile test 

Uniaxial tensile tests allow for the determination of the constitutive law in a uniaxial traction. 

These tests have been performed on the magnetic composite samples at room temperature on a 

1/ME device (MTS, USA) equipped with a 1 kN load cell (see Figure 2.12). Samples are 

punched using the appropriate H3 dice with 20 mm gage length and 4 mm wide and are shaped 

into dumbbell pieces of working dimensions 10.0 × 4.0 × 1.0 mm3. They are held and tightened 

using jaws, with the sample placed vertically. We used small pieces of rubber to enhance the 

grip of the jaws for the neat matrix and the composites with the least amount of magnetic filler 

(i.e., 1 and 5 vol.% of Fe3O4, Fe-n and Fe-µ composites). 

The vertical displacement rate is set to 10 mm.min-1, and force and displacement are recorded 

during the test. The corresponding true strain 𝜀𝑡 and true stress 𝜎𝑡 are then calculated using the 

dimensions of the sample and assuming the absence of volume variation during the whole 

deformation. The Young’s modulus is calculated using the initial linear slope of the true stress 

over true strain curve. A minimum of three samples are measured for each formulation. 

 

Figure 2.12: (A) MTS 1/ME and (B) a sample being tested for uniaxial deformation tensile test. 
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 3.9 X-ray tomography 

X-ray tomography enables the acquirement of a 3D volume of the sample though the interaction 

with an X-ray beam. These measurements are performed on a GE Sensing & Inspection 

Technologies Phoenix v|tome|x (USA) with a PaxScan digital X-ray image detector (Varian, 

USA) at room temperature (ca. 25°C).  

The 3D reconstruction of the whole sample is possible by rotating and/or moving it vertically 

(see Figure 2.13), while continuously recording radiographs. The collected 2D images are 

gathered and stacked to recreate the 3D sample using Phoenix datos|x software. Display and 

adjustments of the reconstructed volume were performed with the open-source Fiji software, 

with additional plugins such “3D viewer”. The samples are tensile dumbbells hot-pressed and 

cut using the corresponding H3 dice, which are either analyzed directly after being prepared or 

have recently undergone the cut-healing process in the middle section of the dumbbell (see 

Chapter II section 4).  

We used 80 kV and 180 µA as X-ray parameters, placing the sample vertically with a voxel 

size of 3 µm. In fact, the distance between the sample and the X-ray beam source (i.e., 14 to 

18 mm in our case) is chosen for a better compromise between the volume analyzed and the 

voxel size. Therefore, this technique does not allow for nanometric object to be analyzed, 

although aggregates or agglomerates in the sample can be detected. Spatial resolution is often 

considered to be two or three times the voxel size. 

 

Figure 2.13: (A) Dumbbell sample placed in front of the X-ray beam source for optimal voxel size. (B) 

Schematic representation of the X-ray tomography setup. [6] 
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4  Induction heating 

Induction heating is a process of heat generation through the application of an alternating 

magnetic field upon a material. The induction heating device comes in three main parts: the 

Power cube, the Master controller, and an induction head apparatus (see Figure 2.14A) from 

CEIA (France). The Power cube 45/900 generates the alternative current of 19 A at 855 kHz, 

which will feed the coil inducing the magnetic field. The Power cube delivers the alternative 

current in the form of pulses, which means that, over a certain period, the AC signal is generated 

as pulses (see Figure 2.14B-C). The ratio of AC pulse over period is referred to as 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 

and ranges from 17% to 100% (see Appendix A). The Master controller v3 manages the 

induction parameters such as 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 and the duration of the solicitation. An optical 

pyrometer SH15/SLE from CEIA can also be added to the setup to measure the temperature in 

the range of 80 - 700°C and follow precise steps in temperature profiles. 

Two types of induction heads are used: a flat spiral coil (see Figure 2.14D) and a two-turn coil 

(see Figure 2.14E) with 12 and 15 mm in diameter respectively. The spiral coil geometry 

enables for a reliable thermal measurement of the top surface of the sample and therefore it is 

the one used for the induction heating characterization and the healing procedures of tensile 

samples. When the induction heating needed to be coupled with other techniques (i.e., SAXS 

and XPCS), the two-turn coil geometry was more suitable. 
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Figure 2.14: (A) Schematic representation of the induction heating setup. (B) Oscillogram of the voltage 

signal over time, displaying the pulses over periods. (C) Zoom in from the oscillogram indicating 855 

kHz as the frequency of the signal. (D) CEIA induction heating head with the flat spiral coil 

configuration, and a composite sample on top. (E) CEIA induction heating head with the two-turn coil 

configuration, and a composite sample inside the coil. 

 

Disk-shaped samples (6 mm in diameter and 0.48 to 0.52 mm in thickness) are placed over the 

spiral coil geometry of the inductor head (see Figure 2.15A) and heated to determine the 

calorimetric 𝑆𝐿𝑃 of the sample. All temperatures reported correspond to the maximal 

temperature of a small area at the center of the sample recorded by the IR camera. A 0.1 mm-

thick Teflon composite sheet covers the inductor to protect it from material flowing. The 

𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 ratio is set at 17% for the comparison between all composites. The ratio is 

increased up to 100% for certain measurements with lower filler fraction composites.  

All induction heating thermal measurements are set for 60 s. The 𝑆𝐿𝑃 for each sample is 

calculated using the following equation: 
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 𝑆𝐿𝑃 =
𝐶𝑝(𝑑𝑇 𝑑𝑡⁄ )𝑖

𝑥𝑝
 (II-3) 

 

with 𝐶𝑝 the specific heat capacity, (𝑑𝑇 𝑑𝑡⁄ )𝑖 the initial slope from the thermal imaging curve 

and 𝑥𝑝 the weight filler fraction in particles. 

Since the amplitude of the magnetic field decreases with the square of the distance to the 

inductor, the coil-to-sample distance cannot exceed 1 cm. To prevent the coil from overheating, 

a flow of water is used to cool it down. The setup is completed by an IR camera PI-450 (Optris, 

Germany) equipped with a 13° lens characterized with an optical resolution of 382 × 288 pixels 

enabling an accurate spatio-temporal data acquisition of the temperature in the range of 0 - 

250°C at 27 Hz. The reliability of the thermal measurements has also been evaluated by 

comparing them those of a thermocouple for the matrix and the magnetic composites used (see 

Appendix B). The camera is placed at 20 - 25 cm from the coil/sample to limit interaction with 

the induction system. 

The healing procedure consists of cutting a dumbbell sample, intended for tensile testing, in 

half (at mid-length) and then, placing the sample on the spiral coil with the center of the coil 

positioned directly under the cut. The sample is simply placed in a crosslinked rubber mold, 

with a 0.1 mm-thick Teflon composite sheet being placed between the sample/rubber mold and 

the coil, and the whole set-up being fixed on a Teflon plate to keep the shape of the dumbbell 

sample during the healing process (see Figure 2.15B). The optimal 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 ratio was 

determined for each of the selected samples to reach a temperature of 180 - 200°C in typically 

60 s. Samples are selected for the healing procedure only if they validate certain conditions in 

thermal, rheological and mechanical behavior. These conditions will be explained through the 

different chapters of the manuscript. 
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Figure 2.15: (A) Composite disk placed over the spiral coil for an induction characterization. (B) 

Dumbbell sample cut in half and placed over the spiral coil for the healing procedure. In both cases, 

the red dot results from the optical pyrometer, which has sometimes been used coupled to the IR camera. 

 

A 3D simulation of the spiral and the two-turn coil is performed with the software COMSOL© 

to visualize the distribution of magnetic field lines around the coil (see Figure 2.16A). The 

resulting magnetic field profile indicates a maximum amplitude of 10 - 12 mT within the coil 

but closer to 4 - 6 mT directly on top of it (see Figure 2.16B), where disk-shaped samples (6 

mm in diameter and 0.5 mm in thickness) sit during the measurements placed on top of a Teflon 

sheet. Figure 2.16C shows the distribution of the magnetic field lines around the two-turn coil. 

A sample suspended at the center of the coil, as it will be for SAXS and XPCS in-situ 

measurements, is subjected to a 3 - 4 mT magnetic field amplitude (see Figure 2.16D). 

 

Figure 2.16: (A) 3D model of the flat spiral coil (two concentric turns). (B) COMSOL simulation of the 

magnetic field around the spiral coil. (C) Spatial distribution of magnetic lines around the two-turn coil. 

(D) COMSOL simulation of the magnetic field around the two-turn coil (side view).
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As previously mentioned in Chapter I, our goal is to develop composites with high strain at 

failure, high strength and capable to heal under magnetic stimulus. The addition of fillers with 

different nature, size and shape factor to a TPU matrix, is very likely to modify its mechanical 

properties and to suppress its ability to flow, yet being a necessary prerequisite to enable its 

healing. In this chapter, we focus on the structure and thermomechanics characterization of the 

composites varying systematically the filler content with the aim to make emerge optimal 

formulations. The acquired knowledge is intended to help in interpreting the healing behavior 

presented in the upcoming chapter.  

First, we characterize the structure of the TPU matrix and of the magnetic composites through 

complementary microscopy and scattering techniques. Then, thermal characterization on the 

composites is presented, with a particular focus on characteristic temperatures of interest for 

our desired application. Finally, we present the mechanical behavior of the composites though 

uniaxial tensile tests at room temperature and rheological measurements beyond the melting 

point. 

1 Structure of the composites 

 1.1 Neat TPU matrix structure 

AFM experiments were performed on the TPU matrix (Desmopan 85085A) with the objective 

of revealing the morphology of the hard domains (see Figure 3.1A). This technique, when used 

in tapping mode and phase contrast, enables to distinguish domains based on their apparent 

rigidity; see the color gradient from light (hard) to dark gold (soft). The surface of the TPU 

matrix, prepared through extrusion and subsequent hot-pressing, reveals the presence of long 

(ca. 100-200 nm) HS-based ribbon-like crystallites evenly spaced every 11-14 nm. This type 

of structure matches the one observed by Nébouy et al. [1] as discussed in Chapter I section 

1.2. In addition to AFM characterization, we also performed SAXS experiments on the same 

neat TPU matrix (see Figure 3.1B), providing statistical information representative of the whole 

sample. A clear peak in intensity can be seen at 𝑞∗ = 0.45 nm-1, which is directly related to the 

distance between the HS ribbon-like structures such as 𝑑∗ = 2𝜋/𝑞∗ ≈ 13 nm, in excellent 

agreement with the AFM measurement. 
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Figure 3.1: (A) AFM micrograph of a hot-pressed TPU sample (Desmopan 85085A). (B) SAXS pattern 

of the neat TPU emphasizing the inter-ribbon distance. 

 

 1.2 Electron microscopy on the composites 

We focus on the structure of the processed magnetic composites, with a particular interest on 

the distribution of fillers within the nanocomposites. TEM and SEM micrographs on Figure 

3.2A-C show that at large lengthscales (i.e., over 10 µm), Fe3O4, Fe-n and Fe-µ composites 

display a rather homogenous distribution of particles (systematically for 𝛷 = 5 vol.%). 

However, it also appears at first sight that aggregates of particles are formed in the case of Fe3O4 

and Fe-n composites. Moreover, micrographs of the Fe-µ sample indicate a wide distribution 

of particle sizes, as expected from the supplier information (see Chapter II section 1.2). We 

remind the reader that we chose economic commercial powders, with no particular surface 

treatment, in order to be able to upscale the production easily. 

To complete the TEM and SEM observations (see Figure 3.3A-B), we provide histograms of 

particle size distribution determined from all the micrographs taken with the highest resolutions. 

For each series of composites, we show the size distributions in number and volume. Number 

distribution was performed using the watershed algorithm for object segmentation and then the 

volume distribution is determined through the area measurement of each object, assuming 

spherical particle shapes. The number and volume distributions mostly overlap in the case for 

Fe3O4 composites (see Figure 3.3C), giving ca. 15 nm in both average particle number and 

volume sizes. 
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Figure 3.2: TEM and SEM micrographs of composites containing ca. 5 vol.% in (A) Fe3O4, (B) Fe-n 

and (C) Fe-µ magnetic particles. 

 

Fe3O4: Elementary particles of Fe3O4 form fractal aggregates of ca. 100 nm (see Figure 3.3A-

B), possibly gathering into larger structures. The range of particle sizes measured from several 

micrographs indicate a relatively narrow distribution (ca. 𝑑𝐹𝑒3𝑂4
= 10-25 nm), which matches 

quite well the supplier data reported in Chapter II section 1.2. 

 

Figure 3.3: (A-B) TEM micrographs of composites containing ca. 5 vol.% in Fe3O4 magnetic particles. 

(C) Number and volume distributions for the corresponding images of Fe3O4 filled composites. 

 

Fe-n: Micrographs of Fe-n composites show a wider distribution of particle sizes (ca. 𝑑𝐹𝑒−𝑛 = 

40-140 nm), far wider than the range indicated in Chapter II section 1.2 (see Figure 3.4A-B). 

Particles aggregate into objects containing several tens of nanoparticles, although these 

aggregates do not seem as compact as those in Fe3O4 composites. As expected, due to the wide 

distribution in particle sizes, histograms of particle size distribution do not show a perfect 
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overlap between normal and volume distributions (see Figure 3.4C). Average particle number 

and volume sizes are ca. 75 and 100 nm respectively. 

 

Figure 3.4: (A-B) TEM micrographs of composites containing ca. 5 vol.% in Fe-n magnetic particles. 

(C) Number and volume distributions for the corresponding images of Fe-n filled composites. 

 

Fe-µ: As stated previously, Fe-µ composites show a wider distribution in size and shape of 

particles. They contain a large number of micro-particles up to the 40-50 µm range, as well as 

a non-negligible population of particles under the micrometer size (see Figure 3.5A-B). The 

latter particles present a needle-like shape, with 300 nm of length and 50 nm of diameter. They 

appear to be well-dispersed in the matrix and no aggregation is observed for micro-particles nor 

needle-like particles. The Fe-µ particle size distribution histogram displays accordingly two 

different populations in Fe-µ particles (see Figure 3.2C), centered around ca. 3 and 40 µm in 

average respectively. 

 

Figure 3.5: (A-B) SEM micrographs of composites containing ca. 5 vol.% in Fe-µ magnetic particles 

representing an isotropic arrangement of Fe-µ needles. (C) Number and volume distributions for the 

corresponding images of Fe-µ composites. 
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 1.3 Small-angle X-ray scattering on the nanocomposites 

In Figure 3.6, we provide normalized SAXS diffractograms measured on the Fe-n and Fe3O4 

series of nanocomposites. No relevant signals could be measured on the Fe-µ series because of 

the presence of very large (several hundreds of µm) objects (see Figure 3.2C). 

In the high-q range, both kinds of nanoparticles exhibit a typical q-4 power law characteristic of 

a smooth interface between the soft background (i.e., TPU matrix) and the hard fillers (i.e., 

magnetic nanoparticles). In this range, oscillations from the form factor would be an indication 

of monodisperse particle sizes. Here, the lack of oscillations originates from the high 

polydispersity in size (>20%) in agreement to the micrographs and histograms of both 

nanocomposites in Figures 3.3 and 3.4.  Note that this so-called Porod’s regime does not appear 

in the same (absolute) q-range for both series due to the quite different diameters of 

nanoparticles (electronic microscopy gives ca. 75 nm and ca. 15 nm in average for Fe-n and 

Fe3O4 respectively). As expected, normalizing the scattering intensity by the volume fraction 

in particles (i.e., 1, 5, 10 vol.%) overlaps all the signals at high-q in each series. 

At intermediate-q values, an inflexion point is observed, that one can relate to the diameter of 

the particles (Guinier approximation) such as 𝐷𝑆𝐴𝑋𝑆 = 2𝜋/𝑞∗, making the assumption of 

spherical particles. This leads to 𝐷𝑆𝐴𝑋𝑆
𝐹𝑒−𝑛 ≈ 80 nm and 𝐷𝑆𝐴𝑋𝑆

𝐹𝑒3𝑂4 ≈ 15 nm, in good agreement with 

the microscopy observations provided in the previous section. Note that no clear structure factor 

peak is observed due to the high polydispersity of both kind of particles. [2] However, a 

“correlation hole” caused by the interactions between elementary beads is seen in Fe3O4 

nanocomposites explaining the slope q-2 at intermediate-q followed by a steeper signal at lower-

q, from which the slope is often used to quantify the fractal structure of networks at large 

lengthscale. 

At low-q values, while Fe-n particles signal tends to a plateau whose intensity is related to the 

average mass of the particles, Fe3O4-based composites exhibit a slope of q-2.3 typical of a 

branched fractal network whose density seems to increase with the filler content. [3] This is in 

agreement with the electron microscopy observations in Figure 3.3. 

The volume filler fraction increase does not appear to impact the 𝐼(𝑞) signal in any significant 

way, other than the increase in compacity of fractal structures in the case of Fe3O4 composites.  
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Figure 3.6: SAXS patterns for (A) Fe-n and (B) Fe3O4 series of composites. 

 

2 Thermal characterization 

This section focuses on the different thermal experiments performed on the three series of 

composites. The volume fraction in particles in the composites is verified through TGA 

measurements and the characteristic temperatures of interest through DSC tests. 

 2.1 Thermogravimetric analysis 

In Figure 3.7A-C, we present TGA measurements performed on the three series of composites. 

We have chosen to show the results between 25°C and 550°C. The weight loss seen in the 275-

425°C range is exclusively assigned to the TPU. Then, the inorganic nanoparticles (i.e., Fe3O4, 

Fe-n, Fe-µ) appear to be mostly stable beyond 425°C, leading to the determination of filler 

content in mass. The results are evaluated at ±1 % relative to the filler mass because of the 

decomposition of hydroxyl groups on the surface of Fe3O4 nanoparticles, [4] leading to mass 

loss in the same temperature range (see Figure 3.7D). Additionally, Fe-n and Fe-µ particles  do 

not show any relevant loss of mass in the temperature range of the experiment. We limit the 

temperature of the induction heating process to 200°C with the hope of limiting the polymer 

degradation, as TGA measurements seem to show the beginning of the degradation at ~275°C. 

The corresponding volume filler fractions 𝛷𝑓 are calculated using the following equation: 
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𝛷𝑓 =

𝑥𝑓

𝑥𝑓 +
𝜌𝑓

𝜌𝑚
(100 − 𝑥𝑓)

 
(III-1) 

 

where 𝑥𝑓, 𝜌𝑓 and 𝜌𝑚 are the filler weight ratio, the filler density (5.17 g cm-3 for Fe3O4 and 7.87 

g cm-3 for Fe particles, assuming pure powders) and the TPU density (1.13 g cm-3) respectively. 

For the sake of clarity, we refer to the composites according to their nominal filler fractions 

while actual values measured through TGA are provided in Table 3.1 below and used to 

determine SAR values in the next chapter. 

 

Figure 3.7: Thermogravimetric analysis performed on composites filled with (A) Fe3O4, (B) Fe-n and 

(C) Fe-µ particles. (D) TGA performed on Fe3O4, Fe-n and Fe-µ powders. 
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Nominal fraction TGA Fe3O4 TGA Fe-n TGA Fe-µ 

1 vol.% 1.6 vol.% 1.3 vol.% 1.0 vol.% 

5 vol.% 4.6 vol.% 4.3 vol.% 3.6 vol.% 

10 vol.% 9.0 vol.% 8.9 vol.% 9.9 vol.% 

15 vol.% 11.6 vol.% 14.2 vol.% 16.6 vol.% 

 

Table 3.1: Nominal and measured volume filler fraction in the whole samples set. 

 

The difference between actual and nominal values of filler fractions is assigned to the process 

chosen for preparing the composites (i.e., extrusion). Discrepancies are possibly due to 

dispersion and sedimentation of particles in specific corners of the extruder and variations of 

filler distribution in the processed material. More measurements are needed for confirmation. 

Another possible source of errors regards the densities used to determine volume fractions. 

Additionally, FTIR experiments have shown the presence of Fe-O groups at the surface of Fe-

n nanoparticles, which indicate an oxidized layer, as well as Fe-OH bonds for Fe3O4 

nanoparticles (see Chapter II section 1.2). 

 2.2 Differential scanning calorimetry 

As explained in Chapter I section 1, the choice of a TPU as the composite matrix resides in its 

mechanical properties at room temperature and its capacity to flow above its melting point. The 

latter depends mainly on the fraction and nature of the HS, ensuring a good thermal stability in 

service while also enabling a quick phase-transition well below the polymer degradation point. 

However, once filled with nano-objects, TPUs are likely to behave differently, owing to 

interactions between polar groups along the chains (ethers, esters, urethanes) and the surface of 

the fillers. [5] As a result, physical properties such as glass transition (𝑇𝑔), melting temperature 

(𝑇𝑚) and rheological behavior may be modified. 

DSC thermograms of our neat TPU and the three series of composites are presented in Figure 

3.8 showing that soft domains exhibit a glass transition at -55°C regardless of the nature and 

content in magnetic fillers. A first endothermic peak is observed from 0 to 50°C corresponding 

to the melting of SS crystallites made of butanediol polyadipate segments PABD (see Chapter 

II section 1.1). While Fe3O4 and Fe-µ fillers do not show any particular effect on the SS melting, 

indicating limited interactions between the polymer and the nanoparticles, the situation is 
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different with Fe-n fillers whose incorporation progressively results in the disappearance of the 

SS melting signature. This effect must be understood based on the favorable interactions 

existing between Fe-n particles and the most polar segments of the TPU (PABD SS and HS), 

supported by the presence of Fe-O groups in FTIR measurements (see Chapter II section 1.2). 

In fact, increasing the content in Fe-n nanoparticles is also unambiguously seen to reduce both 

the melting point (appearing in the range 80-150°C) and the fraction of crystalline HS, 

synonymous of a significant alteration of the whole polymer network. Conversely, no 

significant change in the HS melting temperatures is observed when Fe3O4 is added to the 

matrix. Also, the lack of visible interaction between both SS and HS and the Fe-µ particles is 

further expected because of the latter’s much lower specific surface due to the large ratio of 

particle sizes above 10 µm. All these observations are summarized in Figure 3.9, where we 

represent both the SS and HS melting enthalpy as a function of the filler fraction. Of particular 

importance for the healing process, all the crystalline domains of TPU have completed their 

melting above 150°C. 

In order to estimate the crystalline ratio of SS and HS in the TPU, we propose an estimation of 

both the specific melting enthalpy of pure HS and SS based on the molecular structure of the 

TPU. HS are made of 2 HDI and 1 HDO segments for which the specific melting enthalpy were 

determined to be 110.8 J g-1 and 216 J g-1 respectively. [6] Considering their molecular weight 

fraction in HS, [7] one obtains in the neat TPU ∆𝐻𝐻𝑆
∗ ≈ 138.2 J g-1. Although the SS are made 

of two different polymers (PPO and PABD), only the latter one is likely to crystallize. In 

consequences, one can directly refer to its specific melting enthalpy ∆𝐻𝑆𝑆
∗ ≈ 123.9 J g-1. [8] 

From these values and the DSC measurements presented in Figure 3.8A-C, crystalline ratios 

for both species appear to be mostly in the 9-10 wt.% range for SS and in the 12-14 wt.% range 

for HS, regardless of the filler content, except in Fe-n composites, in which the increase in filler 

content perturbs significantly the structure of the TPU (see Table 3.2). 
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Figure 3.8: DSC thermograms series measured from the TPU matrix and composites loaded with ca. 1, 

5, 10 and 15 vol.% in (A) Fe3O4, (B) Fe-n and (C) Fe-µ respectively. The second heating segment is 

shown. The heat flux is normalized by the TPU mass. Nanocomposite’s data are shifted for clarity. 

 

 

Figure 3.9: HS and SS melting enthalpy extracted from DSC thermographs in Figure 3.8, dotted lines 

are guides for the eye. 
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 Fe3O4 Fe-n Fe-µ 

Sample 𝑿𝒄
𝑺𝑺 

(wt.%) 

𝑿𝒄
𝑯𝑺 

(wt.%) 

𝑿𝒄
𝑺𝑺 

(wt.%) 

𝑿𝒄
𝑯𝑺 

(wt.%) 

𝑿𝒄
𝑺𝑺 

(wt.%) 

𝑿𝒄
𝑯𝑺 

(wt.%) 

TPU matrix 9.0 12.6 - - - - 

1 vol.% 9.8 13.9 8.8 11.3 8.9 12.6 

5 vol.% 10.5 14.3 5.3 10.2 9.3 12.4 

10 vol.% 10.6 14.1 3.8 10.3 9.3 11.7 

15 vol.% 8.5 11.9 3.1 9.8 9.1 10.8 

 

Table 3.2: Crystalline HS and SS ratios calculated for the three series of composites. 

 

3 Mechanical response 

This section aims at selecting the composites with the proper viscoelastic behaviors, while also 

showing that they are capable of being repaired through the magnetic-stimulated healing 

process. 

 3.1 Tensile tests 

The mechanical performance in service is a crucial requirement for the composites. While 

adding micro- or nanoparticle to the TPU matrix is expected to enhance its stiffness at low 

deformation (reinforcement [9]), being useful to improve wear resistance, the behavior at large 

amplitude may, on the other hand, be strongly impacted by the creation of defects favoring 

crack initiation and propagation. In Figure 3.10A-C, we present quasi-static tensile tests 

performed on the three series of nanocomposites revealing these effects. At low strain, the 

strain-stress behavior of the composites remains almost unchanged, regardless of the nature or 

filler content. A quantitative analysis of this region reveals different reinforcement tendencies 

to the Young’s modulus with the increase of particle content. In particular Figure 3.11B 

indicates that Fe3O4 particles reinforce significantly more the TPU than Fe-n ones as one may 

have expected from their higher specific surface and pre-aggregated fractal nature favoring 

mechanical percolation. Besides, as expected, a notable decrease in strain at break occurs with 

increasing filler fraction. This is further highlighted in Figure 3.11A, gathering the whole data 

set in terms of energy at failure (𝑊𝑏𝑟𝑒𝑎𝑘) versus filler fraction, showing a similar trend 
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regardless of the particle’s nature. For the sake of clarity, we have gathered the relevant 

parameters derived from the uniaxial tensile experiments in Table 3.3. 

From the sole tensile test point of view, the most promising composites for our study are those 

finding a compromise between modulus enhancement and strain at break reduction. Composites 

loaded with 1-5 vol.% in magnetic particles seem, in consequence, the most appropriate.  

 

Figure 3.10: (A-C) Tensile tests (true stress vs. true strain) carried out on the TPU matrix and on 

composites loaded with ca. 1, 5, 10 and 15 vol.% in Fe3O4, Fe-n and Fe-µ respectively, performed at 10 

mm min-1. Inserts are zoom-ins for low strains. 
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Figure 3.11: (A) Work at break as a function of the volume fraction in filler for the whole set of 

composites. The dotted line is a linear guide for the eye. (B) Normalized Young’s modulus as a function 

of the filler fraction showing the reinforcement effect. Dashed lines stand for the hydrodynamic models 

of Einstein-Smallwood (𝐸/𝐸0  = 1 + 2.5𝛷) and Guth-Gold (𝐸/𝐸0  = 1 + 2.5𝛷 + 14.1 𝛷2). 

 

Sample εbreak (-) σbreak (MPa) E (MPa) Wbreak (MJ m-3) 

TPU matrix 2.37 223 34 125 

1 vol.% Fe3O4 2.3 ± 0.3 200 ± 6 37 ± 2 116 ± 16 

5 vol.% Fe3O4 1.5 ± 0.5 53 ± 5 47 ± 9 46 ± 14 

10 vol.% Fe3O4 1.7 ± 0.4 61 ± 4 63 ± 8 43 ± 4 

15 vol.% Fe3O4 0.9 ± 0.6 19 ± 4 96 ± 12 19 ± 14 

1 vol.% Fe-n 2.3 ± 0.2 213 ± 1  38 ± 3 117 ± 6 

5 vol.% Fe-n 2.4 ± 0.3 245 ± 6 49 ± 2 144 ± 21 

10 vol.% Fe-n 1.8 ± 0.6 93 ± 6 52 ± 2 56 ± 19 

15 vol.% Fe-n 1.5 ± 0.5 53 ± 5 60 ± 4 33 ± 14 

1 vol.% Fe-µ 2.0 ± 0.6 131 ± 9 38 ± 2 78 ± 43 

5 vol.% Fe-µ 2.1 ± 0.3 155 ± 4 37 ± 3 91 ± 9 

10 vol.% Fe-µ 2.0 ± 0.4 106 ± 4 37 ± 2 63 ± 11 

15 vol.% Fe-µ 1.7 ± 0.3 57 ± 3 41 ± 1 32 ± 7 

 

Table 3.3: Mechanical properties of Fe3O4, Fe-n and Fe-µ composites, determined through uniaxial 

tensile tests at 10 mm min-1. 
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 3.2 Rheological tests 

TPU melting is necessary to trigger the healing process. However, it may not be a sufficient 

condition to make the composites flow and promote macroscopic healing or surface 

smoothening. Therefore, it is important to understand how the material flows above the melting 

point (see Figure 3.8) once all the crystallites have melted (i.e., above 150°C) and how this 

behavior evolves with increasing particle content. Indeed, it is well known that the addition of 

micro- and/or nanoparticles to a polymer melt changes its rheological properties. The latter are 

mostly dependent on the particles fraction and dispersion as well as their interactions with the 

polymer chains. Series of frequency sweep measurements (i.e., storage (𝐺’) and loss (𝐺’’) shear 

moduli as a function of the pulsation 𝜔) were performed on the three types of nanocomposites 

at 𝑇 =180°C above the TPU melting point (𝑇𝑚 ≈ 150°C) (see Figure 3.12A-C), where 𝐺’ and 

𝐺” are displayed as full and open symbols respectively. 

First, it worth to note that at 180°C, the storage modulus 𝐺’ of the TPU is lower than its loss 

modulus 𝐺” on the whole range of accessible 𝜔, indicating that the molten TPU behaves as an 

almost homogeneous liquid-like material. In fact, the storage and loss moduli vary respectively 

as 𝐺′~𝜔2 and 𝐺′′~𝜔1, synonymous of a Maxwellian fluid [10] (see Chapter I section 1.2), apart 

at very low frequency range suggesting a slight degree of remaining phase separation. [11] The 

composites would need to have a similar rheological behavior as the chosen TPU matrix (above 

their melting point) to confirm their ability to flow, being crucial for materials healing. 

Increasing progressively the particle content is likely to make the material more elastic until 

reaching a possible viscoelastic solid state (or “gel”) satisfying  𝐺′ > 𝐺′′ with both 𝐺′ and  𝐺′′ 

being independent of 𝜔. This usual trend is visible in Figures 3.12A-B in both Fe3O4 and Fe-n 

series where the nanocomposite melts see their elasticity growing (or 𝐺′′/𝐺′ decreasing) with 

the particles content until reaching solid-like properties at ca. 15 vol.% (𝐺" < 𝐺′). Nevertheless, 

we believe that the physical origin of such gelation is different in those two systems. Indeed, 

Fe3O4 particles are significantly smaller and organized in a different way with respect to the Fe-

n ones (see Figures 3.3 and 3.4). In particular, their higher specific surface implies a larger 

interface with the matrix, and their pre-aggregated morphology enhances their ability to form 

branches likely to percolate across the TPU. In spite of a lower specific surface area, DSC 

thermograms in Figure 3.8B clearly underlined the preferential interactions of larger and well-

spherical Fe-n particles with the TPU, likely to explain the creation of an elastic network in the 

15 vol.% Fe-n filled composite, being as strong as in the case of its Fe3O4 counterpart. In great 
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contrast with Fe3O4 and Fe-n series, the addition of Fe-µ particles into the TPU are seen to have 

a limited impact on its rheology with no relevant change in neither G’ nor G” (see Figure 

3.12C). We assign this behavior to a much lower specific surface area and no significant 

interaction with the polymer chains, in good agreement with DSC results reported in Figure 

3.8C. For the sake of clarity, we report in Figure 3.13 the global evolution of the storage 

modulus at 10 rad s-1 (𝐺’(𝜔10)) of the three series of composites. Nanocomposites filled with 

1-5 vol.% in particles flow on a reasonably short timescale (see Figure 3.12A-C), with their 

final relaxation time at 180°C being shorter than 0.01 s, resulting in 𝐺’’ > 𝐺’. From the 

rheological point of view, they consequently appear to be promising candidates for the design 

of healable materials. 

 

Figure 3.12: Rheological frequency sweep measurements measured at 180°C for the three series of 

composites ca. 1, 5, 10 and 15 vol.% in (A) Fe3O4, (B) Fe-n and (C) Fe-µ. Full and open symbols 

correspond to the storage modulus 𝐺’ and the loss modulus 𝐺” respectively. 
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Figure 3.13: Storage modulus value at 10 rad s-1 and 180°C as a function of the filler volume fraction 

for the three series of composites – extracted from Figure 3.12. Dotted lines are guides for the eye. 

 

In conclusion, we understand how the filler content impacts the structure and the 

thermomechanical behavior of the sample. We have identified the formulations which seem 

suitable to produce healable composites from a mechanical (both solid and liquid) point of view. 

Composites with 1 and 5 vol.% in fillers are, in fact, capable of flowing rapidly above the TPU 

melting point and have the best compromise of Young’s modulus enhancement and deformation 

at failure (close to the neat TPU’s one), regardless of the filler nature. In particular, Fe3O4 and 

Fe-n composites loaded with 5 vol.% of particles present a significant  reinforcement at small 

deformation while keeping a reasonable strain at failure, making them promising candidates for 

the formulation of healable composites. The next step of our investigation consists in evaluating 

the ability of the composites to generate heat. In fact, while low (1-5 vol.%) particles content 

formulations enhance strain at failure and ability to flow, they may on the contrary suffer from 

a too low ability to heat under the magnetic stimulus. Because we have observed a full melting 

of all the crystallites around 150 °C, and a beginning of polymer degradation around 250 °C, 

we will now target a healing temperature around 180 °C. 
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After having performed an extensive analysis of the structure and of the thermomechanical 

behavior of the magnetic composites in Chapter III, we now focus on the understanding of their 

ability to heat under an alternating magnetic field. The objective of this chapter is to evaluate 

which composites can reach the temperature needed for healing to occur (i.e., above 𝑇𝑚) under 

oscillatory magnetic solicitation. First, we characterize both the electrical and the magnetic 

properties of the composites through broadband dielectric spectroscopy (BDS) and 

superconducting quantum interference device (SQUID) tests. Then, we expose the three series 

of composites to magnetic induction and follow the evolution over time of their temperature 

profiles through thermal imaging, allowing for a reliable way of following the temperature of 

the whole sample at a safe distance from the magnetic field lines. 

1 Electromagnetic rationalization 

A series of measurements need to be performed to identify the magnetic mechanisms occurring 

in the composites once they are submitted to an alternating magnetic field (855 kHz, ca. 4-

6 mT). As explained in Chapter I section 2.4, the heat can be produced through two distinct 

mechanisms: (i) eddy currents originating from the electrons motion in conductive materials, 

generating heat through Joule effect and, (ii) magnetic hysteresis losses that originate from a 

delay in the (re)orientation of spins in the direction of the applied magnetic field. This 

phenomenon can involve either Néel relaxation, Brown relaxation, or magnetic walls motion 

according to the size of the particles and the viscosity of the surrounding matrix. Therefore, the 

main objective for this section is to determine the heating mechanisms taking place for each 

series of composites. 

 1.1 Broadband dielectric spectroscopy 

Dielectric frequency sweeps [1] for the three series of composites measured at room 

temperature (i.e., 25°C) are displayed in Figure 4.1A-C. Real (𝜀′) and imaginary (𝜀") parts of 

the complex permittivity are measured with varying the frequency of the solicitation. Focusing 

on the imaginary part 𝜀𝑟
′′ (solid lines), one can observe a low-𝑓 upturn generated by the long-

range motion of charge carriers, related to the electric conductivity of the material. Then, a peak 

appears around 10-1000 Hz usually assigned to the Maxwell-Wagner-Sillar (MWS) processes 

[1] caused by interfaces polarization which occurs in heterogeneous materials such as semi-

crystalline polymers [2] or nanocomposites. [3] Note that the increase in 𝜀𝑟
′′ at high frequencies 
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indicates the beginning of the SS α-relaxation. While it is not the scope of the present work to 

investigate its characteristics (related to the 𝑇𝑔 of the TPU), one could easily study their 

evolution by decreasing the temperature. 

 

Figure 4.1: BDS measurements performed at 25 °C on the TPU matrix and the three series of composites 

(A) Fe3O4, (B) Fe-n and (C) Fe-µ based composites. The imaginary part of the complex permittivity 𝜀𝑟
′′ 

is displayed in solid lines while the real part 𝜀𝑟
′  is shown in dotted lines. (D) Direct current conductivity 

determined from the BDS measurements. Dotted lines are guides for the eye. 

 

Focusing on the lowest frequencies window enables the extraction of the direct current (DC) 

electric conductivity (𝜎𝐷𝐶) through 𝜀𝑟
′′(𝑓 → 0) =

𝜎𝐷𝐶

𝜀0
𝑓−1. Figure 4.1D shows the DC 

conductivity for the three series of nanocomposites as a function of the filler content. Here, the 

main observation is that adding conductive particles to the TPU does not make the composites 

electrical conductors, excluding de facto eddy current as a source of heat. In fact, their 

conductivity is not sufficient to generate Joules effect (e.g., 107 S m-1 for bulk iron). Even in 

the case of a sufficiently high conductivity, the size of the electric path must be larger than 1 
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cm to produce a significant amount of heat. [4] In brief, it is clear that eddy currents will not be 

relevant in the framework of this study. 

 1.2 Magnetic characterization 

ZFC-FC curves, detailed in Chapter II section 3.7, were measured to study the complex 

magnetization (𝑀∗) of the composites filled with ca. 15 vol.% of particles as a function of 

temperature (see Figure 4.2A) under quasistatic conditions (𝐻 = 4 kA m-1, 𝑓 = 0.5 Hz).  

First, we will consider the ZFC-FC curves of the Fe3O4 composite. The strong difference 

between the ZFC and the FC curves in the Fe3O4 composite indicates unambiguously their 

superparamagnetic nature (see Chapter I section 2.3.3), in agreement with their size (i.e., 15 nm 

in average according to measurements made in Chapter III section 1.2). [5] In the work of 

Tanwar et al., [6] Fe3O4 superparamagnetism is correlated to a blocking temperature close to 

𝑇𝐵
𝐹𝑒3𝑂4 = 95 K for monodisperse and isolated 10 nm particles at 4 kA m-1. The blocking 

temperature, corresponding to the ZFC-FC crossover position, is however shifted to a much 

higher temperature (ca. 300 K) in our case due to the aggregation of elementary beads resulting 

into strong inter-aggregate dipolar interactions (see Figure 4.2A). [7-9] This phenomenon is 

further supported by ZFC tests measuring the magnetization loss 𝑀’’ and performed at 1 kHz 

(see Figure 4.2B). The maximum of 𝑀’’ linked to the maximal energy dissipation, 

corresponding to the apparent blocking temperature, is situated at 𝑇𝑎𝑔𝑔
𝐹𝑒3𝑂4 = 200 K. It can also 

be noted that the Verwey transition, which indicates the change between monoclinic and cubic 

crystal systems for Fe3O4, is detected at 𝑇𝑉
𝐹𝑒3𝑂4 = 100 K. [10]  

In contrast to the observation on Fe3O4 composites, ZFC-FC curves for Fe-n and Fe-µ 

composites indicate that the corresponding particles are seen as multi-domain, as expected from 

their sizes (75 nm and 3 µm respectively in average). Nevertheless, one can still observe in 

Figure 4.2B the blocking temperature of Fe close to 𝑇𝐵
𝐹𝑒 = 20 K in both powders indicating the 

presence of elementary nano-objects showing a superparamagnetic state. [11] This is further 

supported by the measurement on the Fe-n composite where a dissipation peak is seen close to 

280 K in Figure 4.2B. Conversely, the magnetization loss in Fe-µ remains extremely low, 

indicating the predominance of a multi-domain behavior. 

To summarize, the three series of composites should be able to heat under an alternating 

magnetic field through magnetic hysteresis losses. Under the TPU’s melting point, Fe-n and 
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Fe-µ multi-domain magnetic particles heat through domain-wall motion, whereas Fe3O4 single-

domain superparamagnetic particles heat through Néel relaxation. 

 

Figure 4.2: (A) ZFC and FC curves measured between 0 and 300 K on composites loaded with ca. 15 

vol.% in Fe3O4, Fe-n and Fe-µ. The complex magnetization 𝑀∗ has been normalized by the highest ZFC 

value 𝑀𝑐 for the respective measurement. (B) Imaginary part of the magnetization 𝑀” (ZFC curve) as 

a function of the temperature revealing blocking temperatures in the same composites. 

 

To complete the magnetic characterization of our samples, magnetization tests in  𝑀 = 𝑓(𝐻), 

detailed in Chapter II section 3.7, were performed at room temperature under quasi-static 

conditions (see Figure 4.3). We tested composites filled with ca. 15 vol.% in Fe3O4, Fe-n and 

Fe-µ resulting in comparable magnetic susceptibility of 2.0, 1.4 and 1.1 respectively. Also, the 

magnetic saturation (𝑀𝑠) qualitatively agrees with our expectations: (i) Fe-n and Fe-µ samples 

exhibit higher 𝑀𝑠 than Fe3O4 ones due to the chemical nature of the particles [12] and (ii) Fe-n 

samples exhibit lower 𝑀𝑠 value than Fe-µ ones because of their restricted particle size. [13] 

Besides, as expected for very low frequency, these curves display no significant hysteresis 

between the magnetization and demagnetization steps apart from the 15 vol.% Fe-n composite 

which exhibits a slight dissipation. Higher frequencies (above 100 kHz, like in our induction 

heating experiments) will enhance the hysteresis loss and thus generate a significant amount of 

heat (as seen in Chapter I section 2.4.2). Note that high frequency 𝑀 = 𝑓(𝐻) experiments [14, 

15] were not possible at high magnetic amplitude with the device we used.
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Figure 4.3: Magnetization curves performed at 300 K under a quasi-static magnetic solicitation for 

composites loaded with ca. 15 vol.% in Fe3O4, Fe-n and Fe-µ, normalized by the mass of the sample. 

The inset is a zoom in the origin. 

 

2 Induction heating 

We evaluate each magnetic composite’s capacity to generate heat in the presence of an 

alternating magnetic field. Samples placed over the pancake coil of the magnetic inductor (see 

Chapter II section 4) were subjected to a 4-6 mT alternating magnetic field at 855 kHz, mainly 

using the lowest available pulse duration 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 (i.e., 17%). We target a wide range of 

temperatures (i.e., from 150 to 250°C) to trigger the TPU melting without significant polymer 

degradation, while limiting our healing processes to 30-120 s to prove the rapidity of this 

procedure.  

To establish suitable conditions of healing and mechanical recovery, it is crucial to monitor the 

temperature evolution during the treatment in order to optimize flow rate and structural stability 

of the sample. The evolution of the temperature as a function of alternating magnetic field 

exposition time for the three series of nanocomposites is given in Figure 4.4A-C. The Fe3O4 

series appears to be the simplest to rationalize since it seems to follow the case in which particles 

dissipate a constant amount of heat in their surrounding medium regardless of the experimental 

time and temperature. This well-established situation results in an increase of the temperature 

of the material with a continuously decreasing rate 𝑑𝑇/𝑑𝑡 until reaching a permanent regime. 
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This profile, fitted with Equation IV-1, being the 0-dimension solution of the heat equation for 

a constant energy flux, indicates the involvement of a single heating mechanism, assigned to 

the hysteresis losses originating from Néel relaxation characteristic of single-domain particles. 

In Equation IV-1, 𝑇0, ∆𝑇 and 𝜏 stand respectively for the room temperature (≈ 22 °C), the 

amplitude of the heating process (°C) and its characteristic time (s). 

 𝑇(𝑡) = 𝑇0 + ∆𝑇(1 − 𝑒−𝑡/𝜏) (IV-1) 

While a “single heating mechanism” behavior is also observed for Fe-n and Fe-µ composites at 

1 vol.%, the temperature profiles recorded at higher filler fractions are qualitatively different. 

In fact, it is clear that a second mechanism is triggered in both series when the materials 

temperature approaches the TPU melting point. This behavior is particularly visible in the case 

of 5 vol.% Fe-µ composite, where the appearance of the additional heating mechanism is clearly 

marked. This additional heat dissipation originates from the dramatic fall of viscosity at the 

TPU melting point favoring the rotation of magnetic particles. This motion results from the 

applied magnetic field generating a torque in the particles that leads to high-frequency friction 

with the surrounding polymer and the additional heat dissipation. [16-18]  

In analogy with Fe3O4 data, Fe-n and Fe-µ were fitted with Equations IV-2 and IV-3 here below 

 𝑇(𝑡 < 𝑡𝑚) = 𝑇0 + ∆𝑇1(1 − 𝑒−𝑡/𝜏1) (IV-2) 

 𝑇(𝑡 > 𝑡𝑚) = 𝑇0 + ∆𝑇1(1 − 𝑒−𝑡/𝜏1) + ∆𝑇2(1 − 𝑒−(𝑡−𝑡𝑚)/𝜏2) (IV-3) 

where 𝑡𝑚 is the time at which melting happens, denoting the appearance of an additional heating 

mechanism. 

Coming back to the case of Fe3O4, no extra heating contribution is noted in the 10 and 15 vol.% 

composites in spite of reaching temperatures above the melting point 𝑇 > 𝑇𝑚. This result can 

be interpreted based on both rheological and structural information. First, Fe3O4 nanobeads are 

more aggregated so that, free rotation is hindered when the magnetic field is flipped. Second, 

heating temperatures above 𝑇𝑚 can only be reached above 10 vol.% in particles, corresponding 

to the apparition of a 𝐺’ elastic plateau at low frequency (see Chapter III section 3.2), indicating 

gelation, i.e., very slow motion of beads and corresponding aggregates.  
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Figure 4.4: Temperature profiles as a function of time during induction heating for the three series of 

composites loaded with ca. 1, 5, 10 and 15 vol.% in (A) Fe3O4, (B) Fe-n and (C) Fe-µ respectively, the 

grey line stands for the neat TPU. 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 was fixed to 17%. Dashed lines are fitted to the data 

with Equation IV-1 (A-B) and with Equations IV-2 and IV-3 (C). 

 

To confirm the direct link between the rheological behavior of a sample and its response to the 

alternating magnetic solicitation, we performed additional induction heating tests on the 5 vol.% 

Fe3O4 composite. It seems that increasing the pulse duration 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 of the magnetic field 

from 17% to 100% allows for the melting of the TPU to be reached (i.e., for 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 > 

67%). For this composite, gelation is not reached and the material is capable to flow, allowing 

the motion of least aggregated nanoparticles to generate a slight extra-heating (see Figure 4.5). 

Note that the contribution from the extra-heating in this case is not as prominent as that of the 

5 vol.% Fe-µ composite (at 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 = 17%), due to Fe3O4 spherical particles being 

aggregated, implying lower torques values and less friction. 
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Figure 4.5: Temperature profile of a composite loaded with ca. 5 vol.% in Fe3O4 for increasing magnetic 

pulse times. The extra-heating indicates possible motion of nanoparticles above the melting of the TPU. 

 

For the sake of comparison, we collected in Figure 4.6 all the specific absorption rates (𝑆𝐴𝑅) 

in W g-1 calculated from: 

 𝑆𝐴𝑅 =
𝐶𝑝

𝑥𝑝

𝑑𝑇

𝑑𝑡
|
𝑡→0

 (IV-4) 

where 𝐶𝑝 and 𝑥𝑝 are the specific heat capacity and mass fraction of fillers, determined through 

the DSC and the TGA measurements shown in Chapter III section 2. The specific heat capacity 

𝐶𝑝 of the samples was calculated from the DSC thermogram of the neat TPU matrix and the 

corresponding heat capacities of Fe and Fe3O4 composites.  

While the 𝑆𝐴𝑅 order of magnitude is similar for the three series of composites (30-80 W g-1), 

Fe-n particles appear to be more efficient than Fe3O4 and Fe-µ ones in terms of heat generation, 

which is explained through a higher value of magnetic saturation and a broader hysteresis at the 

quasi-static frequency of the measurement. This results in a broader 𝑀(𝐻) hysteresis loop at 

high frequency. [19] It is further noteworthy that 𝑆𝐴𝑅 values remain almost constant with 

increasing 𝛷 regardless of the particles nature, indicating a limited impact of dipolar 

interactions. [4, 20-22] This is corroborated in Fe3O4 and Fe-n series by SAXS diffractograms 

showing no further aggregation of the particles with increasing 𝛷 (see Chapter III section 1). 
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Figure 4.6: 𝑆𝐴𝑅 as a function of the filler volume fraction for the whole set of composites. Dotted lines 

are guides for the eye representing the evolution of the first heating process only. 

 

In conclusion, we have identified the mechanisms inducing heat generation for each series of 

composites submitted to the alternating magnetic field. Then, we have identified the possibility 

for an additional heating mechanism to appear during the heating process when the melting 

point of the matrix is reached (𝑇 > 𝑇𝑚), enabled by magnetic induced high-frequency rotation 

of the particles with the TPU matrix. This behavior is highly dependent on the rheology of the 

material and can be blocked if the viscosity is not low enough. This particular aspect will be 

further analyzed in chapter VI. 

Besides, the thermal profiles have also enabled the selection of composites for the magnetic 

healing process. Composites with 5 vol.% in magnetic fillers seem to reach the desired 

temperature range at 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 = 17% while being able to flow, although 1 vol.% 

composites would be able to heat sufficiently if the pulse duration is increased. In contrast, 

composites with higher filler content (i.e., 10-15 vol.%) reach the melting point too fast and 

gelation at high temperatures in the cases of Fe3O4 and Fe-n composites would hinder the 

healing capability. The next chapter will particularly focus on these low-filler content 

formulations as they appear as the best candidates to fulfill applications requirements.
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We have identified the composites that best fit the requirements for the induction healing 

process. The composites with 5 vol.% in filler content present the best compromise in terms of 

mechanical properties while being capable of generating enough heat to reach the melting point 

and flow above that temperature. In this chapter, we use magnetic induction process on different 

composites. First, we apply the healing process to the magnetic composites previously selected 

and characterize their mechanical performances trough quasi-static tensile tests. Then, we 

demonstrate that this procedure can be expanded to other TPE-based composites. Finally, we 

treat the surface of 3D-printed magnetic materials, illustrating the broad range of application 

accessible with this technique.  

1 Healing process on magnetic composites 

Keeping in mind the selection of composites based on their thermomechanical behavior (i.e., 

high elongation at failure under tensile solicitation and capacity to flow on a short time scale) 

as well as their capacity to reach the desired temperature range in a few tens of seconds under 

magnetic stimulus (see conclusions of Chapters III and IV), composites loaded with ca. 5 vol.% 

of fillers underwent the healing process (see Figure 5.1A). Tensile dumbbell samples were cut 

in two halves with a razor blade and reassembled in a mold with the middle section being 

repaired by the healing process (see Figure 5.1B). 

Uniaxial tensile tests were performed on the composites loaded with 5 vol.% in Fe3O4, Fe-n 

and Fe-µ magnetic fillers (see Figure 5.2). “Reshaped” refers to samples hot-pressed from post-

mortem pieces of materials issued from “Original” tests presented in Chapter IV section 3.1. 

On the other hand, “Healed I” refers to reshaped samples that have been cut in two halves and 

subsequently healed locally through thermal magnetic induction (see Figure 5.1B). For each 

type of sample, a minimum of three tensile tests were performed (see Appendix C for all 

Reshaped and Healed I data). The targeted healing temperature was 195 °C ± 15 °C to promote 

fast chain diffusion without significant polymer degradation. Accordingly, induction heating 

was adapted for each type of particles through 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 (from 17% to 67%) and healing 

time (45 s or 60 s). 
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Figure 5.1: (A) Schematic representation of a dumbbell tensile sample. Photograph of the setup during 

the healing process. Thermal imaging indicating the zone of the sample affected by the induction 

heating. (B) Photograph of a sample at different stages of the healing procedure (native, cut and healed). 

 

 

Figure 5.2: Tensile tests performed on series of nanocomposites loaded with ca. 5 vol.% in (A) Fe3O4, 

(B) Fe-n and (C) Fe-µ. See text for “Original”, “Reshaped”, “Healed I” and “Healed II” mentions. 

Heating duration and 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 were adapted according to the particle’s heating profile. Dotted 

lines correspond the tensile tests of Reshaped and Healed II composites that underwent a drying step. 

 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI061/these.pdf 
© [P. Griffiths], [2022], INSA Lyon, tous droits réservés



Healing process on magnetic composites 

 

116 

 

Strikingly, the stress-strain response of the healed materials systematically overlaps with the 

Reshaped samples up to above 1.2 true strain unit, far above the standard use of common TPU 

based goods. This is further emphasized in Figure 5.3 where Original, Reshaped and Healed I 

samples exhibit almost identical tensile behaviors, regardless of the particles’ nature. Distinct 

behaviors are exclusively observed at very high strain where Healed I samples systematically 

show a lower strain at fracture than their Reshaped counterparts. This effect is assigned to a 

different microstructure around the healed zone. We believe that this is caused by the persisting 

phase separation within the liquid TPU. In fact, this lack of dissociation during healing acts 

against the memory erasure, limiting the recovery of the TPU structure once cooled down. 

 

Figure 5.3: Zoom-in on tensile curves at low and moderate strain for the three series of composites, 

compared to the Original tensile curves presented in Chapter III section 3.1. These results systematically 

emphasize the quality of the healing 

 

We performed X-ray tomography on a 5 vol.% Fe-n composite before and after the magnetic 

induced healing process (see Figure 5.4A and 5.4B respectively) to track the potential formation 

of defects during the healing procedure. Although samples looked similar at the macroscopic 

scale, X-ray tomography revealed the presence of large holes in Healed I materials, holes 

formed during the healing process possibly owing to evaporation of residual water in the TPU 

(see Figure 5.4B). Indeed, no hole was detected in mended composites when the samples were 

vacuum-dried before healing (see Figure 5.4C) showing complete structural recovery of the 

sample (hereby referred as “Healed II” sample). It should be noted that similar mechanical 

recovery was observed for hole-containing and hole-free composites after healing (see Healed 
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I and Healed II tensile tests in Figure 5.2B), where the elongation at break corresponds to ca. 

85% of the Reshaped one. This is explained by the large size of the critical defect admissible in 

relatively soft rubber-based materials. Although such samples treatment (i.e., vacuum drying) 

does not appear as crucial for tensile tests, the presence of holes may significantly impact the 

resistance to fatigue. Vacuum-drying seems therefore recommended before healing. 

 

Figure 5.4: X-ray Tomography imaging performed at the mid-thickness of the samples, on the center of 

(A) Reshaped, (B) Healed I and (C) Healed II” ca. 5 vol.% Fe-n dumbbell samples. 
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Beyond the high level of mechanical recovery, determined through the strain at break, another 

asset of our procedure is that it is extremely fast (i.e., 1 minute or less) and applicable to 

relatively hard polymer materials, making an importance difference with the common self-

healing mechanisms (see Figure 5.5 adapted from ref. [1]). Strikingly, while we need 45-60 s 

to heal our materials (30-100 MPa) to 85%, the pioneer work of Cordier et al. on self-healable 

supramolecular materials demonstrated 85% recovery of the tensile properties after 180 

minutes. [2] Certainly, the price to pay resides in the magnetic stimulus, yet being unavoidable 

to reach outstanding healing efficiency on “structural polymers”. 

 

Figure 5.5: Performance of magnetic induced healing materials (this study) compared to self-healing 

materials, adapted from [1]. The performance of the different self-healing techniques is displayed with 

open patterns, while the results from magnetic induction healing are shown with full patterns. 

 

Lastly, it is worth pointing out that Fe3O4 and Fe-µ based materials have slightly lower strain 

at failure (Reshaped) and are less healable (Healed) than their Fe-n-based counterparts (see 

Figure 5.2). As suggested from DSC thermograms, we believe that lower elongations at break 

are due to weaker interactions between the polymer chains and the particles, and lower 

crystallinity.
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2 Healing process on an alternative TPE matrix: PBT/PTHF 

To illustrate the versatility of the magnetic induced healing process, we have chosen to apply it 

on an alternative TPE filled with identical Fe-n responsive magnetic particles. For this 

experiment, we chose a commercial multiblock copolymer made of poly(butylene 

terephthalate) (PBT) and polytetrahydrofuran (PTHF) segments, for its structural and 

mechanical similarity to the commercial TPU used in the present study.  This multiblock 

copolymer, containing 30 wt.% in PBT hard segments, is hereafter labeled as HS30 (see Figure 

5.6). 

 

Figure 5.6: AFM micrograph of a hot-pressed HS30 sample (top view), adapted from [3]. 

 

Dumbbell-shaped samples made of HS30 filled with 5 vol.% Fe-n were prepared through 

extrusion and subsequent hot-pressing at 200 °C. Three samples were completely cut in their 

center, dried and then healed at different 𝑡𝑝𝑢𝑙𝑠𝑒 ⁄ 𝑡𝑝𝑒𝑟𝑖𝑜𝑑 ratios targeting a desired temperature 

of 200 ± 10 °C (see Figure 5.7A). Similarly to the temperature profiles of TPU (Desmopan 

85085A) based composites shown the previous chapter, an additional heating contribution 

appears at ca. 150 °C, that is when the HS30/Fe-n composites start to melt, further confirming 

our global interpretation in terms of particles motion.  

Tensile tests were then performed on healed and native composites used as references (see 

Figure 5.7B). These initial tests, which have not been optimized in terms of healing time, 
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𝑡𝑝𝑢𝑙𝑠𝑒 ⁄ 𝑡𝑝𝑒𝑟𝑖𝑜𝑑 ratios nor setup configuration, already show a ca. 60% recovery in elongation 

at break, confirming that this material could also be successfully repaired. The insert shows 

identical behavior at low strain amplitude, which is the relevant region for targeted applications.  

Our methodology can therefore be applied regardless of the nature of the magnetic filler and of 

the TPE, although the importance of the full multi-physics characterization must be emphasized 

as it ensures a reliable understanding of the mechanisms taking place in the material, serving to 

optimize the healing procedure. 

Interestingly, it can also be noted that the heating rate increases if multiple induction heating 

cycles are performed at the same 𝑡𝑝𝑢𝑙𝑠𝑒 ⁄ 𝑡𝑝𝑒𝑟𝑖𝑜𝑑, under the condition that the melting point is 

reached. For example, the HS30 based composite was subjected to two consecutive heating 

cycles with a cooling intermediate step at room temperature (see Figure 5.7C), leading to an 

increase in the value of 𝑆𝐴𝑅, being 45 and 75 W g-1 for the first and second step respectively. 

Possible movement of particles in the molten material might have reorganized in different 

arrangements of particles, impacting favorably their response to the alternating magnetic field 

and therefore their heat generation. [4] Multiple healing steps will thus change the temperature 

profiles, which must be taken into account to perform reliable healing processes. Consecutive 

induction heating steps do not affect the material’s capacity to be repaired through healing, as 

the magnetic composite will still reach the temperature required (i.e., its melting point).
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Figure 5.7: (A) Temperature profiles corresponding to the healing of a HS30 TPE loaded with 5 vol.% 

Fe-n particles. The pulse duration 𝑡𝑝𝑢𝑙𝑠𝑒 ⁄ 𝑡𝑝𝑒𝑟𝑖𝑜𝑑   was set to 25 %. (B) Tensile tests performed on 

Original and Healed I composites loaded with 5 vol.% Fe-n particles. Insert corresponds to a zoom-in 

at strains below 1. (C) Temperature profiles of two consecutive magnetic heating tests performed on the 

HS30 composite loaded with 5 vol.% Fe-n particles with the same pulse duration 𝑡𝑝𝑢𝑙𝑠𝑒 ⁄ 𝑡𝑝𝑒𝑟𝑖𝑜𝑑 = 25 

%. 

 

3 Induction heating applied on 3D-printed objects 

In this section, we present an additional opportunity offered by our technology regarding the 

post-treatment of objects produced through fused filament deposition. These 3D-printed objects 

present topographic defects, that are sometimes smoothened through solvent vapor treatments 

(e.g., post-processing acetone vapor polishing). [5] Here, the solid-to-liquid phase transition 

triggered by the magnetic field enables the melting of the surface, with the viscosity and the 

surface tension of the resulting liquid driving the surface quality. The contactless nature, the 

rapidity, the limited penetration of the magnetic field indicates that our technique can be applied 

to the surface of a 3D-printed object while maintaining its internal structure intact. Furthermore, 
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the possibility to use co-deposition to tailor the location of the nanoparticles is a strong asset in 

view of a possible upscaling at the industrial level. 

Objects, such as dumbbells and pyramids, were produced through fused filament fabrication 

using a Tobeca T333 device (Tobeca, France). The machine was also equipped with a Tobeca 

pellets extruder replacing the filament-based feeding of the printing tip with a chamber intended 

to hold the pellets (see Figure 5.8A). Note that this device requires sufficiently small pellet-like 

pieces for a regular flow (see Figure 5.8B). Additionally, this eliminates the need for an 

additional step for the production of a filament.  

 

Figure 5.8: (A) 3D printer equipped with a chamber designed to feed pellets/granules to the 3D-printer. 

(B) Printing of a pyramid based on the 5 vol.% Fe-n composite. 

 

One series of TPU-based composites filled with Fe-n nanoparticles were produced through 

extrusion. Then their filler fraction was confirmed through TGA (see Figure 5.9). The 

composites were processed in small pellet-like pieces (i.e., 3-4 mm in length) to fit inside the 

melting chamber. Then, thermal characterization of such composites through DSC was 

performed verifying their characteristic temperatures, proving once again the complete melting 

of the material above 160 °C (see Figure 5.10A). This series of thermograms are in agreement 

with those performed on previously introduced hot-pressed Fe-n composites (see Chapter III 

section 2.2). The rheological characterization through frequency sweeps at 180 °C shows the 

proper behavior which would ensure the required flow of the material for both the deposition 

through 3D-printing and the post-processing treatment of the surface (see Figure 5.10B). 
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Figure 5.9: Thermogravimetric analysis performed on composites filled with Fe-n nanoparticles. 

Nominal and actual volume filler fractions are shown in the table. 

 

 

Figure 5.10: (A) DSC thermograms series measured for the series of Fe-n composites. The heat flux is 

normalized by the TPU mass. Data are shifted vertically for clarity, with 2 vol.% composite taken as the 

reference. (B) Rheological frequency sweep measurements measured at 180°C for the Fe-n composites. 

Full and open symbols correspond to the storage modulus G’ and the loss modulus G” respectively. 

 

For the sake of heat generation, the formulation chosen for the final pieces consists of the 

Desmopan 85085A TPU matrix reinforced with 5 vol.% in Fe-n nanoparticles. Firstly, we 

produced 2 cm x 2 cm and 4 cm x 4 cm square based pyramids optimizing the printing 

parameters. The temperature of the nozzle and the printing stage were set to 210 °C and 50 °C 

respectively and the printing rate was set to 50 mm s-1 for optimal results. 
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To illustrate the potential of this approach, we first manually applied the magnetic field on a 

lateral face of a truncated pyramid (see Figure 5.11) made of TPU based Fe-n composites. While 

the surface imperfections related to the manufacturing process (i.e., due to the filament 

deposition) are well visible on the left-hand side, a much smoother surface is obtained after 

only a few seconds of irradiation (right hand-side). The top surface is displayed to show the 

internal architecture and to prove that no particular change occurred within the object during 

treatment. While the surface treatment was performed by hand, this proof-of-concept is 

intended to show that this procedure could be automated using a robotic arm and improved 

using a coil conceived for the specific geometry of each different piece. 

 

Figure 5.11: Impact of the smoothening procedure on the topography of a truncated pyramid with 

untreated (left) and treated (right) faces. 

 

We repeated this procedure in Figure 5.12, where we treated a porous dumbbell-shaped sample. 

Note that the untreated sample (see Figure 5.12A-B) clearly illustrates the presence of defects 

on the surface. Here again, after a few seconds the matter is densified resulting in a much shinier 

surface, demonstrating the possibility to reach an “injected look” within a short time (see Figure 

5.12C-D). 
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Figure 5.12: Impact of the smoothening procedure on the topography of a 3D-printed dumbbell-shaped 

sample. (A) Untreated 3D-printed sample and (B) its corresponding optical micrograph. (C) Treated 

sample and (D) its corresponding optical micrograph. 

 

In conclusion, we performed the magnetic induction healing process on selected composites 

(loaded with 5 vol.% in magnetic particles) ensuring proper thermomechanical characteristics 

and induction heating response required for repairing. We have characterized the mechanical 

response of such samples and shown satisfactory recovery of the mechanical properties. The 

versatility of this technique has been proven as it can be successfully applied to a range of TPE 

composites filled with magnetic particles with different dimensions and chemistry, precisely 

tuning the induction heating parameters to fit with the material’s solid-to-liquid phase 

transition. The surface treatment of a magnetic composite, loaded with 5 vol.% in Fe-n 

nanoparticles, has been tested, showing a clear improvement of the surface while avoiding any 

effect on the internal structure of the object. Optimizing this procedure is certainly one of the 

major perspectives of this work, strongly related to possible industrial applications. (Note that 

a patent has been submitted in December 2020 and is in revision at the time of writing).
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In Chapters IV and V, we introduced the idea of an additional heating mechanism appearing 

during the magnetic induction process, being triggered by the drop of viscosity of the host 

polymer. In this case, magnetic nanoparticles submitted to the oscillatory magnetic field may 

become mobile, first resulting into high-frequency rotation leading to mechanical friction, and 

second, to translation being at the origin of the emergence of dipolar chains (see below). While 

the rotation of spherical particles on themselves does not generate any structural modification 

of the composites, making this phenomenon hardly quantifiable, [1] the translation is expected 

to play a major role on their spatial distribution. In this chapter, we thus focus on the 

characterization of the translational motion of nanoparticles that we use to rationalize the 

corresponding extra-heating process. Our experiments consist of using ultra small-angle X-ray 

scattering (USAXS) and X-ray photon correlation spectroscopy (XPCS), performed in-situ 

during induction heating, together with a follow-up of the temperature through thermal imaging. 

These experiments have been conducted on the ID02 beamline at ESRF Grenoble in 2021.  

Here again we have made the choice of investigating the 5 vol.% Fe-n composite, whose 

temperature profile has shown the additional friction-induced heating mechanism strongly 

suggesting particles motion. First, the structural changes of the sample are confirmed through 

time-resolved USAXS and Focused Ion Beam - Scanning Electron Microscope (FIB-SEM) in 

parallel with its corresponding temperature profile. Then, X-ray photon correlation 

spectroscopy (XPCS) basics are presented prior to the characterization of the sample subjected 

to the magnetic field over a long period of time. 

1 Electron microscopy and time resolved USAXS 

The significant extra-heat generation detected in Fe-n and Fe-µ composites (see Figure 4.4) at 

the TPE melting strongly suggested the possibility for the nanoparticles to move under the 

application of the oscillatory magnetic field. In contrast, low filler content Fe3O4 composites 

(see Figure 4.5), subjected to a magnetic field with 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 ≥ 67%, suggested a limited 

extra-heating contribution through the motion of its pre-aggregated particles.  

We use FIB-SEM to illustrate the change in particle arrangement in Fe-n composites before and 

after 1 min magnetic induction heating. To characterize them through FIB-SEM, samples, 

previously metallized with gold, required a two-step milling procedure on the bulk 

nanocomposite to analyze a section perpendicular to the surface of sample. This procedure uses 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI061/these.pdf 
© [P. Griffiths], [2022], INSA Lyon, tous droits réservés



Chapter VI: Nanoparticles Movement during Induction Heating 

 

129 

 

high and fine current beams (4 nA and 80 pA respectively) to analyze a polished surface using 

a backscattered electron (BSE) detector.  

FIB-SEM is used on the cross-section of a dumbbell-shaped composite containing ca. 5 vol.% 

in Fe-n (see Figure 6.1A for a micrograph performed prior to induction heating). In this 

micrograph, there is no visible arrangement nor alignment of particles in any direction. Then, a 

cross-section of a healed 5 vol.% Fe-n composite displays a clear alignment of particles (see 

Figure 6.1B for a micrograph exposed to 1 min of induction heating). High-frequency magnetic 

field enables the particles diffusion, resulting into the creation of dipolar chains likely to impact 

the heating efficiency and the mechanics of materials healed several times. This is emphasized 

by the fact that the healed sample was subjected to the alternating magnetic field for 1 min 

following the corresponding temperature profile in Figure 4.4B, showing that a plateau is not 

reached during the experiment, meaning that the structure is still evolving at this point. 

 

Figure 6.1: Photographs and FIB-SEM micrographs (section perpendicular to the top surface of the 

dumbbell-shaped) from a composite containing ca. 5 vol.% Fe-n, (A) before and (B) after 1 min of 

healing. 

 

To deepen our understanding on particle motion, time-resolved USAXS experiments were 

performed on a sample subjected to the alternating magnetic field at 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 = 63% over 

a long duration (i.e., 20 minutes) to reach a steady-state structure.  

The set-up for this experiment consists of coupling the two-turn coil configuration of the 

magnetic inductor and the infrared camera with the ESRF ID02 beamline. Disk-shaped samples 

(0.5 mm in thickness and 4 mm in diameter) are suspended at the center of the coil within a 

Teflon fiber composite strip using Kapton tapes, keeping all metallic objects at a safe distance 
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from the coil (see Figure 6.2). The sample is suspended slightly above the coil to prevent any 

obstruction of the X-ray beam. As the magnetic sample is placed vertically at the center of the 

coil, magnetic field lines traversing the material are approximately vertical (see Figure 6.2A). 

The thermal measurement of the samples is ensured with the same IR camera as the previous 

induction heating experiments. 

 

Figure 6.2: Experiment set-up (A) Schematic representation illustrating the sample in regards to the 

magnetic field lines generated by the two-turn coil and the X-ray beam. (B) Photograph of the set-up on 

the ID02 beamline. 

 

Time-resolved USAXS were performed in a pinhole ultra-small-angle X-ray scattering 

geometry at an X-ray wavelength 𝜆 of 0.995 Ǻ and a sample to detector distance of 30.7 m, 

allowing for measurements down to the μm−1 𝑞 range. The 2D X-ray speckle patterns were 

recorded with an Eiger 500K detector. USAXS spectra were acquired every 30 seconds starting 

immediately before the activation of the magnetic field and for the total duration of the 

experiment (i.e., 20 minutes). Qualitatively, there is a change in the structure resulting from the 

comparison of speckle shape distribution in the 2D patterns. The first speckle acquisition made 

before the activation of the magnetic field shows an isotropic distribution of intensity speckles 

in its 2D pattern (see Figure 6.3A), whereas the speckle image acquired at 19 min shows an 

anisotropic speckle distribution in the 2D pattern (see Figure 6.3B). The scattering intensity 

recorded prior to the experiment (see Figure 6.3C) shows the same intensity decay along the 

horizontal and vertical direction with a dependence in 𝑞−2.7. The intensity decay becomes 

anisotropic for long times with a dependence in 𝑞−3 for the horizontal direction and in 𝑞−2.5 for 
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the vertical one, indicative of a preferential alignment of particles occurring over the duration 

of the experiment. 

 

Figure 6.3: Evidence for particles alignment. (A-B) 2D X-ray scattering patterns measured immediately 

before the magnetic solicitation and after 19 minutes of heating (𝑇 > 180 °C in both cases) respectively. 

(C-D) Corresponding scattering intensity integrated over horizontal and vertical directions of the 2D 

detector (angle ±5°). 

 

Interestingly, the derivative of the USAXS intensity signal 𝑑 log(𝐼(𝑞)) 𝑑 log(𝑞)⁄ , over the full 

duration experiment and using the full range of 𝑞 (i.e., 2·10-3 to 6·10-2 nm-1) gives us a higher 

insight into the evolution of the structure with time (see Figure 6.4A). During the magnetic 

induced heating, the initial change of the derivative along the vertical and the horizontal 

directions and points out a different behavior of the sample along the two directions, with a 

preferential alignment of the particles in the vertical direction (i.e., parallel to the magnetic field 

lines). Afterwards, at 3 min 20 s, the slope remains constant indicating that the overall structure 

of the sample is stable in time even if it is not fixed as there are still limited particle movements 

at the nanoscale.  
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Strikingly, if we focus on the temperature profile of the same experiment (see Figure 6.4B), we 

observe a 210°C peak at the same time where the scattering intensity derivative signal becomes 

stable. After this peak, the temperature slightly decreases until it reaches a 187°C plateau for 

the rest of the experiment. This behavior tells us that the contribution of the particle movements 

to heat generation reduces once the sample structure has reached his new equilibrium state 

under magnetic field, thus explaining the lower temperature found at plateau. In addition, we 

can infer that, after the initial transient phase, the stable heat generation is mainly due to 

magnetic hysteresis losses with particle friction playing a reduced role, which confirms the 

stability of the overall structure. 

 

Figure 6.4: Correlation between structural anisotropy and heating kinetics upon induction heating. (A) 

Absolute value of the SAXS signal derivative in log-log scale 𝑑 𝑙𝑜𝑔(𝐼(𝑞)) 𝑑 𝑙𝑜𝑔(𝑞)⁄  for 0.0065 < 𝑞 <

0.0215 nm-1 as a function of time for both horizontal and vertical integration directions. (B) Sample 

temperature measured from IR-camera as a function of time. The grey zone represents the TPU melting 

range as measured by DSC. The inductor is set to 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 = 63%. Arrows indicate the time at 

which the temperature reaches its maximum value, 𝑡 = 3 min 20 sec. White dots indicate the XPCS 

measurements after 2 and 19 min, both satisfying 𝑇 = 186 ±1 °C. 

 

To summarize, there seems to be two important steps during this induction heating experiment. 

At the start of the experiment, the temperature follows the typical monomodal exponential curve 

expected from induction heating of a system at solid state. Then, at the melting point (reached 

at ~20 s), friction-induced heating appears as an additional heating mechanism enabled by the 

sudden drop in viscosity, allowing for more heat to be generated. Driven by the magnetic field, 

the system structure evolves through the motion of particles within the matrix, eventually 

leading to the formation of vertical dipolar chains. [2] The movement of magnetic particles 

occurs up to the point where a new dynamic equilibrium (at ~3 min 20 s) is found, with the 
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dipolar chains limiting the particles mobility. At this point, the overall structure under magnetic 

field has become stable. 

In the next section, we will investigate the validity of this scenario by studying the dynamic 

behavior of our sample under magnetic field. We will provide evidence of a modification of 

particles mobility during the entire experiment, from the initial viscosity drop to the slowdown 

caused by the formation of dipolar chains. 

 

2 X-ray photon correlation spectroscopy (XPCS) 

 2.1 Basics principles of XPCS 

XPCS allows us to study the dynamical behavior of materials at the 1 nm - 1µm lengthscale 

through successive SAXS measurements and appropriate data treatment. It is often used to 

characterize the evolution of hierarchical structure of the complex fluid (i.e., block copolymers, 

colloidal gasses, gels or nanocomposites) over time. XPCS relies on the interaction of the 

analyzed material with X-rays. The interactions between a partially coherent monochromatic 

X-ray beam and a disordered material generate a speckled intensity pattern. By analyzing the 

temporal fluctuations of the intensity pattern, information on the material dynamics are 

obtained. Typically, 2D detectors are employed in order to collect in a single image the intensity 

pattern over a range of scattering wave vectors 𝑞 at different time intervals 𝜏 as illustrated in 

Figure 6.5 below. 

 

Figure 6.5: Schematic representation of an XPCS measurement. The pinhole aperture selects a coherent 

portion of the incident monochromatic X-ray beam, resulting in a speckled scattered intensity over a 

range of scattering vector collected at specific time intervals 𝜏 to perform the time autocorrelation 

functions. Figure adapted from [3]. 
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The analysis of the temporal intensity fluctuation is usually carried on by focusing on the 

intensity autocorrelation function 𝑔2 measured as function of the scattering vector 𝑞 and time 

delay 𝜏: 

 𝑔2(𝑞, 𝜏) − 1 = 𝐵
〈𝐼𝑝(𝑞, 𝑡)𝐼𝑝(𝑞, 𝑡 + 𝜏)〉𝑡,𝜑

〈𝐼𝑝(𝑞, 𝑡)〉𝑡,𝜑〈𝐼𝑝(𝑞, 𝑡 + 𝜏)〉𝑡,𝜑
− 1 (VI-1) 

where 𝐵 ≥ 1 is a normalization factor chosen such that 𝑔2 − 1(𝜏 → 0) = 1, 𝐼𝑝(𝑞, 𝑡) is the 𝑞 

and time-dependent intensity measured by the 𝑝-th pixel and the brackets indicate the time 

average (〈… 〉𝑡) and the azimuthal average (〈… 〉𝜑) over a ring of pixels centered around the 

transmitted beam position and characterized by the same magnitude of 𝑞. 

The decay of the autocorrelation function, at 2𝜋/|𝑞| close to the typical particle size, is 

characteristic of the motion of particles inside the matrix and can be fitted empirically with a 

Kohlrausch-Williams-Watts (KWW) function [3]: 

 𝑔2 − 1 = 𝑒𝑥𝑝 (−(𝑡 𝜏𝑐⁄ )
𝛽
) (VI-2) 

where 𝜏𝑐 and 𝛽 are the characteristic time of the decorrelation and the KWW exponent 

respectively. 𝜏𝑐 corresponds to the time for which half of the scattered X-rays are no longer 

correlated to the first pattern 𝑔2 − 1 = 0.5. Considering the biggest Fe-n particle sizes 𝑅𝑝 (see 

Figure 3.4), we have worked at |𝑞| < 𝜋 𝑅𝑝⁄  with the highest 𝑞 used in the measurement being 

0.02 nm-1. Note that when 𝛽 < 1, we speak about a stretched exponential, often reminiscent of 

polydispersity effect [4] whereas when 𝛽 > 1, the compressed exponential indicates the 

suddenness of particles motion [3, 5, 6]. Figure 6.6 illustrates examples of stretched and 

compressed exponentials determined through the KWW function for a given time 𝜏𝑐. 
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Figure 6.6: Graphical representation of the KWW function for different values of the exponent 𝛽, 

calculated between for times 10-2 𝜏𝑐 and 102 𝜏𝑐. 

 

2.2 Characterization of magnetic-field-induced sample dynamics by XPCS  

To characterize particle motion, we perform a series of XPCS measurements on the 5 vol.% Fe-

n composite. The first measurement is performed around room temperature, without any 

thermal and magnetic solicitation (see Figure 6.7). As expected from a measurement made 

under the material’s melting point, it shows a perfect correlation (i.e., with the autocorrelation 

function equal to 1), confirming that there is no particle motion at characteristic times lower 

than 100 seconds. 

 

Figure 6.7: XPCS autocorrelation function measured on a 5 vol.% Fe-n composite at 35°C. 
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Then, a series of measurements are performed on the composite heated above its melting point 

(~180°C) without any magnetic field being applied. This allows us to characterize the dynamics 

of the nanoparticles due solely to the temperature, with the objective to have a reference when 

the magnetic stimulus is added. A heating stage is used to heat the sample at 180°C. The 

measurements were made at different 𝑞 values, from 0.0065 to 0.0215 nm-1, once the 

temperature stabilized at 180°C (i.e., after 5 min). 

The detected speckle image resulting from the interaction between the incident X-ray beam and 

the sample (see Figure 6.8A) is integrated along the vertical and horizontal direction (parallel 

and perpendicular to the gravity direction respectively) with an angle of ±5° to determine the 

two autocorrelation functions shown in Figure 6.8B. We found that the two autocorrelation 

functions do not superimpose as expected for an isotropic material. The reason for this behavior 

is to be attributed to the liquid nature of the sample when heated above the melting point. 

Indeed, we observed the material slowly flowing in the vertical direction, thus explaining the 

faster decorrelation of the 𝑔2 − 1 in the vertical direction. An additional proof of the gravity-

induced flow can be found in the 𝛽 value (≈ 2) and 𝑞−1 dependence of the characteristic 

decorrelation time obtained from the fitting of the autocorrelation function obtained along the 

vertical direction (see Appendix D). In this case, the ballistic behavior is due to the gravity-

induced macroscopic convective flow of the sample. As a consequence, to overcome the gravity 

effect in our analysis of the sample dynamics, we investigated only the scattering function 

obtained from the horizontal integration. 

.  

Figure 6.8: XPCS measurements. (A) Speckle image where horizontal and vertical directions (angle 

±5°) used for the data integration are reported. (B) Autocorrelation function measured on a 5 vol.% Fe-

n composite heated at 180 °C with a heating stage (no magnetic field). 
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In Figure 6.9A we report the autocorrelation functions obtained from the horizontal integration 

at different 𝑞 values, from 0.0065 to 0.0215 nm-1, while in Figure 6.9B, we show the time 𝜏 as 

function of 𝑞. The dependence of 𝜏𝑐 with 𝑞 expected for purely diffusive movement (i.e., 

Brownian motion) and for ballistic movement should display slopes of -2 and -1 respectively. 

[7] The dynamics obtained are indicative of an unusual behavior, with a slope of -0.66, which 

we believe is due to the interactions between Fe-n nanoparticles and the TPU matrix and 

possibly to the incomplete dissociation of the TPU matrix above 𝑇𝑚. 

 

Figure 6.9: (A) XPCS autocorrelation function for different 𝑞 values, measured on a 5 vol.% Fe-n 

composite at 180°C with no magnetic field (resistive heating). (B) Characteristic time 𝜏𝑐 as a function 

of the 𝑞. 

 

Once characterized the dynamics of the selected composite at 180°C, we can now focus on the 

analog experiment in which the heat is generated by our oscillatory magnetic field instead of 

the heating stage. XPCS measurements are performed during the 20-min long experiment 

introduced in Chapter VI section 1, using the same set-up as for the SAXS measurements (see 

Figure 6.2) and following the temperature profile in Figure 6.3B. Based on our previous results 

from the time-resolved USAXS experiments, two measurements of the material dynamics at 

~186°C have been considered as the most relevant ones (see the white dots in Figure 6.4B 

showing the time and temperature of the measurements): 

- At 2 min, to study the dynamics of an evolving structure at short times, above the TPU’s 

melting point but before reaching the dynamic equilibrium. 

- At 19 min, to study the dynamics of a stable structure at long times, above the TPU’s 

melting point. 
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For the short time dynamics, in the same 𝑞 range (i.e., 0.0065 to 0.0215 nm-1), the dynamics of 

the nanoparticles are clearly faster (around 20 times faster than the resistive heating), with 

characteristic times 𝜏𝑐 ranging between 0.07 and 0.2 s (see Figure 6.10A). This agrees with the 

expected behavior of the particles at this stage, with the dynamics being strongly accelerated 

and mainly controlled by the magnetic field. On the other hand, dynamics, measured after 19 

min) are slower, with their characteristic times 𝜏𝑐 between 0.54 and 2.4 s (see Figure 6.10B). 

Being at a dynamic equilibrium, the motion of particles is not driven only by the magnetic field. 

As the dynamics are closer to those of the experiments controlled with a heating stage (heating 

without magnetic field), we can deduce that particle motion is mostly controlled by the coupling 

of the effects of the magnetic field and the temperature, with the particles being close to a stable 

arrangement.  

 

Figure 6.10: XPCS autocorrelation function 𝑞-dependence under induction heating. (A-B) Signals were 

measured at different 𝑞 values after 2 and 19 min respectively. (C) Corresponding characteristic time 

𝑞-dependences; the case of resistive heating (No MF – absence of magnetic field) is added for 

comparison. 
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This is further emphasized in Figure 6.10C, which gathers the dependence of the different 

characteristic times 𝜏𝑐 with 𝑞, for all three XPCS measurements. Slopes of -1 are added to help 

in comparing the different results. The test performed at 2 min, shows a variation of 𝜏𝑐 with a 

slope of -0.85 indicating a quasi-ballistic movement of particles (higher than in the heating 

stage case since the magnetic field drives the motion of NPs). Dipolar interactions between the 

nanoparticles is a driving force, which leads to nanoparticles being attracted to each other on a 

non-randomized manner. Conversely, the test performed at 19 min, shows a variation of 𝜏𝑐 with 

a slope of -1.2, indicative of mostly ballistic behavior. The interpretations are limited by the 

non-negligible polydispersity in size and the complexity of the matrix with which Fe-n particles 

are known to interact favorably (see DSC thermograms in Figure 3.8B). 

 

In conclusion, the dynamics of a selected sample have been characterized through the coupling 

of leading technology experiments with the magnetic inductor. This experiment finally 

confirms our hypothesis of the origin of an additional heating mechanism appearing during the 

induction heating test under particular conditions. Moreover, the possibility of following the 

dynamics over 20 min (i.e., a relatively long period of time in the scope of this thesis), allowed 

for a more precise understanding of particle diffusion and the creation of a dynamic equilibrium 

in the structure. An improvement to this experiment would be conceivable by performing 

similar tests on composites made with well-defined monodisperse colloids, allowing for a 

clearer quantification and understanding of the dynamics of magnetic particles in the 

composites.
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General Conclusions 

Conclusion 

The primary objective of this thesis has been met by developing strong phase-changing 

thermoplastic elastomer composites, using commercially available components, capable of 

being repaired through magnetic induction. After the full structural, thermomechanical, and 

magnetic characterization of the magnetic composites, we were able to understand their 

behavior and set the conditions to be respected for magnetic induced healing to be possible. We 

selected the most interesting composites based on their induction heating capabilities under an 

alternating magnetic field for specific applications (i.e., induction healing, surface treatment of 

3D-printed samples). 

Through structural and thermomechanical characterization (Chapter III), we understood the 

impact of the magnetic particles on the TPU matrix and make a preliminary selection of the 

composite formulations with the mechanical characteristic needed at the solid and the liquid 

states. The selected composites, loaded with 1-5 vol.% in magnetic particles, are capable of 

flowing under reasonable timescales above the TPU’s melting point (relaxation time sorter than 

0.01 s) while also showing a good compromise between mechanical reinforcement and 

appropriate deformation at failure (strain at failure above 2.0). With the thermal characterization 

of the composites, we defined the temperature range of interest (150 to 250 °C) to enable the 

flow of the material through the full melting the crystallites while avoiding polymer 

degradation. 

For each series of magnetic composite, the predominant heating mechanisms were identified, 

and their corresponding heating profile was measured for the given set-up (Chapter IV). The 

insufficient conductivity of the composites, measured through broadband dielectric 

spectroscopy, proved that eddy currents are not generated during the induction heating. At the 

solid state, superparamagnetic magnetite (10-25 nm Fe3O4) composites generate heat due to 

magnetic relaxation losses (i.e., Néel relaxation), whereas ferromagnetic iron (40-140 nm Fe-n 

and 40-50 µm Fe-µ) composites heat through domain wall motion (i.e., realignment of magnetic 

domains within the particle), as expected from their respective particle sizes. 

The heating profiles were remarkably insightful as they gave the first indications for the 

possibility of having an additional heating mechanism appearing once the melting point of the 
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matrix has been reached. In agreement with the individual rheological behavior of the materials 

at the molten state, we were able to explain the differences in temperature profiles and the 

appearance of the extra-heating, highly dependent on the viscosity of the TPU and its evolution 

during the experiment. The additional heating mechanism only appears if the composites 

generate enough heat to reach the TPU’s melting point and if the viscosity is sufficiently low 

to enable heat generation through friction between the particles and the matrix. The additional 

heat dissipation comes from the fall of viscosity once the TPU’s melting point is reached, 

favoring the rotation of magnetic particles that generate heat through mechanical friction. 

We sought to confirm the hypothesis on particle motion during an induction heating test. This 

concept was studied in depth in Chapter VI through X-ray photon correlation spectroscopy at 

the ESRF coupling our induction heating set-up to the X-ray beamline. We studied the 

dynamics of magnetic particles in the matrix above the melting point. We developed a good 

understanding of the role of particle diffusion with time and its effect on the heat generated, 

confirming the observation of the additional heating mechanism and its origin. Over 20 min 

experiments, the structure of sample evolved at high temperature, causing alignments of 

particles in the direction of the magnetic field lines until the newly-formed dipolar chains 

prevent more mobility. 

At the minimal pulse duration available, the composites with 5 vol.% in magnetic particles 

respond to the specifications needed for magnetic induced healing to take place, capable of 

reaching the melting point, while being able to flow above their melting point. While 

composites filled with 1 vol.% in magnetic content are also capable of flowing above the TPU’s 

melting point, they do not generate enough heat to reach this temperature. On the other hand, 

composites filled with 10-15 vol.% in magnetic content, heat too fast for a reliable treatment of 

the material and the flow of those filled with Fe3O4 and Fe-n particles would be hindered by 

gelation effects.  

Based on the previous sorting of composites, we performed the magnetic induction healing 

process on the magnetic composites loaded with 5 vol.% in magnetic particles (Chapter V). The 

mechanical recovery, through the magnetic induction healing process, was determined by 

comparing healed dumbbell-shaped tests samples to recycled ones. Through the optimization 

of the process, we found an overlap in stress-strain response even above 1.2 true strain unit and 

satisfactory 85% recovery of the strain at failure for the treated composites (30-100 MPa) in 

45-60 s. We then illustrate the versatility of this concept can easily be extended to other 

thermoplastic elastomers as the solid/liquid thermal and rheological requirements are similar. 
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Then, our interest is focused on the use of induction heating to improve the surface of samples, 

through the solid-to-liquid transition, prompting the smoothening of the surface and correcting 

minor surface defects, while avoiding internal damage to structure. 3D-printed composites 

loaded with 5 vol.% in Fe-n were processed in different shapes through fused filament 

deposition to test evaluate the improvement of the surfaces of each piece. 

Outlooks 

In this work, we have shown the interest of a complete multi-physics approach in characterizing 

composites for magnetic induced healing, using commercially available components (both for 

the TPU matrix and the magnetic nanoparticles). The choice of these low-cost materials was 

purposely made to highlight the affordability of this technique, matching the scope of the 

POMMADE project funded by the Carnot Institute I@L. However, the polydispersity in size 

and in shape of the magnetic particles and their assembly into aggregates might hinder for a 

complete interpretation of the results. This is particularly true for ultra-small-angle X-ray 

scattering USAXS and X-ray photon correlation spectroscopy XPCS experiments. In upcoming 

works, we believe that the use of well-defined colloids dispersed in the TPU matrix would lead 

to a more reliable analysis of the response to the magnetic solicitation, through the multi-

physics characterization. Moreover, the surface of such colloids could be functionalized to 

increase or decrease its compatibility with the matrix. It would lead to the modification of the 

thermal, mechanical and rheological properties of the magnetic composites and thus, their 

response to the magnetic stimulus.  

The versatility of magnetic induction presents an advantage as the properties could potentially 

be tuned for different responses depending on the intended application. As proven by recent 

experiments on silicone-based composites, crosslinking can be triggered for their process, 

through magnetic induction and the ensuing heat generation. Beyond the possibility of working 

with other matrices, we can also produce composites with other magnetic fillers. In particular, 

the use of magnetic powders (Fe3O4), synthesized with recycled materials from the steel 

industry, has also brought our attention. Their incorporation would emphasize even more the 

“green” trend of moving towards recyclable, reusable and repairable materials by stating that 

the components used to make our composites are already the product of recycling. 

From the industry-oriented approach, the procedures for magnetic induced healing and surface 

treatment could be optimized and standardized for upscaling. We can work on conceiving 
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different coil geometries intended to treat specific sample shapes and sizes. The efficiency of 

heat generation can be increased by modifying the frequency or the magnetic field amplitude 

applied to the sample. Another possible application for magnetic induction would be through 

the magneto-responsive patching of defects on a material. Once again, the development these 

processes would immensely benefit from the tuning of properties, as both have particular 

requirements in terms of rheology and mechanical response.  
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Appendices 

Appendix A: Details on magnetic induction tuning  

 

Figure A.1: (A) Ratio of the oscillating signal over time 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 (signal illustrated in Figure 

2.14B-C) as a function of the power set on the inductor. The ratio increases linearly up to 60% in set 

power, at which the full signal is emitted by the magnetic inductor. (B) 𝑆𝐴𝑅 measured (1st heating 

mechanism only) from a composite loaded with ca. 5 vol.% in Fe3O4 as a function of the 𝑡𝑝𝑢𝑙𝑠𝑒/𝑡𝑝𝑒𝑟𝑖𝑜𝑑 

ratio. 

 

Appendix B: Reliability of thermal infrared measurements 

 

Figure A.2: (A) Schematic representation of the infrared and thermocouple measurements on samples 

heated inside a heat chamber with an ocular aperture. (B) Comparison between measurements taken 

with a thermocouple Ttc and with the infrared camera for the TPU matrix and composites loaded with 

15 vol.% in Fe3O4, Fe-n and Fe-µ particles. 
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Appendix C: Tensile data – Reshaped, Healed I and Healed II samples 

 

Figure A.3: (A-C) Tensile tests (true stress vs. true strain) done on “Reshaped” composite samples 

loaded with ca. 5 vol.% in Fe3O4, Fe-n and Fe-µ respectively. (D-F) Tensile tests performed on “Healed 

I” and “Healed II” composites loaded with ca. 5 vol.% in Fe3O4, Fe-n and Fe-µ respectively. Darker 

and thicker lines correspond to the tensile tests displayed in Figure 5.2. 
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Appendix D: Autocorrelation functions through horizontal and vertical 

directions – resistive heating 

 

Figure A.4: XPCS measurements on a 5 vol.% Fe-n composite heated at 180 °C with a heating stage 

(no magnetic field). (A-B) Autocorrelation function in the vertical and horizontal directions respectively. 

(C-D) Characteristic time of the decorrelation 𝜏𝑐 and the KWW exponent 𝛽 used for fitting the curves 

through the KWW function.  
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RESUME :

Au cours du XXe siècle, les polymères se sont développés à une vitesse très importante, due à leur facilité de production et à 
leur versatilité, permettant le développement de différentes classes de matériaux suivant l'application visée. En raison de leur 
popularité, la production de polymères a entraîné une énorme quantité de déchets. En particulier, les élastomères vulcanisés 
ont récemment souffert d'une mauvaise réputation à cause de leur incapacité à être refondus ou réutilisés. Sur de longues 
périodes, leur dégradation mécanique se fait par des sollicitations cycliques et l’effet de l'environnement. Cependant, ils restent 
très largement utilisés dans plusieurs secteurs industriels en raison de leurs propriétés physiques uniques. Un défi majeur 
consiste donc à trouver des matériaux alternatifs capables d'être réutilisés, réparés et recyclés, répondant à des exigences très 
élevées en termes de module d’élasticité, de ténacité, de résistance à l'usure, de stabilité chimique et de coût. 
Les élastomères thermoplastiques, basés sur des copolymères à blocs multiples, possèdent les propriétés mécaniques 
requises pour des applications structurelles et peuvent être réutilisés ou recyclés. La réparation de ces matériaux est possible, 
au-dessus de leur température de fusion, à travers la dissociation des segments rigides, qui déclenche la transition solide-
liquide. Nous proposons d’atteindre cette température en chargeant une matrice élastomère thermoplastique avec des 
(nano)particules générant de la chaleur par induction magnétique à haute fréquence, pour un traitement thermique rapide et 
sans contact.  
D’abord, la caractérisation multi-physique a permis une compréhension complète 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'à leur rupture. Finalement, l’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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