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Résumé

Dans le cadre de la problématique d'allègement des véhicules par substitution de parties métalliques par des pièces polymères, l'objectif de la thèse est la valorisation du polyamide pour ce type d'application. Deux modifications différentes du polyamide par extrusion réactive ont ainsi été proposées et étudiées en détail. Elles ont fait l'objet des deux principales parties de ce manuscrit.

La première modification du polyamide a eu pour but l'amélioration de sa mise en oeuvre. Pour ce faire, une diminution de viscosité de la matrice tout en conservant voire en améliorant les performances mécaniques de cette dernière fut recherchée. En effet, une plus faible viscosité permet une économie d'énergie ainsi qu'une mise en oeuvre facilitée, notamment lors de l'injection de pièces complexes à partir de polyamides chargés. A la lumière des recherches bibliographiques, la synthèse de polymères branchés ou l'incorporation d'une faible quantité d'additifs multi-branches dans la matrice, est apparue comme une méthode efficace pour diminuer la viscosité sans endommager les propriétés mécaniques du polymère. Dans cette logique, différentes quantités de réactif polyéther triamine ont été incorporées au polyamide-6 par extrusion, dans le but de synthétiser in situ des structures branchées. Une étude approfondie des mécanismes réactionnels intervenant lors de la mise en oeuvre par extrusion réactive a été menée en combinant des analyses de RMN liquide et de spectrométrie de masse MALDI-ToF.

Dans un premier temps, les analyses de RMN liquide 1D-1 H, 13 C et 2D-1 H, 13 C effectuées sur une réaction modèle ont permis de mettre en évidence deux réactions principales. D'une part, le greffage de la Jeffamine ® T-403 par réaction des fonctions amines de cette dernière avec les fonctions terminales acide carboxyliques du polyamide-6. D'autre part, la transamidification sur les fonctions amides, responsable des coupures de chaines observées par chromatographie d'exclusion stérique (diminution de la masse molaire moyenne en nombre). L'analyse des extraits Soxhlet a validé les résultats obtenus sur réactions modèles et a permis de démontrer qu'un faible pourcentage de T-403 réagit sur le polyamide-6. La présence de ce milieu complexe, constitué d'un mélange d'espèces branchées aléatoirement et de molécules linéaires, a été confirmée par l'étude des spectres de masse MALDI-ToF sur le milieu modèle.

Dans un deuxième temps, la caractérisation des mélanges par rhéologie, DSC (Differential Scanning Calorimetry) et DMA (Dynamic Mechanical Analysis) a permis de mettre en évidence des propriétés intéressantes obtenues pour de faibles quantités de T-403. Ainsi, l'ajout de moins de 2 %m de Jeffamine ® T-403 entraine une diminution notable de la viscosité complexe combinée à une amélioration des propriétés mécaniques en traction (module d'Young et contrainte seuil de 20 et 13 % respectivement), ainsi qu'une augmentation notable de la température de transition vitreuse (T g ). La diminution de la viscosité s'explique par la présence de chaines plus courtes, et par le plus faible volume hydrodynamique des espèces branchées en comparaison à leur équivalent linéaire. La compréhension des évolutions de propriétés mécaniques et des T g , en lien avec les nouvelles structures créées, a été détaillée dans la troisième partie de cette étude. Une analyse approfondie de la cristallinité à différentes échelles (taux de cristallinité, taille des spherulites, épaisseurs des lamelles amorphes et cristallines) a été menée par calorimétrie différentielle à balayage (classique et modulée), diffraction des rayons X et microscope à force atomique. La confrontation des caractéristiques micro-et nano-cristallines avec les performances mécaniques et les températures de transition vitreuse a permis d'établir des liens structure-propriétés. De manière générale, une augmentation de la fraction de phase amorphe rigide (RAF) dans le matériau explique la diminution de la mobilité des chaines dans la phase amorphe et l'augmentation des propriétés en tension observées. Cette modification de la nano-structure cristalline a pu s'expliquer par l'accumulation des points de branchement en surface des lamelles cristallines.

Afin de confirmer l'aptitude particulière des structures branchées à diminuer la viscosité tout en conservant les propriétés mécaniques, la même modification a été répétée en utilisant des diamines de même nature chimique. Ces nouveaux matériaux synthétisés avec les Jeffamines D-230 et D-400 présentent une diminution similaire de viscosité en fondu mais une très faible augmentation des propriétés mécaniques en tension contrairement au système PA-6/T-403. Cette quasi-conservation des propriétés mécaniques pour le cas des diamines, s'explique par le maintien de la morphologie cristalline, c'est-à-dire de la composition et des dimensions des lamelles cristallines et amorphes, en comparaison au polyamide-6 non modifié.

La deuxième modification proposée s'est focalisée sur l'allègement et le renforcement d'une matrice polyamide. Pour ce faire, la synthèse mono-étape d'une mousse de copolyamide-66/6 réticulée par extrusion réactive a été expérimentée en utilisant un additif bi-fonctionnel de type trialkoxysilaneimidazoline (SIN) comme agent moussant et réticulant.

Comme dans la partie précédente, une étude mécanistique a été réalisée afin de confirmer les hypothèses de réactions proposées. Des analyses en RMN liquide 1 H sur des molécules modèles et RMN liquide 29 Si sur les mousses extrudées ont permis de valider les réactions responsables du moussage et de la réticulation. La combinaison des réactions d'ouverture des cycles imidazolines et d'hydrolyse-condensation des alkoxysilanes entraine la formation d'un réseau tridimentionnel. L'éthanol issu de la réaction des alkoxysilanes en siloxanes a été identifié comme le sous-produit responsable du moussage. Par la suite, l'optimisation de la morphologie de la mousse a été menée en étudiant l'impact d'un certain nombre de paramètres procédés et de paramètres de formulation sur la densité de pores, leur taille et leur distribution ainsi que sur la déformabilité des mousses en compression. Ainsi, la température/le diamètre de la filière, la vitesse de rotation des vis, le temps de séjour, la quantité de SIN et de charge silice (agent nucléant) ont été modifiés. Parmi eux, les 
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GENERAL INTRODUCTION General introduction

During the last few years, record temperatures were reached and more and more natural catastrophes occurred in various parts of the world. According to the scientific community, these environmental deregulations were attributed to the global warming caused indirectly by increasing CO 2 emissions. To face this problem and avoid its amplification, the government took drastic remedial actions in the different pollutant industries. Automotive sector is one of the most regulated one as 19 % of the total European CO 2 emissions come from the road transport. Strict climate regulations were imposed on the car manufacturers regarding the new vehicles put on the market. Thus, average emissions per new car have to be below 95 g CO 2 /km in 2021 compared to 162 g CO 2 /km in 2005 [1]. Significant improvements have been already made as average emissions per car have been decreased by 22 % between 2005 and 2013 [2]. To achieve the additional 22 % reduction needed for the 2020 target, further efforts are required [3]. For that purpose, various technological options are currently developed: alternative fuels (biofuel, hydrogen or electricity), vehicle evolution (weight reduction, aerodynamic characteristics and low rolling resistance tyres) and performing engine technology. Replacing metals by plastic materials to lighten vehicles is one of the most important challenges of the automotive industry. Indeed, replacing metals by polymers can reduce the total weight of a car by 200 to 300 kg [4]. Currently, 75 % of the series-produced cars weight is due to the metallic materials while the polymer parts (composite, elastomer…) represent only 20 % of the total weight. External parts like hoods, hatchbacks and wings are mostly manufactured in polypropylene. Advances in material science enabled using polymers in the engine environment where the thermal stress is particularly high. Thus, vehicle's fuel and air supply systems are made of filled polypropylenes and polyethylenes or high-temperature resistant polymers like polyamides. As an example, fiber-glass reinforced polyamides commercialized by BASF for the Renault-Nissan-PSA group can withstand 200 °C. That is to say, retain at least 50 % of its mechanical properties after 3000 hours of exposure at high temperature. Polyamide is a prime candidate for high temperature under-hood applications. Particularly polyamide-6 and polyamide-6,6 which offer the best price/performance ratio with a good compromise between the mechanical properties (high tensile strength, high flexibility and good resilience) and the thermal stability. In addition, polyamides have good wear resistance due to a low coefficient of friction and excellent resistance to various solvents, oils and bases. Finally, polyamides are processable through thermoplastic methods and have an ability to receive high filler contents. However, in accordance with the targeted application and the process used, some properties have to be improved. The main limitation is the strong moisture sensitivity and the resulting changes in mechanical properties. To enhance the processability of highly filled polyamides, reduced viscosity is recommended if the others properties are maintained. In addition, to be used as part exposed to thermal and mechanical stress, the impact resistance at low temperature, the stiffness and the thermal resistance must be improved.

With this performance improvement approach of the polyamide in mind, the present thesis proposes two different modification strategies.

The first enhancement focused on the processability of the polymer with the aim to decrease the melt viscosity while maintaining or improving the mechanical properties. Indeed, polyamide-6 is a linear polymer with high viscosity and poor melt flowability. It is well-known that synthetized branched/hyperbranched polyamides or incorporations of small amount of branched/hyperbranched molecules as additive into the polyamide matrix results in melt viscosity decrease and sometimes no mechanical properties collapse. The viscosity evolution was explained by the lower molecular dimension of modified polymers but no further explanation was given regarding the others properties. In addition, these modifications were made by controlled-syntheses not suitable for industrial productions. In our study, to adapt these chemical reactions to an industrial process, polyamide-6 was chemically modified using small quantities of a triamine reagent by reactive extrusion. The two main challenges were to elucidate the new complex structures created and to explain the physico-chemical/mechanical properties evolutions observed. After a first chapter about a general bibliography, the chemical mechanism elucidation and the impact of the new structures created on the amorphous phase mobility will be detailed in a second chapter. The same approach through reactive extrusion was implemented with linear diamines. The differences with the results obtained with the trifunctional reagent will be highlighted and explained in the third chapter.

The second chemical modification studied is the simultaneous crosslinking and foaming of a copolyamide-66/6. Chemically crosslinked foams are particularly attractive for the automotive industry as it is characterized by a low density and thermal conductivity but also a good chemical resistance and sound absorption. Thus, foam materials are used in interior (seat liners, dashboard padding, air conditioning ducts…) and non-interior applications (door panel and water shields). Crosslinked polyamide foams can be used to manufacture under-hood parts such as air conditioning system. For that purpose, the reactive extrusion process is again preferred. The reagent used as foaming and crosslinker is a difunctional additive with an imidazoline ring and an ethoxysilane part. After a fourth chapter dealing with a short bibliography on chemical foaming, the fifth chapter of this thesis will analyzed, first, the chemical mechanism occurring in the extruder by liquid NMR analyses. Secondly, the influences of various process and formulation parameters on the foam morphology and crosslinking reaction will be discussed.

Finally, this manuscript will be ended by the main conclusions made for both parts and propositions of outlooks for future works. The main goal of this first part was to reinforce the mechanical properties of polyamide-6 while maintaining a good processability by preserving or decreasing its initial viscosity.

After a short reminder on the polyamide-6 structure and properties, the first part of this bibliography will present the principal chemical modifications by chain extension used in the literature to strengthen the material. The reactivity of the three main chain extenders on the amine and/or on the carboxylic acid functions of polyamide-6 will be detailed. The limits of this chain extension method will be discussed, in particular difficulties related to the high viscosity reached. Methods to overcome this issue using branched structures will be exposed.

Then, a second part will deal with the micro-and nano-structure organization of polyamide-6 focusing on the crystalline and amorphous phase specificities. The consequences of nano-structure morphology modifications on the mechanical properties and on the amorphous phase mobility will be analyzed in the third and fourth part respectively.

I.2. Chemical modifications of polyamides

Polyamides are one of the oldest synthetic thermoplastic polymers with the polyamide-6 first obtained in 1889. This polymer family can be synthetized either by polycondensation of an aminoacide (H 2 N-R-COOH) or a diamine (H 2 N-R-NH 2 ) with a diacid (HOOC-R'-COOH) but also by ring opening polymerization of lactams (cyclic amide). Polyamide-6 also called nylon-6 is the most important commercial polyamide. Its chemical structure contains polar amide units and flexible chains of -CH 2 groups as follows: Chapter I: General bibliography on polyamide-6

Polyamides are semi-crystalline polymers able to create numerous inter or intramolecular hydrogen bonds between the hydrogen atoms of the amino groups and the oxygen atoms of the carbonyl. These energetic electrostatic bonds promote the cohesion between macromolecular chains and play a key role on its specific properties (mechanical and dielectric behavior).

Polyamide-6 has also amine and carboxylic acid reactive chain ends in various proportions. Many research teams focused on these reactive functions in order to chemically modify the neat polyamide.

I.2.1. Linear chain extension

In the literature, the chemical modification by linear chain extension has been particularly detailed. Historically, the first reason to develop chain extension mechanisms was to get back the initial properties of the polymer after recycling or to reverse chain degradation mechanisms. This modification was also used to increase the average molar mass in order to improve the mechanical properties of polyamide-6. For that purpose, several reactive functions are used but three of them were particularly reported.

a. Bis-caprolactam [1-4]

This kind of chemical groups is particularly reactive on hydroxyl-and amino-functional polymers. Buccella et al. led several studies [1,2] about the 1,10-Carbonyl-Bis-Caprolactam (CBC) as a chain-extender for polyamide-6 using a twin-screw extruder. According to the papers, CBC and polyamide-6 can react in two different ways [4]:

-A nucleophilic substitution with the reaction of the amino group on the carbonyl of the bis-caprolactam.

N O N H R O N O R NH 2 N O N O O

H

-A ring opening reaction like for the synthesis of polyamide-6 with caprolactam.

R NH 2 + N O N O O R H N O N H 4 N O O

Figure 2: Reactional mechanisms occurring between amino groups and CBC
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Depending on the nucleophile nature and the process temperature, one reaction will be predominant. At low temperature (below 200 °C), the first path will be the main reaction while under more drastic conditions (few minutes at 200-240 °C), the ring opening reaction will also occur [5].

In both pathways, the chain extension consumes only the amine functions of the polyamide. This mechanism was confirmed thanks to quantitative conductivity analyses of the chain-end concentration (Figure 3). To confirm the chain extension reactions, the apparent viscosity (η app ) was measured by dynamic rheological tests. The results demonstrated that the η app increased proportionally with the CBC content for a molar mass above the molar mass of entanglement. Another important parameter observed in Figure 4 is the kinetic of this chemical reaction. The results of apparent and relative viscosity pointed out that, increasing the residence time did not increase the reaction progress but, on the contrary, led to a partial degradation of the polyamide with a lowering of the molar mass. As a consequence, formulations with CBC cannot be reprocessed or formulated with a long lasting thermal process.

These chemical reactions induced also thermal and mechanical properties changes compared to the initial material. Due to molar mass increase and production of caprolactam as by-product, formulation with CBC showed a slightly lower crystallinity. With 0.4 wt% of CBC, the degree of crystallinity decreased from 37.1 % to 34.6 %. The crystalline fraction reduction was also observed by Lu et al. [6] modifying polyamide-6 with a bisoxazoline coupling agent. As a result of this lower crystalline fraction and plasticization effect, the elastic modulus and the yield strength were slightly diminished in comparison with the virgin polyamide. However, the chemical extension allowed developing a polyamide with a much greater elongation at break (increased from 72 to 323 %).

The same modification of PA-6 was studied by Loontjens et al. [4] using the 1,3-isophthaloyl biscaprolactamate (IBC) as coupling agent in an extruder. As described previously, the biscaprolactam can react according to the both pathways in Figure 2. Under severe conditions (240 °C), the chain elongation from the amino groups was confirmed as the torque first decreased and then increased with the time. In addition, liquid chromatography analyses were carried out on the polymer extracts to quantify the caprolactam present after the chain extension reaction. No more IBC was found and the authors estimated that at least 50 % of biscaprolactam was consumed by nucleophilic substitution.

The authors did not discussed about the mechanical performance of this new PA-6. They only precised that the mechanical properties are similar to the one obtained on samples made by solid-state polymerization.

b. Oxazoline [2, 3, 6, 7-13]

Contrary to bis-caprolactam, oxazoline groups are used to extent chains from carboxylic acid functions. Many studies focused on the reactivity of various oxazoline molecules.

The chemical mechanism between carboxylic acid functions and bisoxazoline molecules is described in the literature as below [7]: 

Coupling O OH R + O N R N O Blocking RCO 2 CH 2 CH 2 NHOC-R O N RCO 2 CH 2 CH 2 NHOC-R O N + RCOOH RCO 2 CH 2 CH 2 NHOC-R-CONHCH 2 CH 2 O 2 CR
The chain extension progress was estimated qualitatively monitoring the melt torque during the process. The quantitative amount of chain extender added to polyamide-6 was calculated using the Waltz-Taylor titration method [15]. For this latter titration, a precise mass of the sample was dissolved in benzyl alcohol at 100 °C. Then, n-propano1 and phenolphthalein were added. The titration was carried out with a 0.005 N NaOH/ethanol solution.

No evolution of the melt torque after several minutes proved the good stability of the formulations. The intrinsic viscosity, the melt torque and the molar mass increased when MPBO or BOZ was added, proving the efficient reactivity of both systems. However, they noticed an important difference between the chain extension of polyamide-6 using MPBO or BOZ. The MPBO coupling agent was lesser reactive, which could be explained by the steric hindrance induced by the phenyl group. For instance, at same chain extenders (CE) concentration, the intrinsic viscosity increased from 1.632 dL.g -1 to 1.787 dL.g -1 for the MPBO and 2.031 dL.g -1 for the BOZ (Table 1). Moreover, the coupling effect reached its maximum with a definite content of BOZ as chain extender. Indeed, the highest melt torque was found at 8.5 N.m for 0.750 wt% of BOZ. This observation was also pointed out by Inata and Matsumura explaining that, an excess of BOZ favored the blocking reaction for polyester matrices [8,9]. As previously observed with bis-caprolactam as chain extender, chain extension induced a reduction of the crystalline fraction. For example, the degree of crystallinity decreased from 30.2 % for the virgin polyamide-6 to 27 % with 0.750 wt% of BOZ added. However, this reduction did not lead to mechanical properties loss. On the contrary, modification by chain extension improved Izod impact strength, tensile strength (// ultimate strength) and elongation at break, particularly under wet conditions. Thus, with 0.750 wt% of BOZ, the impact strength increased from 13.5 to 20.5 kJ.m -2 and the tensile strength from 54.5 to 67.4 MPa.

The chain extension from carboxyl terminated groups with the 2,2'-(1,3-Phenylene)-bis(2-oxazoline) (MPBO) was efficiently demonstrated by Chalamet et al. [10,11] on polyamide-12 in extruder. In this study, different processing parameters were tested (screw profile, rotational screw speed and barrel temperature) to analyze their influence on the condensation reaction progress. The publication highlighted the sensitivity of the condensation product to thermal and mechanical solicitations. Contrary to what one might think, drastic conditions did not boost the condensation reaction and intermediate conditions have to be found. As an example, a low screw speed (< 200 rpm) extends the residence time and causes thermal degradation whilst higher screw speed (> 250 rpm) increases the shear rate and generates mechanical degradations.

The molar mass was found to be maximal at 1.2 10 4 g.mol -1 for a rotational speed set at 250 rpm and decreased to 8.8 10 3 g.mol -1 at 50 rpm. Finally, two screw profiles were tested; one containing two (screw 1) or four mixing sections (screw 2). As observed in Figure 7, a much lower M n was measured for the screw 2 because the numerous kneading zones induced more chain scissions due to higher mechanical solicitations. In order to carry out extension reaction simultaneously on -NH 2 and -COOH, blends of bis-caprolactam and oxazoline can be used [2,3] or new bifunctionnal agents can be synthetized. As an example, Jakisch et al. [14] synthesized a coupling agent possessing one 2-oxazoline group and one 2-oxazinone group to react on -COOH and -NH 2 respectively. The chemical structure of this new chain extender, named here BOO, is represented in Figure 8.

Figure 8: Chemical structure of the coupling agent BOO

Its efficiency was tested on polyamide-6 in a static mixer at 250 °C and compared to the reactivity of 1,3-Phenylene-bis-2-oxazoline (PBOX), able to react only with carboxylic acid groups as discussed previously. The reaction between PA-6 and BOO proceeded in two steps as the reaction between the oxazoline and the carboxylic acid groups required a high temperature (at least 250 °C) and a longer reaction time. NMR analyses confirmed the chemical mechanism and highlighted a side reaction occurring at 250 °C responsible for the production of cyclic quinoxaline and residual water. The melt torque values and inherent viscosity measurements demonstrated the chain extension on both end-groups. For an equimolar ratio of terminal groups, BOO increased the melt torque value from 1.5 to 4 N.m after 7 min while, with PBOX, the torque reached only 2.25 N.m. Similarly, the inherent viscosity was measured at 0.63 dL.g -1 for the virgin PA-6 and increased to 0.87 dL.g -1 with BOO and 0.72 dL.g -1 with PBOX. The results demonstrated the advantage of using a bifunctional coupling agent, able to extent the polymer chain from both sides.

c. Epoxide

The epoxide group is a good candidate for polyamide chain extension as it can react on both amine and carboxylic acid functions.

The reaction between amine and epoxy is well-known and occurred by cycle opening in 2 main steps as follows [16][17][18]:

Figure 9: Chemical reactions between amine and epoxy functions in 2-steps

The hydroxyl groups created during the process are primordial because they act as catalyst forming an amine/epoxy/alcohol complex, which eases the nucleophile attack [18].

NH 2 O N H OH Step 1 N H OH O N OH OH Step 2
Concurrently, etherification reactions can occur between epoxy and hydroxyl groups. This side reaction is promoted by the presence of hydroxyl groups and ternary amines. The formation of ether is not predominant and requires an excess of epoxy.

The reaction of carboxylic acid and epoxy compounds has been widely detailed in the literature where some side reactions are described [19,20]:

O H 3 C O OH H 3 C O O CH 3

OH

Step 1

H 3 C O OH H 3 C O O CH 3 OH H 3 C O O CH 3 O O H 2 O
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H 3 C O O CH 3 OH O H 3 C O O CH 3 O OH Step 3 O H 2 O OH OH
Step 4

Figure 10: Chemical side reactions between carboxylic acid and epoxide compounds

All these reactions are not favorable but occurred with catalysts or for a temperature above 200 °C [21]. If the epoxide is in excess, the step 1 and 2 are favored until the total consumption of the -COOH groups.

Qian et al. [22] analyzed the chain extension possibility of polyamide-10,10 with two diepoxides: epoxide TDE85 and 711 (Figure 11). During this chain extension process, three main reactions are considered: epoxy + -COOH, epoxy + primary amine and epoxy + secondary amine (formed after the coupling reaction between the amine and epoxy group). If chain extenders are not in excess, the reactivity of the hydroxyl groups can be neglected. The extent of polyamide chains at 240 °C was monitored by recording the melt torque into the static mixer. After the introduction of the extender reagent, the melt torque increased suddenly and quickly (multiplied by 5 to 8 in 4 min) until a constant value (Figure 12). Results showed a better reactivity of the epoxide TDE85 in comparison with the epoxide 711.

Figure 12: Time evolution of melt torques with 0.5wt % of 711 and 0.5 % of TDE85 as chain extenders at 240°C [22] After the chain extension, tensile, yield and flexural strength remained almost unchanged. As expected, the apparent viscosity increased significantly by 700 Pa.s when adding 0.4-0.5 wt% of chain extender. On the contrary, the elongation at break dropped (for example from 267 to 203 % with 0.5 wt% of TDE) because the longer and irregular chains (branching points) affect the friction of chain segmental motion.

a b

The Izod impact is once again improved by the chain extension reaction as it increased by 41 J.m -1 with 0.5 wt% of TDE. This study raised an important issue analyzing the coupling effect as a function of the quantity of epoxy function added. There is an optimal quantity of epoxy group to favor the extension reaction. If the diepoxide compound is added in excess, crosslinking side reactions can occurred due to combination of epoxide and secondary amine. Unfortunately, chain extension and few crosslinking points in the material cannot be distinguished analyzing the mechanical and rheological properties. The solution to avoid the crosslinking reaction is to use small amounts of diepoxy and to mix it with single-functional epoxide.

More recently, Wirasaputra et al. [23] led two studies on a complex organophosphorus flame retardant diepoxide (DEP), used to improve simultaneously the mechanical properties and the flame retardant character of the material [24]. The AlPi compound is a novel helpful flame retardant of polyamide-6. The chain extension effect of DEP was first estimated measuring the melt torque rise inside the static mixer at 230 °C. Then, quantitative analyses like chain-end titration and viscosity measurements were performed. With 2 wt% of DEP, the intrinsic viscosity value was enhanced by 41 %. As another evidence of macromolecular chain elongations, the mechanical performances (tensile, flexural and impact strengths) were improved by 18, 16 and 30 % respectively for this same concentration. The addition of DEP allowed counterbalancing the adverse effect brought by AlPi on the mechanical properties.

The three families of reactive groups described above induced efficient chain extensions of polyamide. Generally speaking, the mechanical properties are improved or at least remained unchanged comparing to the unmodified polyamide. Furthermore, as a consequence of the molar mass increase, the viscosity is always enhanced dramatically. This latter rise has to be avoided in our case. Indeed, an important viscosity induces process difficulties and higher energy consumption. In addition, low viscosity matrices pave the way for new applications like fibers impregnation or 3D printing.

As an alternative to this issue, new chemical architectures were developed including branched structures. Two strategies are employed in order to decrease the viscosity while maintaining or increasing mechanical properties: direct synthesis of branched/hyperbranched polyamide [25][26][27][28][29][30] or incorporation of a small amount of branched/hyperbranched molecules as additive into the polyamide matrix [31][32][33][34].

I.2.2. Synthesis of branched polyamide

Flory was the pioneer regarding the synthesis and characterization of star-branched architecture polymers. He highlighted the unusual properties (particularly the lower viscosity) observed for these structures compared to the one of linear polyamide with equivalent molar mass [36]. Since this discovery, various synthetic routes to create branched polyamide have been developed in the literature.

Among the developed polymerization mechanisms, the Ring-Opening Polymerization (ROP) is the most commonly used. The ROP can be ionic (cationic or anionic) or radical.

As an example of cationic ROP, Warakomski et al. [37] used a starburst poly(ethylenimine) as an initiator and ε-caprolactam to synthetize a six-arm polyamide. Anionic ROP was described by Zhu et al. [26], in their study about the polymerization of ε-caprolactam (CL) with a benzene-centered trifunctional activator of N, N', N''trimesoyltricaprolactam (TMTC). The synthetized branched polyamide exhibited smaller relative viscosity, melting temperature and crystallinity compared to the linear polyamide synthetized with the same [CL]/[AC] ratio [with AC, a commercial monofunctional activator (N-acetyl-ε-caprolactam)]. For a ratio of 100, the relative viscosity decreased from 1.64 for the linear polymer to 1.51 for the branched structure. Branching points disturbed the crystallization step leading to a lower degree of crystallization (24.2 % instead of 35.3 % for linear PA-6).

Contrary to the cationic polymerization, the anionic way reaches excellent yields for shorter reaction times (10-40 min), lower temperature (150-180 °C) and pressure [37][38].

For many years, the hydrolytic polymerization was developed using various core molecules (polyfunctional). Dai et al. successfully designed a three-branched polyamide (starting from trimesinic acid) and studied several conditions and their impact on the polymerization. Once more, characterization showed an important decrease of the relative viscosity (from 2.5 to 1.4 with 0.13 mol.kg -1 of trimesic acid).

The main issue of the multifunctional agent is its poor thermal stability leading to decomposition or side reactions at low temperature limiting the efficiency of the system. To overcome this issue, the synthesis of new thermally resistant multifunctional core was necessary. Considering this, Wang et al. [27] synthetized the core molecule hexa(4-carboxylphenoxy)cyclotriphosphazene (HCPCP) with a rigid benzene containing phosphorus atoms for the thermal stability. Five star-branched polyamide-6 (SPA) were obtained by hydrolytic polymerization with various molar mass and after a long time reaction (5 hours) and drastic (250 °C and 0.3-0.8 MPa) process conditions. The implemented formulations are listed in Table 2. Star-shaped polyamide was characterized in details and the influence of chain length was discussed. As expected, the relative viscosity of the star-branched structures was lower compared to the linear one (Figure 14) whereas their molar mass was higher. As an example, a star-shaped structure with relatively short branch (SPA-1 and SPA-2) exhibited a relative viscosity of around 1.6 while the value for linear polyamide-6 was 2.6. This trend was explained in several papers [36,40] by the decrease of the hydrodynamic volume and the short branches that are unable to make entanglement. Nevertheless, if the arm chain is long enough, entanglement is still possible and the melt viscosity stays high exceeding the linear nylon-6 (sample SPA-5) one. Short branches (SPA-1 to 4) lead to lower viscosities and mechanical properties while longer branches can retain the number of entanglements and maintain both mechanical and viscosity characteristics. In this case, a compromise on the branch length has to be made to prioritize the improvement of the mechanical performances or the reduction of the viscosity. The best choice in this study is the sample SPA-4 (Figure 15), which maintains the tensile/bending properties and decreases slightly the relative viscosity from 2.6 to approximately 2.2. This observation was emphasized by Fu et al. [29] as they obtained poor mechanical properties compared to the linear reference because of a lack of entanglements. (lower SP-1 and higher SP-5) and a linear nylon-6 (LPA) [27] Syntheses of star-branched polymers could be an efficient method to lower the viscosity of a blend while maintaining their mechanical performances [29].

One issue of this strategy, already mentioned above, is the difficulty to find thermally stable core molecules [27]. Moreover, the synthesis proposed are often time consuming, difficult to control and required specific equipments (high temperature and pressure, purification…). Consequently, the synthesis of star-branched polymer is hardly suitable for large scale production in the industry.

I.2.3. Branched/hyperbranched polymers as additives

The use of hyperbranched molecules as additives for polymer matrix is a much easier and time saving solution compared to the previous one. This new approach is therefore convenient for industrial concerns. Furthermore, hyperbranched structures are now largely commercialized by DSM for example with the hyperbranched polyetheramide named Hybrane ® innovation. An example of such reagent is Hybrane ® S1200 with the structure as follows: The advantages of this kind of additives are their good solubility, their low viscosity and their high reactivity due to their important number of terminal functional groups.

A great number of hyperbranched polymers have been studied in order to reach different targeted properties. For instance, hyperbranched polyesters [41,42], polyphenylene [31] and poly(etheramide) [32] are found in the literature.

As an example, a hyperbranched polyester was blended by Massa et al. [41] with polyesters, polycarbonates and polyamides so as to enhance polymers intermiscibility. Schmaljohann et al. [42] synthetized hyperbranched polyesters to improve the dye dispersion in polyolefin blends. More classically, hyperbranched polymers were used as additives to reduce the melt viscosity of a matrix of choice [31][32][33][34].

Regarding the use of hyperbranched polymers as viscosity regulator additives in commercial polyamides, few studies are reported. Tang et al. [34] recently published a paper regarding the synthesis of an hyperbranched polyamide with a triphenyl phosphorus structure (P-HBPA) mixing isophthaloyl chloride (IPC) as A 2 monomer and tri(3-aminophenyl)phosphine oxide (TAPPO) as B 3 monomer. After optimizing the reaction temperature, the monomers ratio and the solution concentration, the degree of branching (amino-terminal P-HBPA) was equal to 0.36.

Hybrane ® S1200

Interesting mechanical properties were found for theses branchedcompound/polyamide-6 blends. Indeed, for 0.5 phr of P-HBPA, the tensile strength and the elongation at break were optimized at respectively 59 MPa and 270 %, as we can see in Figure 17. different P-HBPA contents [34] Poor explanations were proposed to justify this tendency except the hypothesis of reactions between the carboxyl groups of polyamide-6 and the amino groups of P-HBPA or potentially stronger hydrogen bonds between amide groups. The same evolution was observed for the impact strength of the blends and was explained by the energy transfer from the polyamide chain to the P-HBPA molecules. No additional information was given regarding the viscosity of this system.

Another study about the modification of polyamide-6 with a small amount of hyperbranched poly(etheramide) was proposed by Huber et al. [32]. Poly(etheramide) was chosen to maximize the formation of hydrogen bonding and other interactions between the matrix and the additive. Addition of 0.1 to 10 wt% of hyperbranched poly(ether amide) in a polyamide-6 (B01 to B10) matrix was carried out at 250 °C with a twin-screw mini-compounder.

The DSC results showed no significant variation of the melting temperature and the degree of crystallization through the fusion enthalpy.

As expected and proved elsewhere [33], the addition of small amount of hyperbranched additives into the polyamide reduced the complex viscosity compared to the pure PA-6 even at very low concentrations (Figure 19). and the blends (T = 250 °C) [32] Dynamic mechanical analysis results displayed an increase of the glass transition from 53 to 59 °C with only 1 wt% of the hyperbranched polymer. Finally, for the same concentration of P1, the shear storage modulus was significantly higher between 50 and 150 °C. The reduced melt viscosity of this system was probably due to fewer entanglements between long chains. However, the article did not give any explanation regarding the mechanical properties conservation.

To conclude, the addition of branched or hyperbranched structures in a very small amount is a promising solution to lower the melt viscosity while maintaining or improving the mechanical performances of a material.

If the viscosity drop is often explained by the reduction of entanglements between polymer chains, the contradictory better mechanical properties are hardly ever discussed. However, crystalline structure changes in polymers are often the key to explain physico-chemical features evolution as the macroscopic mechanical properties [43].

I.3. Polyamide-6 structure and morphology I.3.1. Crystallinity

Aliphatic polyamides such as polyamide-6 present excellent physical and mechanical properties thanks to the formation of strong hydrogen bonding within and between polymer chains. This specific arrangement is possible because amide groups are inserted periodically into the linear polymer backbone. Thus, one -NH group can bond with a carbonyl function of the same chain or belonging to another chain.

As a consequence, polyamide-6 is a semi-crystalline polymer with a crystalline fraction of around 30 to 40 %. The amorphous phase is short range ordered while the crystalline phase of the polyamide is well-ordered with a maximization of H-bonds forming parallel 2-D sheets. All the sheets are linked together by Van der Waals interactions leading to 3D crystal lattices. Zooming out, crystalline lamellae are encountered and at even larger scale spherulites appeared.

According to the configuration adopted by the chains, polyamide-6 exhibits crystalline polymorphism (α, γ, β, δ, λ, smectic, and metastable phases). In general, polyamide has two major crystalline forms named α-and γ-forms. These two phases can coexist in various percentages depending on the processing conditions [44][45][46].

a. Crystalline phases

The α-form is the thermodynamically stable phase while γ is kinetically favored. In aliphatic polyamides, short hydrocarbon chains (PA-4 and PA-6) are preferentially organized in the α-form while the γ-form is the predominant phase for long aliphatic chains polyamides (PA-8, PA-10, and PA-12) [43]. In the α-phase, chains are in a fully extended zigzag configuration where H-bonds are created within the same plane between anti-parallel chains in a crystal. Sheets of H-bonded are organized in stacks in a monoclinic crystal organization. In the γ-phase, chains are in fully extended planar conformation and H-bonds are formed between parallel polyamide chains. In this configuration, H-bonds have an orientation of about 60 ° from the original hydrogen bonding direction in the α-form as depicted Figure 20 [43,45,[47][48][49].

Figure 20: H-bonds illustrations in the α-(left) and γ-crystals (right) in polyamide

Both crystalline forms can be conveniently identified by their X-ray (XRD) patterns (Figure 21). The X-ray diffraction shows two intense reflections, ( 100) and ( 010) + (110), at 20.5° and 24°, representing the monoclinic α-phase and a single one at 21.5° corresponding to the monoclinic γ-phase. If the γ-form fraction is large enough, DSC analysis can reveal its presence by the appearance of a second melting peak toward the lower temperature. Less commonly, solid-state 13 C and 15 N NMR can be useful to discriminate both phases because each one has well defined chemical shifts as listed in the Table 3. Many researchers worked on the crystalline phases of polyamide-6 under various conditions and highlighted some interesting parameters affecting the crystalline structure. Thus, thermal conditions [51,[START_REF] Campoy | Structure and thermal properties of blends of nylon-6 and a liquid crystal copolyester[END_REF], additives [START_REF] Campoy | Structure and thermal properties of blends of nylon-6 and a liquid crystal copolyester[END_REF], moisture [51,[START_REF] Campoy | Structure and thermal properties of blends of nylon-6 and a liquid crystal copolyester[END_REF] and applied deformations have significant impacts on the nature of the crystalline phase created.

In theory, as the α-phase is thermodynamically more stable, this form is consequently favored under slow crystallization (crystallization rate < 300-1200 °C.min -1 ) conditions from the melt or under crystallization from a solvent while the kinetically favored γ-phase is created under rapid crystallization or quenching (300-1200 < crystallization rate < 9000 °C.min -1 ) conditions [START_REF] Campoy | Structure and thermal properties of blends of nylon-6 and a liquid crystal copolyester[END_REF][START_REF] Cavallo | Effect of cooling rate on the crystal/mesophase polymorphism of polyamide 6[END_REF]. For crystallization rates above 150 °C.s -1 , the polymer sample is completely amorphous [START_REF] Kolesov | Mechanical behavior and optical transparency of polyamide 6 of different morphology formed by variation of the pathway of crystallization[END_REF][START_REF] Kolesov | Structure formation of polyamide-6 from the glassy state by fast scanning chip calorimetry[END_REF]. Cavallo et al. [START_REF] Cavallo | Effect of cooling rate on the crystal/mesophase polymorphism of polyamide 6[END_REF] proposed a complete study about the influence of the cooling rate on the specific α/γ polymorphism of PA-6 using temperature-resolved X-ray diffraction. An important point raised by the authors is the decrease of the α-and γ-phase crystallization rate by increasing polyamide chain length. Apart from the cooling rate, the cooling temperature should be considered because low temperature crystallization promotes the γ-form in PA-6. Kyotani et al showed higher α-phase fraction when increasing crystallization temperature. As a result, γ-phase is predominant for crystallization at 100 °C and α-form at 200 °C [START_REF] Kyotani | Studies on crystalline forms of nylon-6. II. Crystallization from the melt[END_REF].

Thermal treatments as annealing also modify the crystal structure in addition to increase the crystallinity [51,[START_REF] Kyotani | Studies on crystalline forms of nylon-6. II. Crystallization from the melt[END_REF][START_REF] Murthy | Drawing and annealing of nylon-6 fibres: studies of crystal growth, orientation of amorphous and crystalline domains and their influence on properties[END_REF]. Fornes et al. [37] evidenced the Brill transition (corresponding to the transformation of the γ-phase into the α-phase) after annealing at 132 °C fibers made at low and high spin-draw ratios. The transformation is not clearly understood but seems to be a solid-state modification.

The crystalline phase nature of the polymer has to be studied carefully as this parameter could explain some mechanical properties modifications. Indeed, pioneer investigations of Tashiro et al. [START_REF] Tashiro | Calculation of three-dimensional elastic constants of polymer crystals. 3. Α-and γ-forms of nylon-6 crystal structures and potentials[END_REF] showed that the Young's modulus of the α-form crystal (165 GPa) is higher than the one of the γ-form crystal (27 GPa). A more recent study confirmed the link previously established between the mechanical behavior and the crystalline phase nature. Indeed, Bureau et al. [START_REF] Bureau | The role of crystallinity and reinforcement in the mechanical behavior of polyamide-6/Clay nanocomposites[END_REF] compared the tensile test results of PA-6 after different thermal treatments to favor the creation of a crystalline phase to another. The first sample was cooled at ambient temperature at a rate of 30 °C.min -1 under pressure (named "regular"). These crystallization conditions create almost exclusively the α-phase. The second sample was quenched in cold water to obtain a cooling rate around 1000 °C.min -1 (named "quenched"). The quenched sample was then annealed at 80 °C for 24 hours to promote mesomorphic β and γ* forms. After a normalization with the degree of crystallinity, the regular sample exhibited a Young's modulus of 8.1 GPa while the annealed sample one was measured at 209 MPa. This clear difference of mechanical behavior could be explained by the higher inherent Young's modulus of the α-phase predominant in the regular sample.

b. Crystalline lamella and spherulite

As explained above, crystalline lamellae result from the regular and well-ordered folding of polyamide chains on planes, made possible by the formation of H-bonds between them. The resulting crystalline lamellae are organized into stacks surrounded by amorphous chain segments.

For most unstressed semi-crystalline polymers, successions of crystalline and amorphous lamellae grow to a defined axis so as to create a larger crystalline morphology named spherulite (Figure 22). In some cases, when thermal treatments or mechanical stresses are applied, others crystal shapes can be observed: fibrilar, shish kebab or brush [START_REF] Rybnikar | Structure and morphology of linear polyethylene extrudates induced by elongational flow[END_REF].

Figure 22: Single spherulite and zoom on the periodic structure [61] During the crystallization step, the crystalline zones fold and organize themselves in crystalline lamellae whose regularity is governed by the thermal and kinetic conditions. The periodicity of the regular crystalline structure is characterized by the long period (L p ), which is determined by the simplified relation:

L p = l c + l a (1)
Where l c , is the crystalline lamellae thickness (Å) and l a , the amorphous lamellae thickness (Å).

Figure 23: Illustration of the long period term for a simplified lamellar two-phase model

The approximate crystalline lamellae thickness is around 10 nm [START_REF] Valenti | Bulk properties of synthetic polymer-inorganic salt systems. Melting behavior of salted poly(caproamide)[END_REF] and the mean diameter of a spherulite is of several microns [START_REF] Galeski | Changes in the morphology of bulk spherulitic nylon-6 due to plastic deformation[END_REF].

I.3.2. Amorphous phase a. Composition

In the traditionally used two-phase model (alternation of crystalline and amorphous lamellae), amorphous chain segments are located into spaces between the lamellae and between the stacks. With this simplified model and knowing the lamellar crystalline and amorphous thicknesses, crystallinity of stacks is approximately 70-80 % against 40 % for the whole polymer [43]. A major hypothesis made by this model is the uniformity of the packing density in all the amorphous phase, which explains this discrepancy.

For better accuracy, the amorphous phase can be divided in two distinct zones. The Rigid Amorphous Fraction (RAF) and the Mobile Amorphous Fraction (MAF) represented in Figure 24. This Rigid Amorphous Fraction (RAF), different from the Mobile Amorphous Fraction (MAF), have been investigated with different techniques like solid NMR and XRD [START_REF] Qiu | The phase structures of nylon-6.6 as studied by temperature-modulated calorimetry and their link to X-ray structure and molecular motion[END_REF][START_REF] Xenopoulos | Thermodynamic properties of liquid and semicrystalline linear aliphatic polyamides[END_REF]. Molecular mobility in the RAF is lower because chains are constrained by the presence of crystallites near them. The existence of this RAF could be demonstrated by DSC experiments with the lowering of the heat capacity below the ΔC p of a 100 % amorphous sample. Indeed, for most semi-crystalline polymers, the addition of the degree of crystallinity (calculated from the heat of fusion) and the amorphous fraction (calculated from the ∆C p ) at the glass transition is far below 100 % (approximately 70 to 80 %).

Qiu et al. [START_REF] Qiu | The phase structures of nylon-6.6 as studied by temperature-modulated calorimetry and their link to X-ray structure and molecular motion[END_REF] compared the heat capacity of PA-6,6 measured by DSC with the one found in a data base (ATHAS Data Bank) [START_REF] Wunderlich | Advanced thermal analysis System (ATHAS) polymer heat capacity data bank[END_REF] for a defined crystalline percentage. The ΔC p theoretical value (ATHAS Data Bank) for a 28.3 % crystalline PA-66 was almost the double of the one measured by DSC [ΔC p/exp = 41.2 J.(K.mol) -1 ], which means that a certain amount of RAF are present in the sample.

The MAF and RAF contents (%) can be calculated using the equation ( 2) and (3):

(2)

With

, the measured variation of heat capacity at the glass transition and , the heat capacity step for a fully amorphous polymer

[ΔC p/theo (PA-6) = 0.475 J.(g.K) -1 ] [67]. (3) 
In the literature, the glass transition (T g ) of the rigid amorphous phase is reported to be at around 80-90°C while the mobile amorphous phase has a classical T g between 30 and 50 °C.

b. Mobility

The molecular mobility of the amorphous phase is brought by chain motions at different time scales and is thermally activated. These motions are characterized by various relaxations induced by mechanical, electrical or magnetic solicitations.

Generally speaking, two relaxation families exist in a polymer. First, the main relaxation α defined coordinated motion of long chain segments (> 15 monomers). The maximum temperature of the α-relaxation measured at 1 Hz is associated to the glass transition. Then, the secondary relaxations (β, γ, δ…) are related to the motion of small chain segments or molecular functions.

Regarding polyamide-6, three relaxations are observable through solicitations: γ, β and α. The molecular motions associated to these relaxations are described below [START_REF] Ning | Dynamic mechanical Analysis of RIM nylon-6[END_REF][START_REF] Pramoda | Effect of moisture on the dynamic mechanical relaxation of polyamide-6/clay nanocomposites[END_REF]:

-The γ-relaxation (at around -110 °C) is attributed to local segmental motions of the -CH 2 groups between the amide functions. The intensity of this relaxation increases with the length of the aliphatic chain.

-The β-relaxation is commonly assigned to the rotation of the amide functions and occurs approximately near -65 °C. The amplitude loss of this relaxation is often reported in the literature to explain the decrease of the amorphous phase molecular mobility [START_REF] Vilics | A DMA study of the suppression of the β-transition in slightly plasticized PVC blends[END_REF].

-The main α-relaxation is associated to long chain segmental motions. This kind of cooperative motions gives informations on the strength of the H-bond. It is the reason why the α-relaxation is greatly influenced by the presence of water/plasticizers with a dramatic lowering of this relaxation temperature [START_REF] Pramoda | Effect of moisture on the dynamic mechanical relaxation of polyamide-6/clay nanocomposites[END_REF].

I.4. Structure/mechanical properties relationship

Macroscopic deformations applied during mechanical tests induce complex multi-scale phenomena, starting from the molecular scale to the mesoscopic one (crystals). For this reason, the crystalline phase characteristics but also the micro-and nano-structuration must be considered to explain the physico-mechanical properties of a material.

I.4.1. Role of the crystallinity

The key role played by the crystalline structure of polyamide on the mechanical performances and broadly on the physico-chemical properties has been demonstrated in the literature. Therefore, the degree of crystallinity, the nature of the crystalline phase, the average spherulite size and the crystalline lamellar thickness have to be studied in detail to establish structure-properties relationships.

a. Crystalline fraction and phases

Most research teams demonstrated the importance of the crystalline fraction through the study of polypropylene [START_REF] Menyhárd | Direct correlation between modulus and the crystalline structure in isotactic polypropylene[END_REF][START_REF] Stern | Relationship between the structure and mechanical properties of polypropylene: Effects of the molecular weight and shear-induced structure[END_REF], polyethylene [START_REF] Ohlberg | Relationship between impact strength and spherulite growth in linear polyethylene[END_REF][START_REF] Popli | Influence of structural and morphological factors on the mechanical properties of the polyethylenes[END_REF], poly(lactic acid) [START_REF] Perego | Effect of molecular weight and crystallinity on poly (lactic acid) mechanical properties[END_REF][START_REF] Sengupta | A short review on rubber/Clay nanocomposites with emphasis on mechanical properties[END_REF] and polyoxymethylene [START_REF] Hammer | Fine structure of acetal resins and its effect on mechanical properties[END_REF]. But only few of them focused on the polyamide crystallinity [START_REF] Murthy | Drawing and annealing of nylon-6 fibres: studies of crystal growth, orientation of amorphous and crystalline domains and their influence on properties[END_REF][START_REF] Starkweather | Effect of crystallinity on the properties of nylons[END_REF][START_REF] Griessbach | Structure-property correlations of laser sintered nylon-12 for dynamic dye testing of plastic parts[END_REF][START_REF] Millot | Tensile deformation of bulk polyamide-6 in the preyield strain range. Micro-macro strain relationships via in situ SAXS and WAXS[END_REF].

All these papers noticed an improvement of the mechanical properties for samples with higher degree of crystallinity. In a pioneer study on this subject, Starkweather et al. [START_REF] Starkweather | Effect of crystallinity on the properties of nylons[END_REF] studied the modification of the degree of crystallinity by thermal treatment (quenching or annealing) of polyamide-6,6 and of polyamide-6,10. They observed better stiffness, yield point, and tensile strength by increasing the degree of crystallinity. As a precise example, 7 % of additional crystalline fraction in PA-6,10 induced an increase of stiffness of 172 MPa and yield point and tensile strength of 7 MPa approximately. On the contrary, a too high crystalline fraction led to poor impact resistance as the crystalline entities bring defects inside the material. However, no information on the lamellar thickness evolution was reported in this paper. Even if the degree of crystallinity and the lamellar thickness are two independent parameters, it is difficult to study one at a time. More recently, Kolesov et al. [START_REF] Kolesov | Mechanical behavior and optical transparency of polyamide 6 of different morphology formed by variation of the pathway of crystallization[END_REF] drew the same conclusion on polyamide-6. To justify this tendency, the author stated that the modulus of elasticity for crystalline phase is twice that of the amorphous phase.

Fewer studies pointed out the relationship between the nature of the crystal phase and the mechanical properties but, generally, the higher tensile strength is attributed to the material containing α-phase (denser and better organized crystalline structure) [START_REF] Miri | Effect of water absorption on the plastic deformation behavior of nylon-6[END_REF][START_REF] Huang | Micro-mechanical modelling of Young's modulus of semi-crystalline polyamide 6 (PA-6) and elastomer particle-modified-PA-6[END_REF]. Miri et al. [START_REF] Miri | Effect of water absorption on the plastic deformation behavior of nylon-6[END_REF] compared the stress-strain plot of three films αPA-6, γPA-6, and βPA-6 in dry and humid states and found better yield stress for the α-crystalline structure in comparison with the γ-and β-phase. By combining the calculated and measured (by XRD assuming that the stress on the specimen was equal to those on the crystalline regions) results of several studies, the Young's moduli were found to be at 300-310 GPa for the α-form and 30-140 GPa for the γ-form [START_REF] Kolesov | Mechanical behavior and optical transparency of polyamide 6 of different morphology formed by variation of the pathway of crystallization[END_REF][START_REF] Li | Nylon-6 crystal structures, folds, and lamellae from theory[END_REF][START_REF] Sakurada | Relation between the polymer confirmation and the elastic modulus of the crystalline region of Polymer[END_REF][START_REF] Sakurada | Experimental determination of the elastic moduli of polymer crystals in the direction perpendicular to the Chain Axis[END_REF].

b. Spherulite size

According to the literature, the spherulite size could influence the mechanical properties but results found are sometimes contradictory. Starkweather et al. [START_REF] Starkweather | Effect of crystallinity on the properties of nylons[END_REF] formulated two kinds of materials: injection-molded bars with large-size spherulites and films remolded several times containing divided material as a nucleating agent to produce small spherulites. Generally, for a constant degree of crystallinity, if the spherulite size decreases the number of spherulites increases in the whole material. Samples with smaller spherulites exhibited higher flexural modulus and yield stress (Figure 25) but lower elongation at break. Small spherulites seem to act as reinforcement fillers. The brittle behavior observed might be explained by the presence of defects at boundaries between spherulites. Ohlberg et al. [START_REF] Ohlberg | Relationship between impact strength and spherulite growth in linear polyethylene[END_REF] are in contradiction with the results previously obtained by Starkweather. Indeed, through the study of linear HDPE, this team observed an impact brittleness behavior for samples containing bigger spherulites. In this case, the embrittlement is due to the breakage of the amorphous chain strained by spherulites formation.

c. Crystalline lamellae thickness

Thickening of the crystalline lamellae can be done by cooling the samples slower from the melt, by implementing annealing steps or by adding nucleating agents [START_REF] Binsbergen | Heterogeneous nucleation in the crystallization of polyolefins: Part 1. Chemical and physical nature of nucleating agents[END_REF].

In a recent work about isotactic polypropylene, Menyhárd et al. [START_REF] Menyhárd | Direct correlation between modulus and the crystalline structure in isotactic polypropylene[END_REF] reported that mechanical properties mainly depend on two predominantly parameters: the degree of crystallinity and the crystalline lamellae thickness. In this way, Menyhárd's team developed a theoretical model to predict the modulus knowing the crystalline structure. Correlation between measured and calculated values was checked. The calculated values from the model correlated the modulus improvement with the thicker crystalline lamellae for samples with the same crystallinity (Figure 26). These observations were confirmed by Crist et al. and many others [START_REF] Crist | Mechanical properties of model polyethylenes : tensile elastic modulus and yield stress[END_REF][START_REF] Boyd | The mechanical moduli of lamellar semicrystalline polymers[END_REF][START_REF] Doyle | On the effect of crystallinity on the elastic properties of semicrystalline polyethylene[END_REF][START_REF] Fatahi | Correlation between different micro-structural parameters and tensile modulus of various polyethylene blown films[END_REF][START_REF] Halpin | Moduli of crystalline polymers employing composite theory[END_REF]. Their study on tensile modulus E and yield stress of linear polyethylenes proved, one more time, the importance of the lamellar thickness. According to the authors, the increase of crystalline lamellae thickness induces stiffer amorphous phase and suppresses some mechanical relaxations [START_REF] Crist | Mechanical properties of model polyethylenes : tensile elastic modulus and yield stress[END_REF].

Finally, Nitta et al. [START_REF] Nitta | Influence of morphological factors on tensile properties in the preyield region of isotactic polypropylenes[END_REF] explained the microscopic deformations induced during a tensile test splitting the stress-stain curve in different parts. According to him, pre-yield solicitations deformed the spherulites and destroyed the lamellae organization at the yield point. As a result, Nitta found that the stiffness (Young modulus and yield strength) of the polypropylene matrix depends slightly on the crystalline lamellae thickness but strongly on the amorphous layers thickness as depicted Figure 27. Consequently, it is primordial to consider the evolutions of this amorphous phase thickness. In this precise case, the contribution of the amorphous phase is all the more important as the experiment was made above the glass transition temperature of the polypropylene. 

I.4.2. Role of the amorphous phase

Most of the studies focused on the crystalline structure to explain mechanical properties variations. But tensile deformations of semi-crystalline polymers solicit both the crystalline and the amorphous parts.

a. Amorphous lamellae thickness

Only few studies demonstrated the importance of the amorphous lamellae thickness and their impact on the macroscopic properties [START_REF] Stern | Relationship between the structure and mechanical properties of polypropylene: Effects of the molecular weight and shear-induced structure[END_REF][START_REF] Smith | Kinetic model for tensile deformation of polymers. Part IV: Effect of polydispersity[END_REF][START_REF] Termonia | Kinetic model for tensile deformation of polymers. 3. Effects of deformation rate and temperature[END_REF]. To illustrate this idea, we can mention a second time the detailed paper of Nitta et al. [START_REF] Nitta | Influence of morphological factors on tensile properties in the preyield region of isotactic polypropylenes[END_REF]. According to their experiments, the amorphous layers thickness was found to have much more influence on the material stiffness compared to the crystalline one. Decreasing the l a by 5 nm improved the yield stress by 250 MPa against only 100 MPa for the same variation of l c (+ 5 nm). Indeed, during the deformation, the stress is first focused on the more mobile part of the material which is the amorphous phase. Modulus and stress in the pre-yield region reflect the properties of the amorphous phase. In thinner amorphous layers, the MAF content is lower (for constant RAF content) and more constrained by the surrounding crystalline phase. In consequence, the amorphous phase is less mobile and stiffer. The information brought by Nitta's study was confirmed by Kennedy et al. [START_REF] Kennedy | Tensile properties of crystalline polymers: linear polyethylene[END_REF] as they also underlined the importance of the interlamellar region during tensile solicitations. Overall, the modulus of the sample clearly depends on the amorphous lamellae thickness as notified in Figure 28. In this graph, a plot shortage can be seen at approximately 70 Å and represents the separation between the brittle and ductile amorphous regions. For the thinner amorphous layers (< 70 Å), the modulus variation is important because chains are less mobile and difficult to distort. For amorphous lamellar thickness up to 70 Å, the amorphous chains are much more mobile. Once again, in these papers, the contribution of the amorphous phase in the pre-yield region is all the more important as they studied polymers above their T g (below the ambient temperature).

( ) b. Amorphous phase mobility

As we discussed in the previous part, the beginning of a tensile test involves principally the interlamellar region while the crystalline lamellar structure remains almost intact. The mechanical performances of the material are partly governed by the mobility of the amorphous phase, particularly when characterizations are carried out above the T g of the material.

The previously described crystalline parameters impact indirectly the amorphous phase mobility by confinement effect. But generally speaking, external parameters (temperature [43], water moisture [START_REF] Hiltz | A study of the effect of absorbed water on the Tg of a poly(amideimide) using DMA and DSC[END_REF][START_REF] Paterson | Effect of water absorption on residual stresses in injectionmoulded nylon-6,6[END_REF][START_REF] Jia | Mechanical performance of polyamides with influence of moisture and temperature-accurate evaluation and better understanding[END_REF], chemical composition [START_REF] Stern | Relationship between the structure and mechanical properties of polypropylene: Effects of the molecular weight and shear-induced structure[END_REF][START_REF] De Anda | Influence of the amorphous phase molecular mobility on impact and tensile properties of polyamide-6,6[END_REF] and others plasticizers [START_REF] Shuster | Polymeric antiplasticization of polycarbonate with polycaprolactone[END_REF][START_REF] Zhang | Antiplasticizing effect of MOCA on poly(vinyl chloride)[END_REF]) are also well-known to be responsible for amorphous phase molecular mobility modifications. The hydroscopic character of polyamide-6 is one of its major drawbacks because moisture has considerable effects on the mechanical properties of the polymer. These modifications are induced by the replacement of inter-chain hydrogen bonds with guest water. Therefore, the mobility of the polymer chains is enhanced by increasing the free volume and lowering the hydrogen bonds in the amorphous region. With this higher mobility within the amorphous phase, the crystalline structure is indirectly impacted through the linkage between both regions.

For example, Pramoda et al. [START_REF] Pramoda | Effect of moisture on the dynamic mechanical relaxation of polyamide-6/clay nanocomposites[END_REF] demonstrated the drastic modifications induced by water molecules in PA-6/clay nanocomposites. Presence of water decreased the storage modulus and shifted the α-and β-relaxation to the lower temperatures (from 62 to 17 °C for the α-transition). In DMA, the relaxation shift to lower temperature reflects a better mobility of the polymer chains. A second common factor known to modify the segmental motion of polymeric chains in the glassy state is the temperature. In theory, for a temperature below the glass transition, the polymer is stiff (high Young's modulus E and yield stress) and brittle. If the temperature is increased above the T g , the polymer becomes more ductile and less breakable as the increase in temperature brings energy for molecular motions. Jia et al. [START_REF] Jia | Mechanical performance of polyamides with influence of moisture and temperature-accurate evaluation and better understanding[END_REF] implemented tensile tests (Figure 29) on various polyamides and observed an important tensile strength and Young's modulus decrease above 80 °C. Under -40 °C, mechanical properties stayed unchanged except the tensile strength which is diminished. Finally, the amorphous mobility can be modulated by chemical modifications of the aliphatic chain [START_REF] Stern | Relationship between the structure and mechanical properties of polypropylene: Effects of the molecular weight and shear-induced structure[END_REF][START_REF] De Anda | Influence of the amorphous phase molecular mobility on impact and tensile properties of polyamide-6,6[END_REF][START_REF] Jourdan | Mechanical relaxations in polypropylene: A new experimental and theoretical approach[END_REF]. It is the case in the paper of Stern et al. [START_REF] Stern | Relationship between the structure and mechanical properties of polypropylene: Effects of the molecular weight and shear-induced structure[END_REF] where polypropylenes with various molar masses were studied by DMA. The authors stated that links between mechanical properties and crystalline structure (degree of crystallinity and lamellar thickness) could be done only for equivalent molar masses. Furthermore, dynamic mechanical tests showed that the mobility of the chains depends, apart from the lamellar thickness, on M w . Indeed, higher molar mass samples exhibited a lower crystallinity but thicker crystalline lamellae. As a result, the amorphous interlamellar region increased with the molar mass leading to an improvement of the chains mobility in this latter phase. This better mobility was proved by the increase in the magnitude of the β-relaxation for samples with the same lamellar thickness (361 and 833 kg.mol -1 annealed 1 h at 140 °C).

Figure 30: Link between the molar mass of the polymer and the magnitude of the β-relaxation in PP [72]

Influence of plasticizers on the molecular mobility in the amorphous region is also particularly documented [START_REF] Shuster | Polymeric antiplasticization of polycarbonate with polycaprolactone[END_REF][START_REF] Zhang | Antiplasticizing effect of MOCA on poly(vinyl chloride)[END_REF][START_REF] Jourdan | Mechanical relaxations in polypropylene: A new experimental and theoretical approach[END_REF][START_REF] Garcia | Antiplasticization of a polyamide: A positron annihilation lifetime spectroscopy study[END_REF][START_REF] Suvorova | Molecular structure of plasticizers and antiplasticization[END_REF]. Belous et al. [START_REF] Belous | Development and characterization of plasticized polyamides by fluid and solid plasticizers[END_REF] described the plasticization of a nylon-66/6 (80/20) copolyamide with glycerin mono-stearate, benzene sulfonamide (BS), and methyl 4 hydroxybenzoate (M4HB) as solid plasticizers and diethylhexyl phthalate (DOP) as the liquid plasticizer. Polar plasticizers like BS and M4HB are able to break the interchain H-bonds of polyamide and disturb the 3D structure. As a result, T m , T c and T g, yield stress, Young's modulus and viscosity were lowered while elongation at break was improved when these two additives were added. The T g drop is related to better mobility into the amorphous phase.

On the contrary, the non-polar DOP cannot create H-bond. For this additive in small amount (< 5 %wt), an antiplasticization effect was observed with an increase of the T c and a constant T g . Unexpectedly, the material was strengthened (higher Young's modulus, yield stress and brittleness) with a constant viscosity. To explain this contradictory phenomenon, three mechanisms of antiplasticization have been suggested: the filling-up of free volume [START_REF] Garcia | Antiplasticization of a polyamide: A positron annihilation lifetime spectroscopy study[END_REF][START_REF] Robeson | The effect of antiplasticization on secondary loss transitions and permeability of polymers[END_REF], the intrinsic rigid structure of the plasticizer (phthalate) [START_REF] Suvorova | Molecular structure of plasticizers and antiplasticization[END_REF] and the stiffer plasticizer-polymers interactions (like "cross-links" in the structure) [START_REF] Guerrero | Antiplasticization and crystallinity in poly(vinyl chloride)[END_REF][START_REF] Robeson | The effect of antiplasticization on secondary loss transitions and permeability of polymers[END_REF]. The antiplasticization effect was observed for poly(vinyl chloride) (PVC) [START_REF] Zhang | Antiplasticizing effect of MOCA on poly(vinyl chloride)[END_REF][START_REF] Guerrero | Antiplasticization and crystallinity in poly(vinyl chloride)[END_REF], polycarbonate [START_REF] Suvorova | Molecular structure of plasticizers and antiplasticization[END_REF], polystyrene [START_REF] Anderson | A model for antiplasticization in polystyrene[END_REF] and polyamide [START_REF] Garcia | Antiplasticization of a polyamide: A positron annihilation lifetime spectroscopy study[END_REF]. For all these polymers, an incorporation of approximately 10 wt% of plasticizer led to the hardening of the material.

I.5. Structure/amorphous phase mobility relationship

The amorphous phase mobility is less frequently linked to the crystalline structure in the literature. The T g shift is often attributed to a chemical structure modification or the addition of additives. However, when the amorphous phase mobility varies while the polymer is slightly chemically modified or heat-treated, the crystalline morphology is responsible for this evolution. The most important parameters to consider and describe are: the amorphous/crystalline lamellae thicknesses and the RAF/MAF contents in the material.

I.5.1. Amorphous lamellae thickness and Tg

In the part I.4.2.a) the mechanical properties were linked to the amorphous layers thickness. In this part, we show that the dimension of the amorphous phase also influences the T g value. The "length of cooperativity" (CRR) is an important term to introduce so as to well understand this relationship. We can define the CRR as the smallest distance (2-3 nm) necessary for an entity to move to a new configuration independently of its environment. With this in mind, the reduction of the amorphous lamellae thickness at the nanometric scale should influence the mobility. Dobbertin et al. [START_REF] Dobbertin | Dielectric spectroscopy and calorimetry in the glass transition region of semi-crystalline poly(ethylene terephthalate)[END_REF] confirmed this relationship in a study about semi-crystalline poly(ethylene terephthalate), where the glass transition temperature was measured by dielectric relaxation through the loss maximum. Thus, the loss maximum (T max ) was shifted to higher temperatures when the amorphous phase layers became thinner. In this study, a variation of l a from 3 to 2 nm led to an increase of T max by approximately 7 °C. The author specified that only the long mode length (low frequencies relaxation), corresponding to the glass transition, are affected by the confinement effect of the surrounding crystals. Picciochi et al. [START_REF] Picciochi | Glass transition of semi-crystalline PLLA with different morphologies as studied by dynamic mechanical analysis[END_REF] drew the same conclusions about a direct link between the amorphous layers thickness and the molecular mobility in this latter phase. In addition, they noticed that the T g value is not modify if the thickness of the mobile amorphous phase is almost twice as much as the classical dimension of the CRR. On the contrary, the T g is shift to higher temperature if the distance between the center of the amorphous phase and the RAF is shorter than the CRR (ξ a ). The value of CRR size is a good indicator of the degree of confinement in the amorphous phase of a sample. In a study of Hong et al. [START_REF] Hong | Effect of rigid amorphous phase on glass transition behavior of poly(trimethylene terephthalate)[END_REF], the CCR size was calculated with equation ( 4) and ( 5):

(4)
Where V a , is the mean volume of a CRR which was calculated with the equation ( 5) as follows:

(5) With, the Boltzmann constant (J.K -1 ), , the measured heat capacity step (J.g 1 ), , the bulk density (g.cm -3 ), T g , the glass transition (°C) and , the mean temperature fluctuation of the cooperative subsystems (2 ≈ the width of the glass transition).

The calculated CRR values were linked to the amorphous lamellae thickness as represented in Figure 31. Using different crystallization temperatures on poly(trimethylene terephthalate) (PTT), the amorphous lamellae thickness (l a ) varied from 1.7 to 2.6 nm and was extrapoled to 3.6 nm (= 2 × CRR). This experiment clearly proved that a decrease of the l a by 0.8 nm lower the CRR size by 0.3 nm. This latter modification resulted in higher T g value (+ 12.5 °C). 

I.5.2. Crystalline lamellae thickness and Tg

Compared to the amorphous lamella, the influence of the crystalline layers thickness on the T g value was scarcely described in the literature.

Charlon et al. [START_REF] Charlon | Influence of crystallinity on the dielectric relaxations of poly(butylene succinate) and poly[(butylene succinate)-co-(butylene adipate)[END_REF] studied two biodegradable polyester, poly(butylene succinate) (PBS) and poly[(butylene succinate)-co-(butylene adipate)] (PBSA), by DSC and Broadband Dielectric Spectroscopy (BDS) in order to quantify the crystalline and amorphous fractions and their influence on the chain mobility. For the semi-crystalline PBS, the relaxation signal (dielectric measurement) associated to the T g was shifted to higher temperature (≈ + 10 °C) compared to PBSA. Once again, this chain mobility variation in the amorphous phase was associated to the micro-structure of both polymers as they previously demonstrated that the segmental molecular mobility of both polymers was identical on wholly amorphous samples.

The authors explained that two parameters variation could explain this higher T g : larger crystalline lamellae and/or higher Rigid Amorphous Fraction. Indeed, thicker crystalline or higher RAF content might both restrict the amorphous chain mobility. Even if the crystalline structure is not implied in the glass transition process, its fraction and thickness affect the RAF, which is directly linked to the T g as described in the next part.

I.5.3. Rigid Amorphous Fraction and Tg

The RAF is one of the components of the three-phase model used to explain the nano-organization of a polymer. This phase is linked, on one side, to the crystalline phase and, on the other side, to the amorphous phase. As a result, the mobility of the polymer chain in this "inter-phase" is constrained by the crystalline lamellae around. The Rigid Amorphous Fraction percentage (RAF) can be obtained by DSC and the equations used were detailed in the part I.3.2.a).

Considering a three-phase model, Hong et al. [START_REF] Hong | Effect of rigid amorphous phase on glass transition behavior of poly(trimethylene terephthalate)[END_REF] demonstrated the influence of the rigid amorphous phase on cooperative motions and thus on the glass transition value. In order to do that, poly(trimethylene terephthalate) (PTT) was studied under various crystallization conditions to obtain different CRR sizes. By DSC analysis, they observed that the CRR value decreased with increasing the RAF as this latter phase hindered some polymer chains movements (confinement effect). As a result, a shorter cooperative rearranging region led to a shift of T g to higher temperature as decpicted Figure 32. for a poly(trimethylene terephthalate) [START_REF] Hong | Effect of rigid amorphous phase on glass transition behavior of poly(trimethylene terephthalate)[END_REF] To study the relationship between the crystalline structure (RAF, MAF and crystallinity) and the glass transition temperature, Parodi et al. [START_REF] Parodi | Glass transition temperature versus structure of polyamide-6: A flash-DSC study[END_REF] investigated polyamide-6 after different cooling procedures (isothermal crystallization and continuous cooling) by means of fast scanning calorimetry. This study proved that the glass transition temperature is not influenced by the crystallinity. Indeed, for the continuous cooling samples, the T g is almost proportional to the crystalline fraction while, for the isothermal crystallization, the glass transition showed an opposite behavior. However, for both conditions, clear links between the glass transition evolution and the RAF and MAF proportions were established and plotted in Figure 33. The glass transition temperature is proportional to RAF and inversely proportional to MAF.

Figure 33: Glass transition values for different MAF and RAF contents (%) in PA-6 [113]

From these results, the RAF proportion was found to be the most influential parameter even if the effect of RAF and MAF percentages on the T g cannot be studied separately. Once more, this study highlighted the crucial role of the crystalline parameters on the T g shifts.

I.6. Conclusions

The goal of this first part of study was to explore the possibility to control the polyamide-6 viscosity while improving the mechanical properties by reactive extrusion.

The present bibliography has detailed the possible reactions of chain extension from the chain-end reactive groups (amine and carboxylic acid) of polyamide-6. The efficiency of three main reactive functions was analyzed in the literature: caprolactam, oxazoline and epoxide. All of them allowed reaching higher molar mass and therefore better mechanical performances. The principal drawback of this chemical modification was the simultaneous viscosity increase making the processing of the new material difficult. To overcome this issue, the use of hyperbranched polymer as matrix or as additive in a polymer appeared to be a good way to decrease the viscosity (lower hydrodynamic volume) and improved the mechanical properties (Young's modulus, yield strength, impact strength). However, this latter enhancement was not explained in the studies in question.

The physico-mechanical behavior evolution after thermal or slight chemical modifications can often be explained by the micro-and nano-structure of the material. In this way, the T g shift and the tensile properties changes may be linked to three main variables considering a 3-phase model for the material: the crystalline lamellae thickness, the amorphous lamellae thickness and the RAF content at the interface between the crystal and the amorphous phase. A detailed analysis of the crystalline organization and composition is essential to establish structure-properties relationships.

In the light of the information extracted from the literature, a commercial polyamide-6 was modified by reactive extrusion using a triamine reagent as starting point for branched structures. The chemical mechanism was elucidated by NMR and MALDI-ToF mass spectrometry. The rheological and thermal properties of the reactive blends were also analyzed. The modification of chain mobility observed in the amorphous phase (T g ) was linked to the nano-structural organization of the crystalline and amorphous phases. To finish, the same experiments were made with linear diamines to highlight the specific role of the branched structures on structural organization and then on macroscopic properties (T g and mechanical properties as Young's modulus).

II.1. Introduction

Polyamide-6 was one of the first synthetic polymers industrialized more than 60 years ago and it remains largely produced particularly for the automotive industry, which attempts to replace metal in a large number of applications. This replacement is possible thanks to its attractive properties such as: good mechanical strength, high temperature resistance and excellent resistance to chemicals. But the main limitation is the moisture absorption and the resulting degradations of its mechanical properties. It is also well established that polyamide-6 exhibits high notch sensitivity at low temperature. In order to use polyamide-6 in drastic conditions like underhood and load bearing applications, physical and chemical modifications are usually required. Among them, many studies discussed about incorporation of fillers [1][2][3], chain extensions [4], polymer blending [5][6][7][8] and incorporation of branched structures into the polymer [9]. Better properties were obtained by the research teams using these solutions but the fundamental comprehensive structure-properties relationship often remains at the hypothetical stage. In semi-crystalline polymers, in addition to combining outstanding properties of various materials, modification of the crystalline structure is often the key to explain the macroscopic properties evolutions. Indeed, for many years, research works investigated the link between final macroscopic properties and structural parameters including the degree of crystallinity [10][11][12][13], the lamellar orientation and thicknesses [14,15] and the spherulite size [16].

Most of the studies described a direct relationship between the mechanical properties and the crystalline morphology. As an example, Menyhárd et al. [14] studied the crystalline structure and mechanical properties of synthetic isotactic polypropylene with diverse molecular structures (molar mass, polydispersity and chain regularity). By correlating Differential Scanning Calorimetry (DSC), WAXS and tensile test analyses, the results demonstrated that both higher crystallinity and thicker lamellae thickness induce better stiffness with a non linear correlation. As an example, with thicker crystalline lamellae (from 15 to 20 nm) and higher crystallinity (from 46.7 to 67.9 %), the Young's modulus and yield strength increased by 1.1 GPa and 15 MPa respectively. Authors precised that the crystalline lamellar thickness and the crystallinity are independent parameters [11]. In addition to these observations, several research teams developed models to predict the mechanical properties knowing the structural parameters [17][18]. Among the most recent and complete studies, Fatahi et al. [19] established, for polyethylene, a comprehensive model to correlate the experimental tensile modulus with micro-and nano-structural parameters like crystallinity, crystal size, lamellar thickness and length, orientation factors and long spacing period obtained from different techniques. The mechanical properties in both the MD (machine) and TD (transverse) directions were measured on different polyethylene blown films and compared to the calculated one.

A reasonable agreement was found between values obtained with the model and the experimental data. Finally, Stern et al. [20] reported a very detailed study about the influence of the crystalline morphology and the weight-average molar mass on the Young's modulus and the tensile stress. Modifications regarding the crystallinity were studied for polypropylenes with different molar masses (100-1600 kg.mol -1 ) and processing conditions (temperature and pressure). They proved that both thicker crystalline lamellae and/or smaller amorphous lamellae could improve the Young's modulus. As an example, for a sample annealed 1 h at 140 °C, a thickening of the crystalline lamellae by 3 nm (from 22.5 to 24.7 nm) and a lower degree of crystallinity (-4 %) were obtained by increasing the molar mass of the polypropylene from 320 to 1120 kg.mol -1 . The Young's modulus (at 0.05 % strain) was enhanced from 1820 to 2160 MPa as the crystalline layers thickness governs the tensile properties. In this case, the well-know linear relationship between the crystallinity and the mechanical properties was not verified as the molar mass was modified significantly.

Compared to the mechanical properties, only few studies explained the amorphous phase mobility evolution in terms of crystalline parameters. The T g is often related to the Mobile Amorphous Fraction (MAF), the Rigid Amorphous Fraction (RAF) and the amorphous phase thickness, considering the material as a three-phase model. Regarding this problematic, the effect of the amorphous layers thickness on the T g was investigated on a semi-crystalline PET by Dobbertin et al. [21]. The fraction of amorphous phase (rigid or mobile) and crystalline phase was estimated by DSC while the lamellae thickness was studied by SAXS with a one-dimensional layer stack model after various thermal treatments. They introduced the term of "cooperative length" (CRR), defined as the minimum space required to enable a segment of chain to undergo a transition to a new configuration after a sufficient solicitation. If the thickness of the amorphous lamellae is smaller than this length (from 1 to 3 nm), the relaxation are broader and the T g shifts to higher temperatures. By dielectric measurements, it was proved that the dynamic glass transition temperature increased when the mobile amorphous layers became thinner. As Dobbertin and his team, Picciochi et al. [22] and Hong et al. [23] confirmed the direct link between the thickness of the mobile amorphous lamellae and the glass transition temperature for semi-crystalline polymers. To go a step further, they used a model suggesting that the thickness of the rigid amorphous layer also influences the T g , as it possesses quite some degrees of freedom. If the RAF does not exist, the mobile amorphous phase is directly in contact with the rigid crystalline layer preventing some segmental motions (increase of T g ). In contradiction with this latter study, quite few research teams considered the Rigid Amorphous Fraction as a phase that brings rigidity and molecular mobility restrictions in the amorphous phase. The confinement of the mobile amorphous phase by the RAF has been reported in several papers [24,25].

For example, the linear increase of the glass transition temperature of polyamide-6 with the RAF content was recently described by Paroli et al. [26]. The relation was not linear but, for a RAF content between 20 and 40 %, the T g increased from 70 to 80 °C.

The influence of the crystalline layers thickness on the T g is poorly documented. As an example, Charlon et al. [25] explained a higher glass transition temperature obtained on a semi-crystalline biodegradable polyester [(poly(butylene succinate)] with the crystalline lamellae thickness and/or the Rigid Amorphous Fraction. Indeed, larger crystalline lamellae and higher rigid amorphous phase content might increase the global rigidity of the material, preventing some movements of chains in the mobile amorphous phase. So, even if only the Mobile Amorphous Fraction contributes to the glass transition temperature, evolutions of the RAF content and the crystalline layers near the MAF can shift the T g . To sum up, three parameters were reported to influence the amorphous chain mobility: the amorphous/crystalline layers thickness and the RAF content in the crystalline three-phase model. In all the papers described above, the crystalline structure modifications were induced by specific thermal treatments. To our knowledge, no nano-structural evolutions were studied after chemical modifications and correlated to the glass transition temperature.

To that extent, the main objective of this work was to study and highlight the structural parameters responsible for the observed T g shift after chemical modifications of polyamide-6. A classical PA-6 was chemically modified using a small amount of trietheramine. The first part of this paper deals with the chemical mechanism elucidation by liquid NMR and mass spectrometry. Then, the second focus is the study of the resulting changes in the amorphous phase mobility. To finish, a fundamental comprehensive structure-properties relationship is proposed through the study of the degree of crystallinity, crystalline and amorphous lamellae thicknesses, crystalline phases and spherulites size. In order to do that, AFM, SAXS and WAXS are complementary techniques providing evidence from micrometer to angstrom scale.

II.2. Materials and formulations

II.2.1. Materials

The matrix polyamide-6 (PA-6) Akulon F136DH ® was kindly supplied by DSM as polymer pellets. The number-average molar mass was found to be 51 000 g.mol -1 by using a size exclusion chromatography in hexafluoroisopropanol (HFIP) and with poly(methyl methacrylate) (PMMA) as a standard. Chain end-groups titration on PA-6 gave the real molar mass at 30 770 g.mol -1 . The melting point for PA-6 was measured at 219 °C and the degradation temperature at 445 °C by using DSC and Thermo Gravimetric Analysis (TGA) respectively. It was characterized by liquid 1 H and 13 C NMR (Annex A) in HFIP/CDCl 3 (80/20 : v/v).

The triamine named Jeffamine ® T-403 is produced by Huntsman and was directly supplied by Hutchinson Research Center. The chemical structure and molar mass was determined by liquid 1 H and 13 C NMR (Annex B) analyses in CDCl 3 . The reagent T-403 is a commercial and unpurified product, which justifies the complexity of the NMR spectra (numerous multiplets). Average values obtained by 1 

H NMR in CDCl 3 and MALDI-ToF MS analyses

Model molecules were used to elucidate the chemical mechanism occurring between PA-6 and T-403 in the extruder. To mimic both the acid and amino polyamide terminal functions, the 6-(6-aminohexanoylamino)hexanoic acid was chosen. It was supplied by Angene Company in powder form. Its molar mass is given at 244 g.mol -1 . The 1,6-hexamethylenebis(hexanamide) was synthetized to study the reactivity of the PA-6 amide groups. The synthesis protocol and the NMR characterization of the model molecule are detailed in Annex C.

II.2.2. Samples preparation

Polyamide-6 pellets were first dried under vacuum for 24 h at 80 °C to remove water prior to use. Formulations were carried out by melt blending in a co-rotating twin-screw extruder (Leistriz LSM model, L/D = 34, D = 34 mm) at 245 °C. In order to ensure a sufficient shearing during the process, the screw has two reverses convoying elements. The detailed screw profile is presented Figure 34. The matrix was incorporated by the hopper at a fixed flow (3 kg.h -1 ). The reagent T-403 was heated at 50 °C to reduce the viscosity and then was added into the matrix in the molten state at the injection point 745 (Figure 34) at different flow rates with an external liquid pump. Flow rates were adjusted to incorporate 0.7, 2, 5 and 10 wt% of the structural agent T-403 in the matrix as detailed in Table 5. Screw speed was maintained at 200 rpm. At the end of the extruder, samples were cooled down with air and granulated. The residence time was estimated at approximately 90 s. 

II.2.3. Model medium preparation

Direct NMR analysis of the extruded formulations (polyamide-6/triamine T-403) was not possible because of the poor solubility and the complexity of the reactive mixture. In this way, one strategy was to extract the unreacted triamine and soluble molecules using a Soxhlet extraction in ethanol at 110 °C for 72 h. The fraction isolated after evaporation of the ethanol was analyzed by NMR and compared with a fraction obtained after treatment of the pure extruded polyamide under the same conditions. The aim was to identify potential new structures created during the extrusion process. The other strategy was to use several model molecules in order to understand the reactivity of the T-403 structural agent on polyamide functional groups. The 1,6-hexamethylenebis (hexanamide) (Figure 35) was selected to mimic the amide functions of the polymer. The protocol of its synthesis is described in Annex C. Besides, polyamide matrix was modeled using the 6-(6-aminohexanoylamino)hexanoic acid with one amide function and terminated with an amine on one side and a carboxylic acid group on the other side (Figure 36). This molecule was analyzed by 1 

II.3. Methods of characterization

Liquid NMR 1 H Liquid-state NMR and Diffusion-Ordered Spectroscopy (DOSY) analyses were performed on a Bruker Avance III spectrometer working at 400.1 MHz with a 5 mm BBFO + probe. A Bruker Avance II spectrometer equipped with a 10 mm 13 C selective probe (100.6 MHz for 13 C) was used to record 1D-13 C, 2D-1 H/ 13 C HMBC and HSQC spectra.

The reagent T-403 was identified in CDCl 3 while formulations (polyamide-6/T-403 Soxhlet extracted fraction) and model reactions were analyzed in DMSO at 100 °C and in HFIP-d 2 /CDCl 3 (80/20 : v/v) at 25 °C with a concentration of 40 mg.mL -1 for 1 H spectra and 110 mg.mL -1 for 13 C and 2D analysis.

The chemical shift scale was referenced with tetramethylsilane used as internal standard to calibrate the spectra at 0 ppm. 2D 1 H-DOSY experiments were implemented using the double stimulated echo sequence with bipolar gradient pulse (dste-bp). Samples were analyzed in a mixture of HFIP-d 2 /CDCl 3 (80:20 v/v) with a concentration at 20 mg.mL -1 . Before each experiment in DOSY, diffusion time (d20) and gradient duration (p30) was adjusted studying the exponential decrease of the peak intensity as a function of the gradient (from 0.96 G.cm -1 to 47187 G.cm -1 ). Data analysis was performed on Topspin 3.5 software.

Mass spectrometry by MALDI-ToF

MALDI-ToF MS analyses could not be realized on the extruded formulation and Soxhlet extracted fractions because of too high molar mass species and the resulting ion detection deficiency. The product of reaction between polyamide model and T-403 was solubilized in HFIP (10 g.L -1 ). Dithranol, as a matrix, was added to the solvent at 10 g.L -1 . Then 1 μL of the sample was mixed with 9 μL of the matrix. This mixture was spotted onto a MALDI plate and air-dried to vaporize the solvent and co-crystallize the sample and the matrix. Desorption and ionization with the laser produced protonated ions. Polyamide model and the reactant T-403 alone were analyzed as references. The analyses were carried out with a Voyager-DE STR (AB Sciex, Framigham, MA) at a tension of 20 kV. The positive mode is preferred because molecules of the analyte are easily protonated. Both linear and reflection modes were implemented.

Thermal analysis: Differential Scanning Calorimetry (DSC)

Thermal properties of the formulations were characterized by DSC to study the melting and crystallization behavior using the model Q2000 (TA Instruments) equipped with a refrigerated cooling system 90. Indium was used as calibration standard. Before analysis, samples were dried under vacuum at 80 °C for 24 h. Then, 5 to 10 mg of the dumbbell specimen (for tensile test) was weighted and placed in a hermetic aluminum capsule. The value of the melting temperature (T m ), crystallization temperature (T c ) and enthalpy were measured on the first cycle applied from 20 °C to 250 °C at a heating rate of 10 °C.min -1 . The degree of crystallinity was calculated with the equation as follows:

(1)

Where

is the sample melting enthalpy and , the melting enthalpy of 100 % crystalline PA-6 ( J.g -1 ) [27].

Modulated DSC (MDSC) was implemented to measure the glass transition temperature (T g ) of the different blends because, as for polyamide-6, the heat capacity step ΔC p (used to measure the T g ) is quite wide and weak. Approximately 15 mg of samples were introduced in a hermetic aluminum pan.

Noted that, samples were dried carefully because the water absorption led to a significant decrease of the T g and non-reproductible results. The temperature was equilibrated at -20 °C and then increased up to 140 °C with a heating rate of 2 °C.min -1 with a temperature modulation of ± 4 °C every 60 s. In our case, the T g value is the midpoint of the step observed in the DSC curve and given by the TA Universal Analysis software.

The analyses were carried out on dumbbell specimens (shaped H2) made with a hydraulic injection moulding machine Babyplast 6/10P equipped with a piston diameter of 14 mm and presenting a clamping force of 62 kN. Chamber temperature was set at 260 °C, mould temperature at 80 °C, and the injection pressure at 70 bar.

Atomic Force Microscopy (AFM)

Tapping mode AFM images were obtained with a Nano-observer from CSI in order to compare the topography and the spherulite size of the different formulations under ambient conditions. Samples were previously microtomed with a diamon knife at -120 °C to obtain a roughness below 20 nm. The surface quality was checked by optical microscopy before analyzing.

Size Exclusion Chromatography (SEC)

Molar mass of the different formulations were determined by the SEC Acquity advanced chromatography from Waters with a RI detector (Agilent-RI-1100). Three columns were used: Apc XT 450, 125 and 45. HFIP was the eluent at a flow rate of 0.3 ml.min -1 . Samples (around 10 mg) was first solubilized several hours in 1 mL of HFIP and filtered. Approximately 20 μL was injected into the column. The average molar masses M n and M w were determined with a calibration method using polymethyl methacrylate (PMMA) standards.

Dynamic Mechanical Analysis (DMA)

A DMA Q800 from TA Instruments was used in tension to investigate the dynamic mechanical properties of formulations. Rectangular samples (25 mm × 7 mm × 1 mm) prepared by compression molding at 260 °C were fixed vertically between clamps and dynamic temperature sweeps were performed from -100 to 200 °C at fixed frequencies (3, 5, 10, 30 and 50 Hz) and heating rate of 2 °C.min -1 . The samples were dried at 80 °C under vacuum for 24 h and then stored in desiccators until measurements were made. The storage modulus (E') and loss tangent (tan δ) were measured as a function of temperature for all the specimens under the same conditions.

X-ray diffraction: Wide Angle X-ray Scattering (WAXS) and Small Angle

X-ray Scattering (SAXS)

X-ray scattering analysis on polyamide-6 is a non-destructive powerful technique to study its crystallinity (orientation, phase, size and shape).

The measurements were carried out at the European Synchrotron Radiation Facility (ESRF) in Grenoble on the BM2-D2AM beamline. The incident photon energy was set at 16 keV and two detectors were used for SAXS (D5) and WAXS (WOS) analyses. The sample-to-detector distance was about 1.15 m SAXS and 11.0 m WAXS and the beam stop had a diameter of 1 mm. The q-range calibration was made with a silver behenate (SAXS) and lanthanum hexaboride (WAXS) as standard. The two-dimensional data were corrected by considering the camera geometry, dark image reading and flat field response of the detector. Each sample was put in Kapton tape and placed at the center of the sample holder. The value obtained for the empty cell with Kapton tape was subtracted from the scattering images of the studied sample.

The measurements were carried out on dumbbell specimen (shaped H2) made as for the DSC analyses. A bench type press Polystat 200 T (Servitec) at 260 °C was used to make films of the blends without any preferential orientation.

II.4. Results and discussion

As detailed previously, four concentrations of the reagent T-403 were added to polyamide-6 using a twin-screw extruder. In order to study the influences of the new chemical structures on the amorphous phase mobility, a certain number of experiments were carried out. In a first part, the results of liquid NMR and MALDI-ToF MS are analyzed in order to highlight the chemical mechanism occurring during the extrusion process. Then, the chain mobility in the amorphous phase is linked to the crystalline morphology brought about by the new complex structures synthetized.

II.4.1. Chemical mechanisms a. Evidence of the reaction between carboxylic acid end-groups of PA-6 and amine groups of the reagent T-403

The 1 H, 13 C and 2D NMR spectra were analyzed to evidence the formation of new structures between the reagent T-403 and the polyamide model. To be more representative of the reactive medium obtained inside the extruder, the 1 H NMR spectrum (Figure 41) and the 13 C NMR spectrum (Annex E) of the blend polyamide-6/T-403 (10 wt% of T-403) Soxhlet extracted fractions were realized. These latter fractions were directly compared to the one obtained from virgin and extruded polyamide-6. In both spectra, we noticed the apparition of new amide functions around 7-8 ppm and 175-180 ppm respectively. Again, a new interesting peak was observed at 3.98 ppm and 2D correlation gave the same neighbor groups as the one represented in Figure 39. To confirm the presence of new species resulting from the grafting of T-403 on polyamide-6, DOSY analyses were performed on the model reactional media before and after reaction. This Pulse Field-Gradient NMR technique, based on translational diffusion measurements, is used to separate species of a mixture according to their molar mass and specific architecture. During DOSY experiment, in addition to the routinely used radio-frequency pulses, magnetic field gradient pulses are applied to get spatial informations.

NMR spectra were obtained for several values of gradient strength (g) while keeping constant other gradient parameters. The diffusion coefficients were determined by fitting the signal attenuation given by the Stejskal-Tanner equation [29]:

(2)
Where I, is the attenuated intensity of a signal at a frequency, I 0 , the reference intensity of the same signal with g = 0, D, the self-diffusion coefficient, γ, the gyromagnetic constant of the hydrogen nucleus, δ, the gradient pulse length and ∆' the corrected value of ∆ which depends on the specific pulse sequence used and gradient shape. By plotting ln(I/I 0 ) versus g 2 (see equation 2), one straight line should be obtained with a slope proportional to the diffusion coefficient for a single monodispersed component.

By contrast, if the curve is a non-linear decay, the studied signal could result from a mixture of several components or a polydispersed moiety such as polymers [30,31]. The curve decay for the solvent HFIP-d 2 (not shown here) was linear in both media (before and after the reaction) and approximately the same diffusion coefficient was found. For the non-reacted sample, the curve could have been fitted by one linear function. Despite the polydispersity (between 4 and 8) of the T-403 calculated by MALDI-ToF MS, it can be considered as a single molecule with a unique molar mass regarding its diffusion through DOSY experiments. After the reaction, the curve decay presented a clear deviation from the linear tendency previously observed. This observation is important as it reflects a noticeable modification of the reagent T-403 after reaction as different diffusion coefficients can be calculated (larger polydispersity). This observation allowed us to confirm that the T-403 reagent is modified by the PA model after 15 min at 245 °C. The DOSY experiments seem to approve the reaction between the model of polyamide and the reagent T-403 as demonstrated by 1 H and 13 C NMR analyses.

Finally, MALDI-ToF MS experiments were carried out on the reactional medium between polyamide model/T-403. Two populations were observed at low and high m/z. Low m/z was assigned to the triamine T-403 and the DP was found to be between 4 and 8 in accordance with the liquid NMR analyses.

Among the high m/z, many signals were attributed to new compounds resulting from the reaction of the reagent T-403 on polyamide model. Some of these compounds are listed in the Table 6 and an example of a structure created is represented in Figure 43. The results obtained by MALDI-ToF mass spectrometry confirm the hypothesis of the grafting reaction between polyamide-6 and the structural agent T-403. Nevertheless, the determination of the exact structure created is difficult because of the contribution of side reactions such as condensation reaction. Thus, polyamide-6 can react on one branch of T-403 and polycondenses or reacts on different branches and develop a star-shaped structure [28].

b. Evidence of the reaction between amide functions and amine groups of the reagent T-403

Besides, in order to study the reactivity of a primary amine toward an amide function, HMDA was mixed with an equimolar quantity of T-403 for 15 minutes at 245 °C in the mini reactor under argon atmosphere. 1 H NMR analysis of the reactional medium was realized in DMSO at 100 °C (Figure 44). Once more, we noticed the presence of a new small signal at This reaction between the amino groups of T-403 and the amide functions of HMDA should lead to chain scissions. This latter reaction was highlighted by SEC analyses on the four extruded PA-6/T-403 samples. The molar mass was found to decrease with the addition of T-403. For example, the M n varied from 51 000 g.mol -1 for polyamide-6 to 44 000 g.mol -1 for the blend with 2 wt% of T-403.

New signals MALDI-ToF MS analyses were again realized on this reactional medium between the polyamide model/T-403. These results confirmed that transamidification can occur during the reaction. However, it is worth mentioning that the m/z values listed in the Table 7 could also be attributed to the reaction between the triamine T-403 and the 6-aminohexanoic acid molecule synthetized by cyclization of polyamide model depicted Figure 40. 

c. Chemical mechanisms of the reaction between PA-6 and the reagent T-403

To conclude this structural investigation part, and based on the previous models approached, a chemical mechanism of the reaction between polyamide-6 and the reactant T-403 can be proposed: 

N H O 4 * n COOH * + O NH 2 O H 2 N z x O H 2 N y O H N O H 2 N x y O H 2 N z O N H O * * n 4 + O O O H 2 N x y-1 O H 2 N z N H O * 4 m H 2 N O H N COOH * * 4 l H 2 0 With l + m = n

II.4.2. Structure/amorphous phase mobility relationship

It has been demonstrated in the part II.4.1) that the addition of T-403 induced a chemical modification of polyamide-6. The purpose of this second part is to evaluate the impact of the new structures synthetized on the amorphous phase mobility. This latter modification is then interpreted via a detailed investigation of the small scale morphology of the matrix as for example the degree of crystallinity but also the amorphous/crystalline lamellar thicknesses and composition. In order to study such evolution, modulated DSC, DMA, AFM and SAXS-WAXS experiments were conducted on polyamide-6/T-403 blends.

a. Chain mobility in the amorphous phase of the PA-6/T-403 reactive blends

Chemical modifications of polymers could induce amorphous phase mobility (T g ) variations. In a recent study, A. Rios De Anda et al. [32] studied molecular mobility of chemically modified polyamide-66 in which aromatic rings were introduced in the aliphatic backbones. The resulting copolymers were synthetized by polycondensation between 95 mol% of adipic acid and 5 mol% of either isophthalic acid-based phenol (HIA) or isophthalic acid-based lithium salt (AISLi) with hexamethylene diamines. Both DSC and DMA analyses demonstrated that the addition of rigid groups restricts the chain mobility. This lower mobility induced higher T g values at 77 °C for the copolymer PA-6,6/HIA and 91 °C for the PA-6,6/AISLi instead of 71 °C for the unmodified polyamide-6,6.

In order to study more specifically the influence of the new branched structures on the amorphous phase behavior, DMA and modulated DSC measurements were realized.

According to the modulated DSC results, summed up in the Table 8, the glass transition temperature was higher for 0.7 wt% of T-403 added (59.3 °C), constant for 2 wt% (52.0 °C) and lower for 5 (48.8 °C) and 10 wt% of T-403 added respectively compared to the value obtained for the virgin PA-6. A higher T g expresses a decrease of mobility in the amorphous phase of the material. In the literature, a higher glass transition temperature can be related to the free volume reduction [33][34][35], more rigid group added in the polymer chain (aromatic group) [32] or specific crystalline morphology (higher RAF content, thinner amorphous phase lamellae…) [24][25][26]. Over 2 wt%, the unreacted T-403 molecules was accumulated in the polymer leading to a significant decrease of the T g values. The T g lowering is often a good proof of plasticization behavior. Indeed, the addition of small molecules breaks the well-ordered networks of interchain hydrogen bonds at some point promoting chain movements. In addition, the free amine groups of the T-403 are able to create intramolecular H-bonds. Besides decreasing the T g value, the easier segment motions often reduce the T f , T c , viscosity, yield strength and Young's modulus while increasing the elongation at break [35][36][37].

These physico-chemical properties modifications were confirmed by Belous et al. [33] in their study about the plasticization efficiency of several additives in polyamide-6. By addition of 10 wt% of benzene surfonamide (BSA), the T g decreased from 62 to 46 °C, the T f from 223 to 215 °C and the T c from 187 to 181 °C. The plasticized material exhibited a lower tensile resistance with a decrease of the Young's modulus and the yield strength by 200 MPa and 5 MPa respectively. The elongation at break was increased by approximately 40 %. 

/

Chain mobility was also studied using DMA. The evolution of tan δ versus temperature for polyamide-6 revealed three peaks. Two of them are associated to sub-glass transitions and one is associated to the glass transition. The first secondary relaxation is the γ-transition located between -120 and -110 °C and corresponds to local segmental motions of methylene groups between amide functions. The second is the β-relaxation, between -60 and -40 °C, related to the rotation of the amide functions of polyamide-6. Secondary relaxations are associated with the material properties in the glassy state [38]. The primary relaxation called α is attributed to long segmental motions (no less than 15 monomers). Measured at 1 Hz, the T α can be considered equivalent to the glass transition temperature (T g ).

Both α-and β-transitions in the reactive polyamide-6/T-403 blends were investigated and results are presented in Table 9 and in Figure 47. Among the numerous plasticizers studied, the di-2-ethylhexyl-phthalate (DEHP) appeared to be an efficient compatibilizer as for 5 wt% added, the β-transition intensity was flattered from 0.03 to 0.02 and the signal was shift towards lower temperature (-75 instead of -60 °C for the pure PVC). For higher concentrations (> 10 wt%), the plasticization effect cannot be properly estimated because of the overlapping with the α-transition (important decrease of the T g value).

The variation of the α-relaxation temperature (T α ) measured by DMA followed the same trend as the T g obtained by modulated DSC. Indeed, the T α value increased for the material obtained with 0.7 wt% of T-403, remained constant for 2 wt% of T-403 and then decreased below the one of the extruded polyamide, for higher T-403 concentrations.

Mobility hindering by addition of small amounts of T-403 was also confirmed with the β-transition. Indeed, for 0.7 and 2 wt% of T-403, we observed a decrease of the β-amplitude meaning that local movements related to the β-relaxation were restricted [20,40,41].

To explain the T g enhancement observed for small amount of T-403 (< 2 wt%), the different environments felt by the mobile amorphous phase at the lamellar scale were estimated as the glass transition involves cooperative motions at nano-metric length scale. With this in mind, the nano-structuration and particularly the crystallinity parameters of the material was studied at different scale.

b. Micro-and nano-structural morphology evolutions for the PA-6/T-403 reactive blends

A complete study of the polymer crystallinity is sometimes essential to explain the chain mobility evolution. Indeed, it has been reported in articles that the chain orientation, the degree of crystallinity [10], the nature of the crystalline phase [1], the size of the crystallites [42] and the crystalline phase structure [20] could induce geometrical restrictions on the local movements and lead to glass transition temperature shifts. The crystalline and amorphous modifications at different scales were studied using four powerful techniques. Thus, DSC and AFM were implemented to assess the potential evolution of crystallinity but also to probe the crystallite size and shape. WAXS was used to compare the crystalline phase nature present in the different reactive blends. Finally, SAXS measurements were carried out to obtain the crystalline structuration at the smaller scale that is to say, the lamellae thicknesses and composition.

Crystallinity and crystallite size

First, the thermal properties and the crystallinity were studied by Differential Scanning Calorimetry. The values obtained for the samples are listed in the Table 10 and the melting/crystallization peaks are represented in Figure 48. The introduction of T-403 into polyamide-6 resulted in slight thermal properties changes. The T m variations were not significant enough to be considered while the T c increased gradually with the addition of T-403, meaning that the crystallization process is promoted by the shorter polymer chains. The width of the melting peaks was comparable which means that the incorporation of T-403 did not affect the crystal size.

To support this latter observation regarding the crystallite dimensions, AFM analyses were carried out. Microtomed surfaces of extruded polyamide and polyamide modified with 2 wt% of T-403 were studied (Figure 49). AFM topography images (20 × 20 μm 2 ) were taken to observe several spherulites micro-structures and study the morphology at a larger scale. The average spherulite diameters could be measured and estimated at 2.2 ± 0.6 μm for the virgin polyamide-6 and 2.5 ± 0. The crystallinity was modified noteworthy for a small amount of T-403 (≤ 2 wt%). For low T-403 concentrations, the molar mass decrease may explain the higher crystallinity ratio calculated. Shorter polymer chains have better mobility in the molten state and exhibit fewer entanglements per chain as detailed in the previous part. In addition, small molecules can promote the chain mobility and thus increase the degree of crystallinity. This latter point could explain the higher crystalline content measured for the blend PA-6/T-403 0.7 and 2 wt%. Indeed, Li et al. [43] succeeded in enhancing the crystallinity degree of their poly(lactic)acid from 14 % to 40 % adding 5 wt% of polyethylene glycol and molding at 80 °C.

For higher concentration of T-403, the crystalline content decreased below the one of the pure PA-6. The crystallization was inhibited due to the plasticization effect of the T-403 in excess as discussed before.

No noticeable modification was observed regarding the crystallite size and shape at the micro-scale. In the subsequent stage of the study, the goal was to focus on the crystalline phase nature and the structural organization at the nano-scale in the reactive blends.

Crystalline phase nature and lamellar thicknesses

SAXS-WAXS studies were carried out on injected dumbbell specimens made under the same experimental conditions (temperature and pressure). The aim of the WAXS experiments was to identify the crystalline phases present into the materials while the SAXS was used to calculate the lamellar dimension and composition.

For semi-crystalline polymers, the Wide Angle X-ray Scattering pattern exhibits intense reflections due to the crystalline parts and an amorphous halo. Usually, more than one crystalline phase can be identified as most of the semi-crystalline polymers are polymorph.

WAXS experiments were implemented on the reactive blends to identify the crystalline phases α and γ possibly present into the materials. Both crystalline phases are monoclinic (although the γ-phase is sometimes considered as pseudohexagonal). The resulting patterns were superimposed in Figure 50. The thermodynamically more stable α-phase was identified at approximately q = 1.45 and 1.65 Å -1 for the peaks α 1 and α 2 . The γ-phase seemed to be perceptible with the peak γ 1 at q = 1.57 Å -1 between α 1 and α 2 . Moreover, a very small shoulder (noted γ 3 ) around 1.2 Å -1 proved the presence of this negligible amount of γ-phase. The peak α 1 is attributed to the reflection of the (200) plane and corresponds to the distance between hydrogen-bonded chains in a sheet and α 2 is due to the reflections (002) and (202) planes and corresponds to the distance between two hydrogen-bonded sheets [44][45][46].

Figure 50: WAXS patterns of the formulations containing various amount of T-403

As expected, the α-phase was predominant in all the formulations. Regarding the crystalline phase nature, no noticeable difference was observable between the formulations. SAXS characterizations were implemented for a direct access to the small-scale (1 to 100 nm) morphology of the materials, that is to say, the amorphous and crystalline lamellar thicknesses (l a and l c respectively). In a good approximation and as detailed in the bibliographic review, the semi-crystalline polymer is made of alternating layers of crystalline and amorphous regions. This particular two-phase structure gives rise to a peak on the scattering pattern and at a define magnitude of the scattering vector (q). The peak intensity can give information on the lamellar structure regularity. Indeed, Risch et al. [47] attributed the intensity decrease of the diffraction peak to more irregularities induced by star-branching structures. The position of the diffraction peak allows determining quantitatively the lamellae thicknesses inside the material. The peaks of diffraction obtained for each reactive blend were plotted with the Kratky representation I(q).q 2 vs q to obtain a distinct peak (Figure 51).

Figure 51: SAXS patterns for the reactive blends PA-6/T-403

From these patterns, it was also possible to determine the long period (L p ) from the Bragg equation (3) with the maximum peak abscissa (q max ) of the curve.

(3)

The crystalline and amorphous lamellae thicknesses values could be calculated using the ideal lamellar two-phase structure [45] and knowing the degree of crystallinity ( ) with the simplified equations ( 4) and ( 5):

(4) (5) χ c was obtained by DSC and l a and l c were calculated and listed in the Table 11.

Error on the measurement of l c and l a was estimated at ± 1-1.5 Å. This one-dimensional layer stack model made three assumptions:

-The sample completely consists of a stack structure with crystalline and amorphous lamellae. The amorphous phase is only intraspherulitic. -The extent of a layer is much larger than its thickness.

-Each lamella is homogeneous.

Thus, choosing a simple two-phase model for the lamellar morphology results in an overestimation of the lamellar thicknesses but can be used to compare the samples.

To have information on the respective phase composition, it is possible to consider the polymer micro-structure as a three-phase model consisting of: a crystalline phase, a mobile amorphous phase and a rigid amorphous phase. With the modulated DSC results, it was possible to estimate the Mobile Amorphous Fraction (MAF) using the equation ( 6) [26]: (6) With ΔC p/exp , the measured variation of heat capacity at the glass transition (distance between tangents at T g ) and ΔC p/theo , the heat capacity step for a completely amorphous polymer [ΔC p/theo (PA-6) = 0.475 J.(g.K) -1 ] [49]. The Rigid Amorphous Fraction content can be deduced from the previous value with the following equation ( 7): (7) The MAF and RAF percentages could not be calculated for the reactive blends PA-6/T-403 containing more than 2 wt% of T-403 as the ∆C p step was too smooth to be accurately measured. Then, the RAF thickness (l RAF ) could be deduced using the equation ( 8): (8) With, χ c , the cristallinity measured by DSC and l c , the crystalline lamellae thickness obtained by SAXS [26]. In the literature, it has been described that the evolution of the lamellar dimension (l c and l a ) and particularly the composition of l a (RAF and MAF contents) are susceptible to modify the amorphous chain mobility. Indeed, if the Mobile Amorphous Fraction not constrained by the presence of crystallites is smaller, the chain mobility in the amorphous phase is restricted by the surrounding rigid crystalline structures [26]. It is particularly observed if the amorphous layers thickness decreases below the characteristic cooperatively rearranging region (CRR) size (around 1-3 nm). Similarly, larger crystalline lamellae and higher RAF content confine the MAF and stiffen the material by their rigid nature.

In comparison to the virgin polyamide-6, for 0.7 wt% of T-403 added, the crystalline lamellae were slightly thicker (increased by 3.5 Å) and the amorphous lamellae were thinner (decreased by 1.4 Å) while the crystallinity increased. However, the l a modifications were of low magnitude (knowing the error of 1-1.5 Å on the measurement) to explain an increase of T g by 7.3 °C. The l c was significantly higher but the crystalline lamellae thickness influence on the amorphous mobility was poorly reported in the literature. A more noticeable variation regarding the PA-6/T-403 0.7 wt% sample was the MAF and RAF proportions and thicknesses. Indeed, compared to the PA-6 alone, the RAF increased from 18.1 to 24.2 % and the MAF decreased from 49.4 to 40.6 %. As explained previously, increasing the RAF and/or decreasing the MAF restrict some polymer chain movements due to a confined effect [23,26]. According to the literature, this evolution might explain the glass transition shift to higher temperature. The thickening of the Rigid Amorphous Fraction was observed in a study about the nano-phase structure of branched polymers. Alamo et al. [50] synthetized ethylene-octene copolymers with 1-butene, 1-hexene, or 1-octene as comonomers and randomly branched with a wide range of branching points (from 0.4 to 7 mol% depending on the comonomer type). They demonstrated that the RAF thickness increased with the number of branching point. As an example, for a constant M w value of 90 000 g.mol -1 , the l RAF of an ethylene-octene branched copolymer increased from 12 to 44 Å with 0.7 and 4.5 mol% of branching points respectively. Logically, the same observation was made regarding the RAF content. The higher l RAF induced by the formation of branching points was explained by the exclusion of these branches from the crystalline lamellae. As a result, branches are accumulated at the crystalline surface (Figure 52). In addition, as chemical modifications take place with the reagent T-403, the mobility inside the mobile and rigid phase could be changed by the new structures created. For example, the lower chain mobility in the amorphous phase might be due to the apparition of several "branching points" spaced by short segments as the glass transition corresponds to cooperative movements of short chains of 25 to 50 atoms, in agreement with the structures evidenced before and represented in Figure 46.

Formulations

For 2 %wt of T-403, only l a decreased significantly compared to the value obtained for polyamide-6 alone. As described in the bibliographic compilation, such variation should induce an increase of T g . In addition, we can see in Table 11 that this thickness decrease is mainly due to thinner l MAF (l RAF increases slightly). According to our reasoning, the glass transition of the formulation PA-6/T-403 2 wt% was expected to be between the one of polyamide-6 and the blend with 0.7 wt% of T-403. However, with 2 wt% of T-403, the unreacted molecules are suspected to plasticize (lower T g ) the polymer as we previously proved that the reactivity is partial. To confirm this point, traction dumbbell specimens were washed in water for one week at 80 °C, so that the excess of T-403 is removed.

The washed samples were dried under vacuum at 80 °C. The T g value was measured again and found to be at 58 °C (against 52.1 °C before this washing treatment) while the crystallinity was unchanged. Once again, this experiment demonstrated that the T g increase can be attributed to crystalline phase composition (RAF/MAF ratio). At 2 wt%, the structural agent T-403 was already in excess into polyamide-6. The observation of microtomed surface of this sample with an optical microscope consolidates this assumption as exudation zones of T-403 were identified (Figure 53) in the solid state. Finally, the relationship described above (between the lamellae thickness/composition and the amorphous phase mobility) is plausible only if the chain orientation induced by samples injection does not affect the observed macroscopic properties. To check this parameter, samples made by melt compression (without any orientation) were analyzed by SAXS and DSC. The values calculated are listed Table 12. If we compare these values with those obtained on injected dumbbell specimens (oriented crystallinity, given in Table 11) we can notice that χ c , l c and l a followed the same trends. Indeed, χ c and l c increased while the l a decreased slightly when 0.7 wt% of T-403 is added. The degree of crystallinity for melt compressed samples was lower than the one of injected samples. Similarly, DMA measurements were implemented on melt compressed samples while the modulated DSC was realized on injected specimens. Despite this difference of sample preparation, both experimental methods gave the same tendency regarding T g . All these observations demonstrated that the chain orientation is not responsible for the particular characteristics (T g and χ c ) of the samples containing small concentrations of T403.

II.5. Conclusions

Two main mechanisms occur during the reactive extrusion between polyamide-6 and the triamine T-403. Both reactions were studied in detail using model molecules and Soxhlet extracted fractions of the PA-6 based formulations. On one hand, chain extension by reaction of the amino group of the T-403 on the carboxylic acid group of polyamide-6 was proved by MALDI-ToF MS and 1D/2D liquid NMR. Similarly, chain scission by transamidification was demonstrated by reaction of the reagent T-403 on the synthetized HMDA. Because of the random nature of the modified polyamide-6 with the T-403, it was difficult to further detail the molecular structure of the chains with any experimental technique (rheology, SEC-MALLS) and models. The final material is a mixture of linear and randomly branched chains.

Both reactions induced a noticeable decrease of the amorphous phase mobility for a very low reagent concentration. This trend was confirmed by correlation of DMA and modulated DSC. The DMA showed a shift of the α-and β-relaxation towards higher temperatures while the modulated DSC demonstrated an increase of T g .

The lower mobility of the amorphous phase, observed after the chemical reaction, was linked to the structure organization at small scale (several Å). The spherulites diameter was found to be around 2-3 μm and did not change with the introduction of T-403. With the addition of 0.7 wt% of triamine, the amorphous and crystalline lamellae kept their dimensions. However, considering a three-phase model, the RAF and MAF proportions were found to be modified. The higher amount of RAF (decrease of MAF respectively) hinders some polymer chains movements due to a confinement effect and, therefore, increases T g . This thicker rigid amorphous phase might be explained by accumulation of branching points at the surface of the crystal. In addition, news structures created could be the second explanation for this amorphous phase rigidity evolution, but it was not possible to probe it experimentally. For 2 wt% of T-403 and higher concentrations, the reagent is in excess resulting in the T g decrease by plasticization. Annex C

Annex A

Synthesis of the diamide 1,6-hexamethylenebis(hexanamide) (polyamide model molecule)

The experimental protocol is a modification of the synthesis of N-hexylcaprolactame [51].

An aqueous solution with 10 wt% of diamine hexamethylene and 10 wt% of NaOH is cooled down in ice. A drip-feed of a large excess of hexanoyl chloride is added to the previous solution and a white precipitate is formed. The mixture is stirred vigorously for 2 h. The white solid is filtered and washed several time with petroleum ether to remove the excess of hexanoyl chloride. A purification of the dried solid is made twice in acetone. The chemical yield is around 40 wt%. The chemical structure of the diamide was confirmed by 1 Characteristic peaks of the chlorure at 2.9 ppm and amine at 2.7 ppm are not present in the spectrum of the diamide. The melting point of the synthetized product is 148 °C and the degradation temperature is 250 °C. 

Annex D

III.1. Introduction

Commercialized linear polyamides of medium to high molar mass have a relatively important viscosity and a low melt flowability leading to a poor processability regarding particular applications. As an example, the injection-molded of complex parts with thin walls or those containing fillers are complicated to execute. To obtain a lower viscosity, various solutions were detailed in the literature as the reduction of the molar mass by chain scissions. Using this strategy, the processability of such polymer matrices was improved but, in the same time, a concomitant loss in mechanical properties was observed.

Researches have been done to overcome this limitation. Most of papers proposed the synthesis of controlled star-branched architecture polymers [1][2][3][4][5] or the incorporation of small quantities of such structures into virgin matrix as additives [6][7][8][9][10][11][12]. Both solutions led to unusual properties compared to linear and unmodified polymer with the same M n . Indeed, the viscosity decreased (if the branch molar mass is below the entanglement molar mass) while the solid-state mechanical properties of the material were hardly affected. As an example, Fu and coworkers [4] synthetized a star-shaped polyamide-6 in an autoclave using three concentrations of trimesinic acid to vary the branched-chains length. The viscosity in melt and in solution of star-shaped PA-6 decreased in comparison with the one of the linear polymer with almost similar molar mass. These results were explained by the smaller molecular dimension and the lower ability to create hydrogen bonding for branched polymer. For branches with a number-average molar mass around 9600 g.mol -1 , the relative viscosity decreased from 2.59 to 2.04 while the Young's modulus, the Izod impact strength and the tensile strength were maintained except the elongation at break which decreased from 260 to 160 %. Run et al. [6] studied the introduction of small amount of hyperbranched poly(amide-ester) in poly(butylene succinate) (HBP/PBS) and its impact on the physico-chemical properties. They demonstrated though the mechanical and rheological properties the reinforcement character of the HBP. Fewer entanglements in the blends led to important complex viscosity drop, while the Young's modulus and the impact strength were improved thanks to numerous hydrogen bonds between the hydroxyl groups of the additive and the ester groups of the matrix. The best results were obtained for 2 wt% of HBP. In this particular case, the complex viscosity decreased by 12 % while the Young's modulus and the tensile strength increased by 8.5 and 1.2 MPa respectively. These solutions clearly improve the balance between the material processability and its mechanical performances.

However, the synthesis of well-designed/regular branched polymeric chain architectures are hardly manufactured at industrial scale. As an alternative, randomly branched structures can be obtained by adding a multi-functional reactive to a compatible polymer. Only few papers dealt with the synthesis of these kinds of structures and their influences on the physico-chemical properties. For example, Aggarwal et al. [13] synthetized a branched chitosan by reductive alkylation in solution.

The relative viscosity in solvent was found to be lower for branched polymer compared to the equivalent linear one. The relative viscosity could be modulated by changing the density and the length of the branches. For example, at 2 g.L -1 , the relative viscosity was measured at 26 for the linear polymer and 9 for a branch density of 0.02. The elastic modulus and the maximum strain of hydrated chitosan membrane were improved by 1 MPa and 30 % respectively. This enhancement was attributed to the H-bonding contributions. Another study demonstrated the ability of random branching to modulate the viscosity. Steeman and his team [14] synthetized, in autoclave, linear and branched polyamides varying the number of branching points per chain (from 0.21 to 0.48 branching points/chain) and the length of the branches. The random branched structures were synthetized by introducing multi-functional monomers [1,6-hexane diamine and tri-functional 6,6',6''-(1,3,5-triazine-2,4,6triyltriimino)tri-hexanoic acid (TCAM)] as branching agent, to the reactional medium for the caprolactam polymerization. The synthesis conditions were drastic (270 °C and 5 bar) and required at least 5 hours. The viscosity evolution is different in this paper and was attributed to the long chain branching able to promote numerous entanglements. Thus, in this case, the branched materials display an equivalent viscoelastic behavior in comparison to the linear materials with higher molar mass. In addition, the branched polyamide exhibited a steeper shear thinning behavior. An interesting result for processing was that branched polymers with the same zero shear viscosity as the linear one exhibits a lower viscosity at high shear rates (from 300 to 200 Pa.s for the linear 2 and branched 1 respectively at 1000 s -1 ). In consequence, it is possible to fit specific viscosities by incorporating various numbers of branches of different lengths.

In this work, random branched structures were synthetized in situ by reactive extrusion between a trifunctionnal amine (Jeffamine ® T-403) and polyamide-6 according to the mechanism detailed in the Chapter II. The aim of this study was to demonstrate the crucial role of random branching on the balance between processability and mechanical properties of the modified material. In that purpose, diamine additives were studied in the same way to highlight the importance of using an additive with functionality over 2. First, the mechanical, thermal and crystallization behaviors of the new formulations are systematically investigated and compared with those of the unmodified polyamide-6. Then, the second part of this study is devoted to explain the existing links between the physico-mechanical properties changes and the nano-structure of the material.

III.2. Materials and formulations

III.2.1. Materials

The PA-6 matrix Akulon F136DH ® was kindly provided by DSM as polymer pellets. The number-average molar mass was found to be 51 000 g.mol -1 by using a size exclusion chromatography in hexafluoroisopropanol (HFIP) and with poly(methyl methacrylate) (PMMA) as a standard. Chain end-groups titration on PA-6 gave the real molar mass at 30 800 g.mol -1 .The melting point for PA-6 was measured at 219 °C and the decomposition temperature was found to be 445 °C by using DSC and TGA respectively.

The reagent Jeffamine ® T-403 from Huntsman was directly supplied by Hutchinson Research Center. The others Jeffamines (D-230 and D-400) were purchased from Sigma Aldrich. Their main characteristics are given in Table 13.

Table 13: Characteristics of the three polyetheramine reagents used to modify PA -6

Reagents

Chemical structures n (degree of polymerization) (a) M n (g.mol -1 ) (a)

Jeffamine ® T-403

427

Jeffamine ® D-230

NH 2 O H 2 N x n = x

249

Jeffamine ® D-400 

NH 2 O H 2 N x n = x

III.2.2. Samples preparation

Polyamide-6 pellets were first dry under vacuum for 24 h at 80 °C to remove water prior to use. The reactive extrusion was performed in a co-rotating twin-screw extruder (Leistriz LSM model, L/D = 34, D = 34 mm). The twin-screw profile is shown in Figure 64.

Figure 64: Twin-screw profile with two left-handed conveying elements

The triamine and diamines reagents were added into the molten matrix at the injection point 745 (Figure 64) and at different flow rates using an external liquid pump in order to introduce a precise quantity of amine (Table 14). PA-6 was incorporated by the hopper and processed at a flow of 3 kg.h -1 with a screw speed of 200 rpm. At the end of the extruder, samples were cooled down with air and granulated. The mean residence time of the polymer in the extruder was estimated at around 90 s. For the Jeffamines D-230 and D-400, the two smallest concentrations were chosen as interesting properties were obtained for amine concentrations lower than 0.14 mol.kg -1 using the triamine in the previous chapter. The amino groups were introduced in large excess compared to the carboxylic acid end-groups of PA-6 to promote the reaction.

All the samples were injected using a hydraulic injection molding machine Babyplast 6/10P equipped with a piston diameter of 14 mm and presenting a clamping force of 62 kN. The molds (dumbbell, disk, bar…) were adapted to the characterization. Chamber temperature was set at 260 °C, mould temperature at 80 °C and the injection pressure at 70 bar. The injected specimens were dried under vacuum at 80 °C for 24 h before being characterized. Rheological characterizations were carried out on disk-shaped samples (diameter of 25 mm and thickness of 2 mm). DSC experiments were implemented on dumbbell specimen (shaped H2). SAXS and WAXS measurements were made on dumbbell samples as for the DSC analyses. A bench type press Polystat 200 T (Servitec) at 260 °C was used to make films of the reactive blends without any preferential orientation.

III.3. Methods of characterization Size Exclusion Chromatography (SEC)

Molar masses of the different formulations were measured by the SEC Acquity advanced chromatography from Waters with a RI detector (Agilent-RI-1100). Three columns were used: Apc XT 450, 125 and 45. HFIP was the eluent with a flow rate of 0.3 ml.min -1 . Samples (around 10 mg) were first solubilized several hours in 1 mL of HFIP and filtered. Approximately 20 μL was injected into the column. The average molar masses M n and M w were determined with a calibration method using PMMA as standard.

Viscosity in solution with an Ubbelohde type viscometer

The Ubbelohde LAUDA viscosimeter is a device that gives the viscosity of polymers in solution. In our case, the solvent chosen was formic acid (85 wt%) at 25 °C. A stock solution of each sample was prepared at a concentration around 10 mg.mL -1 and 5 consecutive dilutions were programed. For every concentration, the viscosimeter measures the time it takes for the liquid to pass through two calibrated marks of the tube (K = 0.01 and D = 0.63 mm). The additional informations on this experimental technic are detailed Annex G.

Rheological characterization

Dynamic rheological measurements were carried out on a strain-controlled ARES rheometer (TA Instruments) under a nitrogen flow and at 240 °C. Parallel plate geometry (25 mm in diameter and 2 mm gap) was chosen. Dynamic shear measurements were performed by varying the frequencies from 0.03 to 100 rad.s -1 in a controlled-strain mode.

Thermal analysis: Differential Scanning Calorimetry (DSC)

Thermal properties of the formulations were characterized by DSC to study the melting and crystallization behavior using the model Q2000 (TA Instruments) equipped with a refrigerated cooling system 90. Indium was used as calibration standard. Before analysis, samples were dried under vacuum at 80 °C for 24 h. Then, 5 to 10 mg of the dumbbell specimen (for tensile test) was weighted and put in a hermetic aluminum capsule. The value of the melting temperature (T m ), crystallization temperature (T c ) and enthalpy were measured on the first cycle applied from 20 °C to 250 °C at a heating rate of 10 °C.min -1 . The degree of crystallinity was calculated with the equation as follows:

(1) With, , the integral of the melting peak and , melting enthalpy if PA-6 were 100 % crystalline ( J.g -1 ) [15].

Modulated DSC (MDSC) was implemented to measure the glass transition temperature (T g ) of the different blends, as for polyamide-6, the heat capacity step ΔC p (used to measure the T g ) is quite wide and weak. Approximately 15 mg of samples were introduced in a hermetic aluminum pan. Noted that, samples were dried carefully because the water absorption led to a significant decrease of the T g and non-reproducible results. The temperature was equilibrated at -20 °C and then increased up to 140 °C with a heating rate of 2 °C.min -1 with a temperature modulation of ± 4 °C every 60 s. In our case, the T g value is the midpoint of the step observed in the DSC curve and given by the TA Universal Analysis software.

Mechanical characterization

Uniaxial traction measurements were carried out on dumbbell (shaped H2) tensile samples using the MYS QTest/25 equipped with a 30kN force sensor. The deformation speed was 2 mm.min -1 to measure an accurate Young's modulus, and 50 mm.min -1 for the measurement of the yield strength and elongation at break. At least 10 different samples were tested for each formulation until a satisfactory standard deviation was obtained.

X-ray diffraction: Wide Angle X-ray Scattering (WAXS) and Small Angle

X-ray Scattering (SAXS)

X-ray diffraction analysis on polymers is a non-destructive powerful technique to study crystallinity (orientation, phase, size and shape). This information is essential as crystallinity of polymer influences directly its physical and mechanical properties.

The measurements were carried out at the European Synchrotron Radiation Facility (ESRF) in Grenoble on the BM2-D2AM beamline. The incident photon energy was set at 16 keV and two detectors were used for SAXS (D5) and WAXS (WOS) analyses. The sample-to-detector distance was about 1.15 m SAXS and 11.0 m WAXS and the beam stop had a diameter of 1 mm. The q-range calibration was made with a silver behenate (SAXS) and lanthanum hexaboride (WAXS) as standard. The two-dimensional data were corrected by considering the camera geometry, dark image reading and flat field response of the detector. Each sample was put in Kapton tape and placed at the center of the sample holder. The value obtained for the empty cell with Kapton tape was subtracted from the scattering images of the studied sample.

III.4. Results and discussion

Polyamide-6 was first modified by reactive extrusion using the triamine Jeffamine ® T-403 as structural agent. The previous chapter demonstrated the grafting of the triamine reagent onto polyamide-6 leading to randomly branched structures. Both reactions of amidification and transamidification can be extent to the diamine reagents (Jeffamine ® D-230 and D-400). As a result, the same chemical mechanism can be applied for the reagents D-230 and D-400 and the resulting structures were drawn in Table 15.

Table 15: Chemical mechanisms of the reaction of the triamine or the diamine reagents on polyamide-6

Triamine Diamines Initially, the viscosity-average molar mass (M v ) was measured with an Ubbelohde type viscometer for each concentration of T-403 added into polyamide-6. To be sure that unreacted T-403 molecules did not induce modifications of the intrinsic viscosity values measured, preliminary tests were implemented. Thus, the intrinsic viscosity of polyamide-6 and T-403 blends without reaction was measured in order to ascertain that the reagent alone does not affect the measurement.

For the smallest concentration of NH 2 , the viscosity molar mass decreased from 45 000 to around 40 000 g.mol -1 and then reached a plateau value around 35 000 g.mol -1 for [NH 2 ] up to 0.14 mol.kg -1 (Figure 65).

Figure 65: Intrinsic viscosity and viscosity-average molar mass for the reactive blends PA-6/T-403 versus the amine concentration added

This tendency can be explained by both chemical reactions detailed in the previous chapter. The reactions of transamidification and chain elongation result in chain scissions and branching leading both to the reduction of the hydrodynamic volume of the molecule. Fewer entanglements are likely to be created and shorter chains have a better mobility. These results also demonstrated that, for an amine concentration above 0.14 mol.kg -1 , no more branch seems to be created. This reactivity limit might be explained by the poor miscibility of T-403 into PA-6 observed and already mentioned in the previous chapter. Indeed, blends with 0.35 (5 wt%) and 0.7 mol.kg -1 (10 wt%) of amino groups exhibited exudation (numerous domains) at room temperature as observed by optical microscopy on microtomed samples (Figure 66). Molar masses measured by size-exclusion chromatography in HFIP are detailed in Table 16 and confirmed the previous observation made regarding the limit of miscibility. The addition of an amine concentration of 0.14 mol.kg -1 led to a significant decrease of the number-average molar mass from 51 000 to 44 000 g.mol -1 . Again, a plateau value was observed for [NH 2 ] over 0.14 mol.kg -1 , confirming the miscibility limits of our system. Noted that, the value calculated for the blend PA-6/T-403 at 0.14 mol.kg -1 of amine is low (below the plateau value). It is important to point out that the uncertainty on the value measured by SEC is quite high (± 4000 g.mol -1 ) compared to the expected modification observed between the reactive blends for this range of amine concentrations.

The absolute complex viscosity in the molten state of the different reactive blends was studied by dynamic frequency sweep tests at 240 °C.

Once more, the viscosity of the formulations decreased from 2060 Pa.s for the extruded polyamide to 710 Pa.s for 0.14 mol.kg -1 of amino groups added or 595 Pa.s for 0.7 mol.kg -1 . Over [NH 2 ] = 0.14 mol.kg -1 , the viscosity decrease was less significant because, as demonstrated before, this latter concentration represent more or less the limit of miscibility. Unreacted T-403 molecules plasticized the blend leading to a slow viscosity decrease (∆η* ≈ 150 Pa.s). As previously, the important decrease (∆η* ≈ 550 Pa.s) observed for the lowest amine concentration may be due to the lower molar mass and/or fewer entanglements of the branched structures with quite short chain branching. Actually, it was not possible to discern the influence of these two factors. The effect of the lower hydrodynamic volume of a branched structure compared to their linear counterpart with comparable molar mass was discussed by Risch et al. [17] in their study about the crystallization behavior of star-branched PA-6. If the number of entanglements per arm is kept low, that is to say, if the chain length is close to the average molar mass between entanglements (5000 g.mol -1 for PA-6), structures with chain branching exhibited a lower melt viscosity than the equivalent linear one. At 220 °C and for an equivalent weight-average molar mass at 31 000 g.mol -1 , the complex viscosity started to 600 Pa.s for a linear PA-6 and decreased to 200 Pa.s for a six-arm PA-6 (weightaverage molar mass of each arm was 7000 g.mol -1 [16,17]). The results obtained regarding the crystallinity and the structural organization at the nanometric scale were presented in details in the Chapter II. As a reminder, DSC analyses were carried out to study the thermal behavior and the crystalline fraction in each formulation (Table 17). The grafting of T-403 onto polyamide-6 resulted in poor modifications regarding the thermal properties of the formulations. In brief, the structural agent seems to promote the crystallization without modifying the crystallite size. This latter observation was confirmed on AFM images. The principal modification was the higher crystalline fraction (from 33 to 35 %) measured for the blends containing small amount of T-403 (≤ 0.14 mol.kg -1 of amine functions) attributed to the better mobility of shorter chains after transamidification (chain scissions).

To complete this study about the crystallinity, WAXS analyses were performed and allowed to conclude that the α-crystalline phase was predominant in the materials before and after the reaction in extruder. In the same way, SAXS experiments were made to measure the crystalline and amorphous lamellae thicknesses thanks to the long period. Finally, modulated DSC analyses were performed to obtain the phases composition (RAF and MAF contents) as described in the second chapter. All these characteristics values on the nano-structuration of the reactive blends are summed up in Table 18.

Table 18: Values of the L p , l c and l a measured by SAXS; MAF/RAF contents obtained by modulated DSC for the reactive blends PA-6/T-403

Taking into account the exudation domains observed by optical microscopy into the blends PA-6/T-403 with 0.35 mol.kg -1 and 0.70 mol.kg -1 of amine, the lamellar dimensions of these formulations cannot be wisely interpreted. Focusing on the virgin PA-6 and the two lower amine concentrations, two major modifications could be highlighted. First, a noticeable increase of the crystalline layers thickness for the lowest concentration of amino groups. Then, for the same concentration, the higher content of RAF (respectively lower content of MAF) in the material. The thickening of the RAF phase was explained by the accumulation of branching points at the interface with the crystalline lamellae.

c. Glass transition temperatures and tensile properties of the reactive blends PA-6/T-403

To go further in the characterization of the formulations elaborated with the reagent T-403, the glass transition temperatures were measured by modulated DSC and the mechanical performances were estimated through tensile tests.

The glass transition temperature of each formulation was already discussed in the previous chapter. The measured T g are reminded in Table 19. 

Formulations

/

Lower amorphous phase mobility was noticed for the material modified with the lowest amount of amine functions (0.05 mol.kg -1 ) as its glass transition temperature increased by approximately 7 °C.

We demonstrated in the second chapter that, if the l c and l a of formulations were slightly modified compared to the possible error made on the measurements, the composition of the amorphous phase (RAF and MAF contents) might explain the evolution of the polymer chains mobility in the amorphous phase. The higher RAF proportion hinders molecular motions in the amorphous phase by a confinement effect. This point was confirmed by Parodi et al. [18] studying the impact of the crystalline structure, modified after thermal treatment, on the glass transition temperature. The thermal history affected the MAF/RAF ratio directly linked to the chain mobility in the amorphous phase. For a continuous crystallization, if the MAF content decreased from 60 to 40 %, the T g increased from 71 to 76 °C.

Finally, the different formulations were characterized by uniaxial traction at room temperature. The mechanical properties of these different blends are reported in Table 20. We noticed different behaviors between the reactive blends with low level of T-403 (< 0.14 mol.kg -1 ) and the one with higher amine concentrations (0.35 and 0.70 mol.kg -1 ). Indeed, the Young's modulus and the yield strength increased by 20 and 13 % respectively for only 0.05 mol.kg -1 of amine added.

In order to explain the better mechanical properties obtained with the addition of small amount of T-403, the crystalline parameters previously studied have to be considered [19,20]. Numerous studies explained the mechanical behavior of semi-crystalline polymers with the crystalline nature and the lamellae thicknesses [19,[21][22][23][24]. To illustrate this point, Kolesov et al. [20] highlighted the mechanical properties difference observed between the α-and γ-crystalline phase obtained by different crystallization conditions on polyamide-6. The elastic modulus of the α-phase was estimated at around 300 GPa while the one of the γ-phase was between 50 and 140 GPa. Some research teams attributed the better tensile properties to an increase of the crystalline lamellae thickness in the case of polyolefin [19,21,25]. As an example, Menyhárd et al. [26] simulated successfully the relationship between the tensile properties and the crystalline lamellae thickness for five isotactic polypropylenes. For a fixed degree of crystallinity at 50 %, the modulus increased by 0.4 GPa for thicker l c from 20 to 40 nm. Only few studied pointed out the crucial role of the amorphous lamellae thickness on the mechanical response of polymers. Kennedy et al. [24] precised that, in the pre-yield region, the deformation involves first the non-crystalline parts of the material before damaging the crystalline layers.

As a consequence, the amorphous lamellae dimension is an important parameter. For linear polyethylene, the initial modulus was directly linked to the interlamellar thickness evolution with two distinctive regions defining the brittle to ductile transition.

Most papers investigated the mechanical properties above the T g and demonstrated that, the amorphous lamellae thickness has a particular importance. In our case, the samples were analyzed below the T g so, in this case, the contribution of the crystalline and amorphous phase separately is not so discernible. Moreover, the deformation speed in our tests was very low, which involved more the crystalline part of our samples.

With the system PA-6/T-403 containing the lowest concentration of amino groups (0.05 mol.kg -1 ), both modifications were particularly important: thickening of the crystalline lamellae (from 32.6 to 36.1 Å) and the higher amount of RAF (from 18.1 to 24.2 %). The higher l c in the sample PA-6/T-403 could partly explain its better mechanical properties compared to the virgin polyamide. Moreover, as detailed in the previous part, the higher rigidity of the amorphous phase bring by the increase of the RAF content should impact the global stiffness of the material. Finally, the higher crystalline fraction (from 32.5 to 35.2 %) also contributes to the stiffening of the material.

For the formulation with 0.14 mol.kg -1 of amine T-403, the l c in the nano-structure of the material was almost not modified but the l a decreased and the RAF increased by 5-6 % compared to the structural features of the virgin polyamide. The mechanical properties should have been higher but the material started being plasticized at this concentration (explanation in the previous chapter). To prove this point, traction dumbbell specimens were immersed in glycol at 80 °C for few days. This ageing step allowed washing the samples removing the unreacted additive without affecting the crystallinity. Tensile test on these dumbbell specimens showed higher Young's modulus for the sample with 0.14 mol.kg -1 of amine T-403 (172 MPa) compared to the virgin PA-6 (155 MPa). Consequently, at this concentration, unreacted T-403 molecules induced mechanical performances degradations. For 0.35 mol.kg -1 of amine functions, the Young's modulus and the yield strength of the blends PA-6/T-403 underwent a clear decrease due to the plasticization of the material. For the highest concentration of T-403, the elongation at break dropped dramatically at 220 % and the material became brittle, which supports the hypothesis of immiscibility.

The reactive blends PA-6/T-403 exhibited particular and interesting properties for a very small amount of reagent. Indeed, the formulation with 0.05 mol.kg -1 of amino groups combines the benefits of a lower viscosity, better tensile properties and a higher T g compared to the virgin polyamide-6. These unusual properties were attributed to the ability of branched structures to nano-structure the material. As a consequence, similar linear structure should not induce such modifications. To confirm this hypothesis, the reactive extrusion was repeated using two diamines of the same chemical type (polyetheramine) and two different molar masses (249 and 417 g.mol -1 ): Jeffamine ® D-230 and D-400.

III.4.2. Global characterization of the reactive blends PA-6/Diamine a. Physico-chemical properties of the blends with the diamines D-230 and D-400

In the same way as for the triamine, viscosimetry measurements in solution were implemented and the results obtained for the three polyetheramine reagents are compared in Figure 68.

Figure 68: Intrinsic viscosity for the different PA-6 based reactive systems with different concentrations of tri-and diamines

For the reactive blends PA-6/T-403, PA-6/D-230 and PA-6/D400, the intrinsic viscosity ([η]) decreased with the addition of amino groups. In the case of diamines, the evolution of [η] (from around 150 mL.g -1 to 120 or 127 mL.g -1 for Jeffamine ® D-230 and D-400 respectively) confirmed the chemical mechanism proposed previously leading to chain scissions and linear structures. The formation of shorter chains was also confirmed through the SEC analyses results (Table 21), with the continuous decrease of the M n . However and as explained previously, the uncertainty on the SEC result is too high to compare the three Jeffamines to each other. For 0.05 mol.kg -1 of NH 2 added, the three Jeffamines had the same [η] at approximately 135 mL.g -1 , showing that for this smallest concentration the reactivity of the reagents T-403, D-230 and D-400 is equivalent. Slight differences appeared for 0.14 mol.kg -1 of NH 2 added.

The intrinsic viscosity of the formulation PA-6/T-403 and PA-6/D-230 were comparable while the one of the formulation PA-6/D-400 was higher. To analyze this difference, the results obtained by viscosimetry in solution have to be correlated with the rheological behavior of the blends. The complex viscosities in the molten state of the different formulations are compared as a function of the amine concentration added in Figure 69. Overall, the complex viscosity of the blends decreased gradually with the Jeffamine content. For 0.05 mol.kg -1 of amine, the three formulations had the same rheological behavior. The viscosity was lowered from 2000 Pa.s for the virgin PA-6 to 1000 Pa.s for the blends, in accordance with the results found in solution.

For 0.14 mol.kg -1 of amine added, the complex viscosity decreased similarly for T-403 and D-400 while the viscosity is lower for D-230. This observation is different from the one noticed in solution as, in this latter case, the hydrodynamic volume of molecules have an influence on the measured values. Thus, compared to the formulation PA-6/D-400, the lower [η] of the formulation PA-6/T-403 observed in solution can be explained by the new branched structures created. The lower viscosity measured for Jeffamine ® D-230 could evidence that this reagent has a better reactivity in comparison to the others Jeffamines. Indeed, Jeffamine ® D-230 has shorter chains and potentially a better miscibility in PA-6.

To sum up, the reaction between the diamines and PA-6 induced comparable viscosity decrease than that observed using the triamine T-403, in the range of concentrations studied in this work.

b. Crystallinity and structural organization in the reactive blends

PA-6/diamine

The thermal properties of the reactive blends PA-6/D-400 and D-230 were obtained by DSC and listed in Table 22. As for the Jeffamine ® T-403, the addition of small amount of Jeffamines D-400 and D-230 had no significant impact on the crystallization and melting temperature. However, the reaction of the Jeffamine ® D-230 or D-400 with PA-6 induced a significant higher degree of crystallinity in the material. With 0.05 mol.kg -1 of NH 2 added, the crystallinity increased from 32.5 % to 34.9 % and 34.6 % for D-400 and D-230 respectively. This increase is even more important for 0.14 mol.kg -1 of NH 2 added. The higher crystalline fraction could be attributed to the better mobility of shorter linear chains resulted from chain scissions. WAXS analyses were implemented to identify the crystalline phases in the reactive blends PA-6/D-400 and PA-6/D230 (Figure 70). On the pattern, two major crystalline phases were identified (α 1 and α 2 ) in the formulations and the extruded polyamide-6, meaning that, the reaction between the polyfunctional reagents and polyamide-6 did not modify the crystalline phase nature. To avoid cluttering the graph, the WAXS patterns obtained with 0.14 mol.kg -1 of amino groups were not represented but the same conclusion could be drawn. The crystalline and amorphous lamellae thicknesses were calculated with the long period measured on the SAXS patterns. The RAF and MAF contents were deducted from the modulated DSC analyses. The results are shown in Table 23. Compared to the tendency obtained with the reagent T-403 with 0.05 mol.kg -1 of NH 2 , the RAF content was almost unchanged and the l c increased slightly from 32.6 to around 35 Å. Similarly, the amorphous lamellae thickness varied little. With [NH 2 ] = 0.14 mol.kg -1 , the only parameter modified was the l a . For example, the l a and l MAF decreased from 67.8 to 60.0 Å and 49.6 to 43.2 Å respectively for the highest concentration of Jeffamine ® D-400. Overall and contrary to what was seen with the reagent T-403, the reaction between the diamine reagents and PA-6 did not modify significantly the nano-structure of the material and especially the RAF proportion. 

Formulations

PA-6/diamine

The glass transition temperature of the formulations PA-6/D-400 and PA-6/D-230 were obtained by modulated DSC. Both PA-6/D-400 and PA-6/D-230 reactive blends were also characterized by uniaxial traction at room temperature. The mechanical properties and the glass transition temperature of these different reactive blends are presented in Table 24. The first difference noticed between the blends with triamine and diamines concerns the glass transition evolution, as the T g slightly decreased with the addition of diamine.

In the previous chapter, the chain mobility evolution in the amorphous phase was related to the MAF/RAF ratio and the l a . As mentioned above, for the D-230 and the D-400, the Rigid Amorphous Fraction percentage and thickness were almost unchanged compared to the virgin polyamide in our conditions. Moreover, the MAF decrease was not significant (maximum 2 %). According to these results and following our reasoning, the T g of the blends PA-6/D-400 and PA-6/D-230 at 0.05 mol.kg -1 should have been almost the same as the one of PA-6. It is the case for PA-6/D-400, but the T g of the sample with the reagent D-230 slightly decreased by 1.4 °C. The lower value of T g obtained after addition of linear diamine cannot be explain by the nano-structure characteristics but could be due to the amorphous phase composition. Indeed, addition of small molecules and chain scission reactions can both promote the chain mobility.

The shift of the glass transition temperature induced by unreacted small molecules and/or lower molar mass chains was widely described in the literature . In the case of Jeffamine ® T-403, the crystalline structure modifications had a predominant effect on the T g compared to the plasticization induced by the small unreacted molecules and the shorter chains. The impact of the nano-structure evolution (particularly the RAF content) is represented in Figure 71. The triangular purple zone corresponds to the formulation with no noticeable variation of RAF amount. The red point is the formulation with a significant RAF content increase (+ 6.1 %). For 0.14 mol.kg -1 of the amine D-230 and D-400, the plasticization was even more important. A slight phase separation in the solid state was observed by optical microscopy on the microtomed surface of both samples (Annex H). At this concentration of amine (0.14 mol.kg -1 ), the T g for the D-230 was the lowest because the number of chain scissions was higher, as demonstrated by the viscosimetric analyses.

It is of importance to emphasize the fact that this relationship between the T g and the crystalline organization was observed in the literature for polymer structures modified by thermal treatment and not by chemical reaction. Thus, the link between the layers thickness/RAF content and the glass transition temperature is a plausible theory if formulations have a low amount of reagent that is to say if the polymer is slightly chemically modified and almost not plasticized.

To sum up, two main parameters affect the T g of the materials: the MAF/RAF contents by confinement effect and the amorphous phase composition if chemical reactions occurred and/or a sufficient amount of unreacted molecules is added to the polymer and localized in the amorphous phase.

The second important difference observed between the blends with triamine and diamines (apart from the glass transition temperature) is related to their mechanical performance. The reactive blends elaborated with diamines, and for both amine concentrations, exhibited better mechanical properties (Young's modulus and yield strength) than those measured for the linear polyamide-6. However, this enhancement was limited compared to the values reached with the triamine. As an example, for [NH 2 ] = 0.05 mol.kg -1 , the Young's modulus was measured at 1200 MPa for the triamine and 1060 MPa for the diamine D-230. The major difference is the elongation at break which dropped dramatically with the addition of small concentrations of diamines in both cases. With 0.14 mol.kg -1 of amine, the elongation at break decreased to 140 % and 160 % for D-400 and D-230 respectively. This evolution can be explained by the higher crystalline ratio (39 and 38 % respectively).

The material stiffening, in spite of a constant or lower molar mass, is often attributed to higher crystalline ratio [34,35]. As an example, Starkweather et al. [36] demonstrated that, independently of the tested molar mass, the stiffness of a PA-6,6 increased from 550 to 830 MPa for higher crystallinity from 10 to 25 % (induced by thermal treatment). However and as discussed previously, the degree of crystallinity is not the only factor affecting the mechanical properties; otherwise the materials made with the diamines would be stiffer than the one with the triamine, particularly at 0.14 mol.kg -1 of amine.

Comparing the mechanical properties and the crystalline morphology, a direct link was found. As an example, with 0.05 mol.kg -1 of amine D-230 and D-400 added, the Young's modulus and the yield strength were very close which might be explained by crystalline parameters approximately identical. Indeed, for these two samples, the degree of crystallinity (around 35 %), the crystalline lamellae thickness (35.1-34.9 Å), the amorphous lamellae thickness (65.4-66.0 Å) and the RAF/MAF contents (18.0/47.1-17.8/47.6) were similar. For both formulations, the slight increase of the material stiffness compared to polyamide-6 alone could be induced by: higher crystallinity and thicker crystalline layers (respectively thinner amorphous lamellae).

The formulation PA-6/T-403 ([NH 2 ] = 0.05 mol.kg -1 ) had the same crystallinity and l a compared to the reactive blends PA-6/D-230 and PA-6/D-400 while the mechanical properties are higher. The slightly thicker crystalline lamellae of the sample PA-6/T-403 could partly explain its better mechanical properties compared to the others formulations at the same concentration. Moreover, as detailed in the previous part, the higher rigidity of the amorphous phase, bring by the higher RAF content, should impact the global stiffness of the material.

For samples with approximately the same crystalline fraction and l a , the crystalline layers thickness and the amorphous phase composition could have a noticeable influence on the mechanical properties. This relationship is represented through a 3D graph in Figure 72. For the blend with 0.14 mol.kg -1 of amine D-230 and D-400, both the crystallinity and the crystalline lamellae thickness kept increasing while l a decreased and the ratio RAF/MAF was unchanged. Logically, the Young's modulus and the yield strength should be better than the one of the blend PA-6/D-400 and PA-6/D-230 with 0.05 mol.kg -1 of amine. This is not the case because, as observed with the T-403, the unreacted molecules promote the amorphous phase mobility decreasing their tensile properties. This effect was more pronounced for the D-400 because, to bring the same [NH 2 ], the quantity of D-400 is more important (2.9 wt% against 1.7 wt% for the D-230). Therefore, more domains of exuded D-400 appeared on the microtomed surface of the sample at the solid state (Annex H). This difference might be also explained by the possibly lower miscibility of D-400 into polyamide-6 because of longer propylene glycol chains.

These results prove that, under our experimental conditions, the crystalline/amorphous phase thicknesses and the RAF/MAF contents have to be considered to explain the mechanical properties. Modulated DSC measurements proved that the branching points created by the reaction of a low percentage of trifunctional additives onto PA-6 induced a specific crystalline micro-structure responsible for the better mechanical properties observed.

III.4.3. Comparison between both systems: PA-6/triamine and PA-6/diamine

This last part summarises the results described all along this third chapter regarding the features of the formulations and the structure-properties relationships, so as to have a better visibility on the systems studied. Blends containing diamine or triamine are compared to highlight the nano-structuring ability of small three-branched molecules. For this comparison, attention is drawn to the smallest concentration studied ([NH 2 ] added = 0.05 mol.kg -1 of polyamide) for which the most significant improvements were observed. These modifications are listed in Table 25 for the systems PA-6/T-403 and PA-6/D-400 or D-230. 

Elongation at break

→ With this table, the advantages of both systems compared to the virgin polyamide-6, are clearly spotlight. Indeed, the materials synthetized have the double benefit: better mechanical/thermo-mechanical properties and lower viscosity to ease the processing step and pave the way to new applications (impregnation and 3D-printing). However, there is a significant difference between the formulations containing triamine and diamines. Indeed, the reactive blend PA-6/T-403 exhibited much better mechanical properties in tension (Young's Modulus, yield strength and elongation at break) and a higher glass transition temperature allowing the conservation of its properties over a wider range of temperatures. In the case of blends with diamines, the Young's modulus and the yield strength were slightly improved but the elongation at break and the T g were deteriorated. Thus, the blends with diamines are less suitable for applications that need important deformation/changes of shape or thermo-mechanical solicitations. Alternatively, these latter materials could be used as barrier film thanks to their higher crystalline fraction (higher tortuosity).

The properties changes (tensile behaviour and T g ) were linked to nano-structure evolutions induced by the chemical reactions occurring between the reagent and PA-6. It has been demonstrated that the branching points, introduced via the triamine, induced significant modifications of the crystallinity (dimension and composition). On the contrary, the reaction with diamine led to linear chains and did not modify noticeably the crystalline structure at the nanometric scale. The crystalline structure evolution in the case of the triamine or diamine reagents is represented in the schematic representation as follows: The branching points obtained by adding the triamine T-403 may be accumulated at the interface with the crystalline lamellae. As a result, an important increase of the RAF content (and thickness) was observed in this case, compared to the unmodified PA-6. The higher amount of this rigid phase might hinder some chain motions increasing the T g . For the reactive blends with diamines, no modification was noticed regarding the RAF/MAF contents. The diamine molecules present in the amorphous phase plasticize the material, hence the T g decrease. Regarding the mechanical properties, the slight improvement observed for the blends PA-6/D-400 and D-230 was attributed to both higher crystalline fraction and thicker crystalline lamellae (≈ + 2.5 Å). In addition to these modifications and as explained previously, the higher RAF quantity in the reactive blends PA-6/T-403 stiffens the material and explains the better mechanical performances observed (compared to the others formulations).

III.5. Conclusions

As in the previous study, polyamide-6 was modified by reactive extrusion using a triamine T-403 and two diamines (Jeffamine ® D-230 and D-400). The aim of this work was to demonstrate the advantage of using a very small concentration of trifunctional additive on the mechanical properties and the T g . The formation of randomly branched structures resulted in important modifications of the nano-structure (l c and RAF/MAF), while the linear structures created by addition of diamines did not induce any noticeable variation at this scale. Comparing the results obtained by DSC, SAXS and tensile tests, we established links between the T g /mechanical properties and the crystalline structure parameters of the materials.

First, we demonstrated that the RAF and MAF content variations affect the chain mobility in the amorphous phase of the material. Indeed, higher RAF percentage and/or lower MAF percentage induced a loss of chain mobility in the amorphous phase due to the confined effect imposed by the surrounding rigid phase. As an example, for 0.05 mol.kg -1 of amine T-403, an increase of the RAF content by 6 % led to a higher T g (≈ + 7 °C). In the case of Jeffamines D-400 and D-230, no structural modification was observed. As a result, both diamines induced lower glass transition temperature due to plasticization.

Secondly, in our specific experimental conditions, the crystalline/amorphous layers thicknesses, the crystallinity and again the RAF/MAF ratio were the most influential parameters on the mechanical properties. Larger crystalline lamellae but also higher RAF and crystal content can strengthen the material. For the blend PA-6/T-403 (0.05 mol.kg -1 ), the Young's modulus and the yield strength was improved by 20 and 13 % respectively due to higher amount of RAF (≈ + 6 %) and thicker l c (≈ + 3.5 Å).

Finally, to sum up, this study presented two different systems using triamine or diamine type reagents. The material containing branching points introduced by the three-branched polyether amine had interesting properties as it combined lower viscosity and higher mechanical/thermo-mechanical performances compared to the starting polyamide-6. These characteristics are reached thanks to the particular ability of these branched molecules to nano-structure the polyamide. The material containing shorter linear chains created by the addition of polyether diamines exhibited the same viscosity reduction but lower T g and elongation at break and slighter mechanical properties improvements as no structural modification was induced by such reagents. Despite its weaknesses, the reactive blends PA-6/D-400 and D-230 might be used in applications that need lower viscosity (film barrier, impregnation, 3D printing…). The second part of this thesis focused simultaneously on two major car industry problematics: lightweighting and strengthening. With this in mind, the aim of this study was to synthetize crosslinked foam by reactive extrusion with a bifunctionnal trialkoxysilaneimidazoline reagent as chemical foaming agent. This new approach of using such additive allowed to crosslink and foam a copolyamide-66/6 in one step and with a unique reagent.

Annex H

In a first part, we will define succinctly general terms widely used throughout this thesis manuscript. Then, the second part will be dedicated to the chemical foaming agent described in the literature and used in the industry. Their chemical nature and their characteristics will be detailed in order to make the proper choice according to the polymer chosen. Finally, examples of chemical foaming experiments found in the literature will be described distinguishing the thermoplastic and the thermoset foams. This last part will mainly focus on the process parameters and chemical blowing agent studied but also on the morphology and performances reached. Limitations regarding commercial polymers will be discussed and two main solutions will be proposed.

IV.2. Foam: definition and classifications

IV.2.1. Definition

In a general way, polymeric foam consists of at least two phases: a continuous polymer matrix phase and a continuous or discontinuous gas phase. The gas is brought by a physical or a chemical foaming agent. The foaming mechanism is generally described in three different steps: nucleation, growing and stabilization. A high quantity of gas is dissolved into a molten polymer matrix under high pressure and a quick depressurization (or ∆T) is applied to decrease the solubility of the two phases. As a result, a supersaturated solution is created. Cells are produced to lower the Gibbs free energy and come back to a thermodynamically stable state. This step is the nucleation. Then, bubbles start to grow by gas diffusion from the molten polymer to the existing one until the equilibrium pressure. This growth step is as important as the nucleation one because it determines the final size of the bubbles. As the cells distribution, the density and the type of porosity, the bubble size is a factor influencing directly the final properties of the foam.

To finish, the stabilization step occurs when the polymer matrix reaches its crystallization temperature and solidifies. If the cooling down is too fast, the cell growth will be stopped before the equilibrium. On the contrary, if the drop in temperature is too slow, two types of phenomenon can come up and damage the foam: ripening and coalescence. During the ripening, the small and concentrated cells are disappearing to the detriment of the big and less concentrated bubbles. In this way, if the system allows it, the gas will diffuse from the small to the bigger cells. The porosity of the final foam will be anarchic except if the cooling down is slow and the diffusivity is sufficiently good to make the small cells disappear. The coalescence is the combination of two cells after the breakage of their separating wall [1].

IV.2.2. Classifications of foams

Foams can be classified according to its general characteristics: composition, morphology, density and mechanical properties.

a. Composition

Thermoset foams can be created by modifying an existing polymer or by polymerization from monomers. The crosslinking polymerization and gas production reaction can come up simultaneously but often require minimum two steps with for example a post-crosslinking reaction. In the case of in-situ polymerization, a complex reactive medium should be set up with a mixture of monomers, foaming agent, catalyst, fillers... From this reactive medium, different polymerization mechanisms can occurred as for example polyadditions (polyurethane, polyurea…), polycondensations ( polyamide, polyimide….) and ring opening reactions (epoxy, polyoxazolidone…) [2]. This category includes also uncrosslinked foam with a mechanical behavior different from the thermoplastic one.

Thermoplastic foams (polypropylene, polystyrene, polyethylene...) are obtained by dissolution of a gas in a melted polymer under pressure. In chemical foaming, this gas is produced by the degradation/chemical reaction of a foaming agent (example of polyurethane foam). Regarding the physical foaming, the gas is directly introduced into the polymer with specific equipment able to inject gas into the melt stream. The use of chemical blowing agent is preferred to produce high density foams (over 700 kg.m -3 ) while physical foaming agent is selected for low-density foams (under 200 kg.m -3 ). The choice depends on the targeted end-use application of the product [1].

b. Morphology: type of porosity

The porosity is "closed" if the matrix is a continuous phase and the different pores are isolated from each other's. Otherwise, the porosity is "opened" and both phases (gas and polymer) are continuous. Sometimes, foams mixed the two types of porosity and have a structure called "open-closed" porosity. Closed-cell foams are rigid materials with good insulation properties while open-cell foams are particularly useful as absorbent (sound, impurities...).

Figure 75: SEM of (a) closed porosity and (b) opened porosity [3]

According to the average cell size, foams are named as follows:

• Macrocellular (> 100 μm),

• Microcellular (1-100 μm),

• Ultramicrocellular (0.1-1 μm) • Nanocellular (0.1-100 nm).

c. Density

The foam density is particularly important because it defines the future application field. Foams are classified in four groups depending on the value of the expansion factor (Φ) [4]:

• High density if Φ < 4. • Medium density with 4 < Φ < 10 • Low density with 10 < Φ < 40 • Very low density with Φ > 4 (2)
Where d foam , is the polymer foam density measured and d bulk , is the density of the unfoamed polymer. 

d. Mechanical behavior

Depending on the chemical nature (rigidity of the polymer) and the morphology (pore size and nature), foams have different mechanical and thermal properties. Based on their glass transition temperature and the mechanical properties, foams are classified as rigid, semi-rigid, flexible or semi-flexible. In this way, rigid foams have a glass transition temperature higher than room temperature and an elastic modulus higher than 700 MPa. For flexible foams, the elastic modulus is lower than 70 MPa [5]. Rigid foams are commonly used for building insulation, packaging and transport while flexible foams are employed in the textile industry, for phonic insulation and to manufacture sporting equipment [6].

IV.3. Chemical Blowing Agent (CBA)

A chemical foaming agent is a solid or liquid which produces gas by reaction or decomposition. Through this definition, we understand that the decomposition temperature of the chemical compound have to be close to the melting temperature of the polymer. Usually, foams obtained with a chemical blowing agent have a limited number of large cells (10 6 -10 7 cells.cm -3 ).

As for the physical foaming agent, a crucial characteristic is the solubility of the gas released into the polymer. This solubility follows the Henry's law:

C g = Hp g (1) 
With, C g , the gas concentration (mol.m -3 ), p g , the partial pressure of the gas (Pa) and H, the Henry's constant [mol.(m 3 .Pa) -1 ].

Tables indexing Henry's constant for each couple gas/polymer studied can be found in the literature [7]. For example, the Henry's constant of the carbon dioxide is 1.5 to 4 times higher than the one of the nitrogen. For this reason, the carbon dioxide is the most used for foaming. In fact, it is generally soluble in thermoplastics and has a low vapor pressure comparing to nitrogen. With this gas, foams are often characterized by small cells and low density. Nevertheless, for polymer matrix with high viscosity, nitrogen will be preferred. The foaming with nitrogen is efficient but difficult to control because of its high specific volume.

Chemical blowing agents are classified in two groups: exothermic and endothermic. These thermodynamic characteristics impact the kinetic and the foaming temperature. Exothermic compounds are quickly decomposed and the reaction is hard to control in a restrictive temperature range. In contrast, endothermic agents require a constant amount of energy to enable the total reaction. Commonly, endothermic foaming agents release CO 2 while exothermic foaming agents produce N 2 . Bicarbonate and carbonate salts were first used as endothermic foaming agent. Now, mixtures of sodium bicarbonate with a selected polycarboxylic acid are preferred. The exothermic foaming components are derived from hydrazine. Examples of chemical blowing agents and theirs characteristics are listed in the Table 26.

Table 26: Commercially used chemical foaming agents [8] Xu et al. [9] studied and compared the efficiency of endothermic and exothermic chemical blowing agents. In order to do this, azodicarbonamide (exothermic) and EPIcor® 882 (endothermic) were blended with polypropylene in a single screw extruder. Two different foam structures were created and came from the nature of the gas released and the different thermodynamic characteristics of the components. Indeed, the decomposition was faster for the exothermic agent. Therefore, the system reached a high saturation before the pressure drop, leading finally to a high nucleating rate. In the same conditions, the gas emitting rate of the endothermic blowing agent was too low to sursaturate efficiently the solution and the number of cells initiated was poor. Thus, the cell density was obtained at 4.8 10 5 cells.cm -3 for the EPIcor® 882 and 4.8 10 7 cells.cm -3 using the azodicarbonamide agent.

The best quantity of exothermic foaming agent added is often between 0.3 and 0.5 wt% while, for the endothermic reactive, the amount used is two times higher [10].

IV.4. Chemical foaming by reactive extrusion

Foaming polymers by extrusion using a chemical agent is poorly described in the literature [11][12][13][14] compared to the physical foaming with inert gases [15][16][17][18][19]. The use of such reactive component requires to previously study the chemical kinetics along the extruder and to control simultaneously the foaming and decomposition reactions in order to obtain the expected morphology. Indeed, each couple polymer/CBA (Chemical Blowing Agent) has to be chosen carefully because the decomposition step sometimes produces by-products responsible for the degradation of the polymer (example of water). In spite of the complexity of the chemical foaming, this method allows making various types of foams without modification of the installation and does not require specific equipment (high pressure pump, supercritical gas supply…).

IV.4.1. Thermoplastic foams

The formulation of thermoplastic foams is the most detailed in papers. An example of classical and complete study using a common chemical foaming additive in extrusion is the one of Xin et al. [12]. The aim of this paper was to analyze the foamability of blends PP/rubber with azodicarbonamide (AZDC) as CBA in a single screw extruder and to understand how the process and formulation parameters can affect the foam morphology (average cell size, cell density and void fraction). The first variable studied was the amount of rubber in the PP. The growing and stabilization steps are deeply influenced by the melt strength of the matrix. Indeed, the rheological properties of the polymer control the gas diffusion and the ripening or coalescence of cells after the growth [20][21][22][23][24][25].The addition of rubber into the PP lowered the stiffness. As a consequence, the average cell size increased due to preferential diffusion in the bigger bubbles.

However, the rubber played the role of nucleating agent promoting the nucleation step. Thus, the cell density increased from 1.2 10 6 cells.cm -3 without rubber to 2.7 10 6 cells.cm -3 with 20 wt% of rubber added. The rubber cannot be foamed so if its quantity is higher than 30 wt%, the amount of gas concentrated in the PP matrix is too high and coalescence/ripening phenomena occurred. Indeed, with 40 wt% of rubber, the cell density decreased to 1.1 10 6 cells.cm -3 . The second important parameter studied was the amount of blowing agent introduced in the blend which had noticeable impact on the foam morphology according to several papers [14,[26][27]. As explained in the literature, for a define system, there is an ideal amount of CBA to maximize the cell density and bubble size. The more the concentration of CBA is, the more amount of gas is produced. This large quantity of gas molecules promotes the nucleation step increasing the number of bubbles created. This high amount of gas available induces also bigger cells. However, if the volume of gas produced is too high, this latter could plasticize the polymer and leads to cell coalescence and structure collapse during the stabilization stage. The consequence of these degradation mechanisms is the decrease of the cell density and the formation of big and distorted bubbles as observed in Figure 76. In this precise case, the better concentration of AZDC was estimated at 0.3 phr with average cell size at 100 μm and a cell density at 2.6 10 6 cells.cm -3 . For 0.4 phr of CBA, the bubble size increased to 103 μm and the cell density dropped to 1.8 10 6 cells.cm -3 . Besides formulation parameters, the influence of the process variables was detailed in this same publication. One process parameter studied was the rotational screw speed. As explain by the theory, high screw rotating speed is often recommended to raise the melt flow and, as a result, increase the depressurization (dP) and the pressure drop rate (dP/dt) at the die exit. An important depressurization increases the number of cells per unit of volume in the sample. However, in the case of chemical foaming, a minimum residence time is required to completely decompose the foaming agent and maximize the supersaturation of the molten polymer. Increasing the screw rotating speed from 60 to 100 rpm led to higher pressure drop and thus a more efficient nucleation as the cell density was measured at 4.0 10 5 and 2.2 10 6 cells.cm -3 respectively. With this shorter residence time in the extruder, a lower amount of gas was produced. The majority of these gas molecules participated to the nucleation and not to the growth, hence the smaller average cell size obtained (from 166 to 97 μm). This observation was confirmed by Matuana et al. [11] in a study about the foaming of poly(lactic acid) (PLA) with an endothermic (Hydrocerol ® BIH40) chemical blowing agent in an extruder. This commercial foaming agent contains citric acid and releases CO 2 and water during the decomposition around 170 °C. They observed that, a too low screw speed increased considerably the residence time and a large quantity of gas can escape from the sample to the environment. On the contrary, a higher processing speed (above 40 rpm in their case) reduced the retention time leading to a partial decomposition of the chemical blowing agent as observed in Figure 77. Another option to increase this pressure drop is to modify the die shape. This parameter was not studied in the case of CBA but only in papers about physical foaming [28][29]. In a study about polypropylene foaming with supercritical CO 2 in an extruder, Park et al. [30] highlighted the impact of the die dimension on the foam morphology as, according to the theory, two direct relationships are established between the pressure drop (dP) or the pressure drop rate (dP/dt) and the die diameter (equation described in the next chapter). A smaller die diameter leads to higher dP and dP/dt values (better thermodynamic instability), favorable for the nucleation step. Through their experiments with nine dies, they demonstrated that the pressure drop rate had a major impact on the cell density while the die depressurization appeared to induce limited modifications. As an example, by increasing the pressure drop rate from 1 10 8 Pa.s -1 to 1 10 9 Pa.s -1 , the cell density was multiplied by 10. Considering the same kind of experiment but with a chemical foaming agent, another parameter should be considered: the effect of the die geometry on the retention time of the CBA, influencing its decomposition rate.

The last process variable modified in the study of Xin et al. was the die temperature. Many research teams demonstrated that the die temperature affects the melt viscosity of the polymer and thus has a noticeable impact on the final foam structure, influencing mainly the stabilization step [9,14,31]. For a temperature largely higher that the crystallization one, cells will not freeze enough quickly to avoid coalescence and sometimes foam to collapse. In this case, the preponderant mechanism is the gas loss by diffusion. On the contrary, if the temperature of the die is too close to the crystallization one, the melt polymer is quickly frozen and does not have time to expand. Too high melt strength hinders the growth step. For the blends PP/rubber, the results obtained with 3 different temperatures are listed in Table 27. A high die temperature decreases the melt strength. As a consequence, the growth rate was higher and led to bigger bubbles. In addition, during the stabilization step, the cells froze slowly and had time to merge. The cell density in the sample was decreased due to the phenomenon of cell coalescence. The literature demonstrated that some parameters have to be studied so as to improve the final foam morphology. However, despite this optimization, the properties and the morphology reached are often limited by the features of the polymer matrix. This limitation comes from the melt strength of the polymer which is often too low to prevent the gas diffusion to the environment and the coalescence phenomenon. The resulting foam has a poor cell density and big bubbles. One solution to overcome this issue is to chemically modify the polymer by chain extension or chain topology modifications. The aim of the first modification is to increase the molar mass well above those of the commercial matrices. The solution was experimented by several research teams in the case of chemical foaming [32][33][34][35][36]. The polyamide, which is the matrix of interest in this thesis, suffers from its molar mass and/or molar mass distribution limitations for foaming applications. To our knowledge, no paper described the chain extension of polyamide-6 and the correlated improvement obtained on the morphology in the case of chemical foaming. However, chemical foaming of chain-extended polymers was implemented on various others polymer matrices. As an example, Julien et al. [35] used epoxide-based chain-extender (CE) on poly(lactic acid) (PLA) foamed with Hydrocerol ® CT3108 (mixture of sodium bicarbonate and citric acid) as endothermic CBA. The chain-extender efficiency was demonstrated with viscosity measurements in solution and in the molten state. The addition of 3 wt% of CE increased the viscosity-average molar mass from 8 10 4 g.mol -1 to almost 1 6.10 5 g.mol -1 . The intrinsic viscosity increased significantly with the addition of CE as demonstrated in Figure 78. For a CE concentration below 2 wt%, a finer morphology (numerous small cells) was obtained compared to the unmodified PLA (Table 28). Indeed, this chemical modification induced a significant increase of the melt strength. As an example, at 0.1 rad.s -1 , the complex viscosity was multiplied by 100 with 3 wt% of CE.

In this case, the nucleation is predominant over the growth and smaller cells are created. Moreover, the better viscosity of the PLA prevents the gas escape and the coalescence during the stabilization step. [20] studied the classic structure modification of a linear polypropylene (L-PP) adding different amounts (2,5,10,25,50, and 75 wt%) of long-chain branching polypropylene (LCB-PP) and the consequence on the foaming behavior using azodicarbonamide as chemical blowing agent. The incorporation of the LCB-PP was performed in a co-rotating twin-screw extruder at 200 °C. The CBA was added in a static mixer at a temperature below the degradation temperature of this latter compound (200 °C). A specific foaming apparatus based on a capillary rheometer was designed. The blends were incorporated in the cylinder at 200 °C under 150 bar of pressure to keep the decomposed gas in solution. After a mixing step, the mixture was cooled down until the foaming temperature. The addition of LCB-PP, even at low concentrations, improved the number-average molar mass. For example, with 10 wt% of LCB-PP, the M n increased from 456 to 503 kg.mol -1 . The branched structures induced expected rheological behavior evolutions as this kind of structures brought strain-hardening (increase in the extensional viscosity above the linear viscoelastic curve) in uniaxial and equibiaxial elongations. The biaxial stretching mode is usually described as the main way of deformation during the bubble growth stage. Thus, strain-hardening is required to limit the rupture of the cell walls and the coalescence phenomenon. The blends investigated in the paper exhibited strain-hardening for all the strain rates and LCB-PP concentrations implemented (Figure 79). and at different strain rates (ε 0 ) [20] The better foaming behavior of samples after the introduction of branched PP was clearly demonstrated in this study. For a foaming temperature at 160 °C and with 2 wt% of CBA, the expansion ratio was found to be double adding 50 wt% of LCB-PP as the higher melt strength prevents gas loss to the environment and the rupture and collapse of cell walls. Thus, average cell diameter increased from 250 to 370 μm if 50 wt% of branched structures was added. Finally with the latter concentration, the cell density was improved by 5 10 4 cells.cm -3 . The gas escape to the environment in the case of blends with low amount of LCB-PP (< 20 wt%) induced smaller cell size.

Only one study modified polyamide-6 by chain extension but using the physical foaming process. Park et al. [34] performed the chain extension of polyamide-6 with three agents or combinations [1,1′-isophthaloyl-bis-caprolactam (IBC), 2,2′-bis(2-oxazoline) (BOZ) and an epoxy-type chain extender KL-E4370 (EP)]. The influence of this chemical modification made by reactive extrusion on the foamability was analyzed using supercritical CO 2 as physical blowing agent. By correlation of torque values and the dynamic rheological behavior, the efficiency of each modifier was quantified. It was proved that the EP agent (5 wt%) led to the highest melt strength as it can react on both amino and carboxylic acid groups. As a result, the chain extension and crosslinking point created increased the melt torque from 1 to 6 N.m after 10 min of reaction at 240 °C. In addition, the complex viscosity reached 6 10 5 Pa.s with a non-Newtonian behavior compared to 2 10 2 Pa.s for the virgin polyamide. The foaming step was performed in a batch melt equipment. The unmodified polyamide could not be foamed because of its too low melt strength. Bubbles appeared after modification with BOZ, IBC/ BOZ mixture, and EP for a wide foaming window (5-15 °C according to the CE) as the chain extension improved the rheological properties.

The EP-modified polyamide exhibited the highest expansion ratio and reach good morphology after adjusting the pressure and the temperature. As an example, for a foaming temperature of 210 °C, the average cell size decreased from 22.8 to 5.3 μm at 15 and 25 MPa respectively.

Another solution to improve the foamability and the mechanical properties of the foam is to crosslink the polymer. The tridimentional network created brings also good chemical resistance and thermal insulation, which are required qualities for several applications (construction, automotive, sport…).

IV.4.2. Crosslinked foams

Besides chemical modifications detailed in the previous section, the synthesis of covalent 3D network in a polymer matrix with multifunctional component (epoxide, isocyanate, oxazoline…) [37][38] or physical method like electron beam irradiations [39] is a good way to improve the melt viscosity and melt strength of commercial polymer matrices. As detailed previously, higher rheological properties are favorable for foaming preventing the coalescence phenomenon. The evolution of the viscosity with the crosslinking rate can be illustrated with the paper of Lopez-Gonzalez et al. [39]. This study detailed the chemical foaming with azodicarbonamide (AZDC) of high-density polyethylene (HDPE) crosslinked by electron beam irradiations. The HDPE was previously blended with AZDC in a twin screw extruder below the decomposition temperature. After being thermoformed, samples were irradiated with different doses (25, 75, 100, and 175 kGy) and foamed by immersion in a silicon bath at 229 °C. At 175 kGy, the gel content was maximized at around 65 %. This sample exhibited the higher extensional viscosity (38 times the one of the HDPE irradiated with 25 kGy) responsible for the finer morphology confirming our previous statement about the melt viscosity role in foaming. Indeed, the better strain hardening helps hindering degradation mechanisms (coalescence phenomena, structure collapse…). As a result, the cell size decreased from 167 μm with the dose 25 kGy to 48 μm for the dose 175 kGy. The cell density was multiplied by 55.

Once more, the chemical foaming of crosslinked polymers is scarcely described in the literature compared to the physical method [37,[40][41][42][43].

Indeed, in addition to the CBA, a third crosslinker component has to be added. The challenge is high as two reactions have to be controlled and optimized simultaneously during the foaming extrusion process. To overcome this difficulty, the crosslinking reaction and the foaming process are made in minimum two steps, which is a time consuming solution. Moreover, these steps are often made in static process equipment to control the chemical reactions kinetics. As a result, the extrusion process is barely used for the foaming of crosslinked matrix.

In the literature, the chemical foaming of crosslinked polymers was mainly detailed on polyolefin [9,38,44]. Raszkowska-kaczor et al. [38] developed fire-resistant crosslinked foams. The chemical blowing agent was the classical azodicarbonamide and the crosslinking agent was dicumyl peroxide (DCP). Antioxidant (Irganox PS 802 FL) and flame retardant compounds (organophosphorus chemicals) were also added to the formulation. The foam was made in four steps. In the first step, all the reactive components were mixed in a static mixer. Then, an extrusion stage was necessary to produce pellets below the crosslinking temperature. The crosslinking reaction was realized in an oven and foaming in an oil bath at 225 °C. This paper did not give any information on the foam morphology according to the crosslinking rate. However, with the protocol established, we understand well the complexity and the drawbacks of this multi-step process [39]. Some research teams managed to simplify the chemical and foaming process using mainly two or three steps [44,45]. As an example, Zakaria et al. [44] used the same CBA and crosslinker on low-density polyethylene matrix (LDPE). The first step was a blending stage using heated two-roll mill where the components were added successively. The second was the foaming stage by compression molding under 1400 kPa of pressure during 2 minutes at different temperatures (165, 175, and 185 °C). The crosslinking reaction was followed by gel content measurements. The efficiency of this reaction was demonstrated as the gel content increased from 0 to 80 % for 0.5 phr and 90 % for 1.5 phr of DCP added. This higher crosslinking rate restricted the foam expansion resulting in smaller bubbles: 250 μm for 0.5 phr to 180 μm for 1.5 phr of crosslinker (Figure 80). This finer morphology led to higher relative density (0.07 for 0.5 phr and 0.10 for 1.5 phr of DCP). [44] As in the previous part ("thermoplastic foams"), the study of Zakaria et al. also highlighted the importance of the process temperature and the blowing agent concentration on the relative density and the final foam morphology. In the specific case of crosslinked foam, a higher temperature slightly decreased the cell size as the crosslinking rate was boosted. Indeed, the cell size was measured at around 240 μm at 165 °C and 210 μm at 185 °C. In the same way, the relative density decreased by 0.028 for the same foaming temperature.

The second advantage of synthetizing a crosslinked network into the polymer is to improve the mechanical and thermal properties of the resulting foam. In the same study, foams with higher degree of cure exhibited a higher elastic modulus (initial slope) and compression stress at all strains (Figure 81). The crosslinking rate did not affect the energy absorption ability of the sample. To our knowledge, the paper of Xu el al. [9] is the only study describing the simultaneaous crosslinking and foaming of polymers in an extruder. The paper dealt with polypropylene (PP) foaming in a single screw. Five formulations and processing parameters (PP melt flow rate, CBA type, crosslinking agent, screw speed and die temperature) were varied to study their influence on the crosslinked foam morphology. In conjunction with the paper of Zakaria et al., Xu et al. demonstrated that several parameters affect the resulting foam morphology. First, PP matrices with three different melt flow rates 10 g.10 min -1 , 2.5 g.10 min -1 , and 0.45 g.10 min -1 (ASTM D 11238, 230 °C/2.16 kg) were tested. By decreasing the melt flow rate from 10 to 0.45 g.10 min -1 , the cell density was multiplied by 1000 and the cell size was divided by 8. As detailed previously, a polymer with a higher melt strength leads to a finer structure as it helps to control both the growth and stabilization stages.

Finally, as Zakaria et al. demonstrated, the addition of crosslinking agent appeared to be a good solution to counteract the poor melt strength of the unmodified polypropylene. Here, only 0.06 wt% of dicumylperoxide (DCP) and divinylbenzene (crosslinking agent and crosslinking accelerator) were combined with an exothermic foaming agent (azodicarbonamide). While the virgin PP exhibited large cells resulting from coalescence, the crosslinked PP gave a foam with a low density (0.11 g.cm -3 ), small and uniform cell size (around 70 μm) but also a high cell density (1 10 6 cells.cm -3 ).

In addition to these formulation criteria, three process parameters have to be optimized during the extrusion process to improve the foamability. In an extruder, the screw rotational speed influences the residence time which induces higher die pressure. This latter value should be maximized to improve the pressure drop (dP) and pressure drop rate (dP/dt) at the die exit and then promote the nucleation of numerous cells. However, a minimum retention time is necessary to decompose a high quantity of chemical blowing agent and release enough gas to sursaturate efficiently the polymer. In this precise case where the foaming and crosslinking are simultaneous, increase the rotational screw speed could influence the crosslinking rate due to the lower residence time and the higher shear rate. The second primordial processing parameter is the die temperature for which there is also an optimal value. Indeed, a too high temperature lowers the polymer viscosity promoting gas escape to the environment and coalescence phenomena during the stabilization step. On the contrary, a too high melt strength value prevents the extensional deformation which occurs during the cell growth. For a too low die temperature (close to the crystallization temperature), the structure is quickly frozen before the maximal expansion. Finally, the dP and dP/dt values can be increased changing the die shape and die dimension. In the same publication, a filament die led to foams with a lower density and a higher foaming ratio compared to a rod die. The density decreased from 0.53 g.cm -3 to 0.31 g.cm -3 . Both foams are represented in Figure 82. Another example of crosslinked foam synthesis was exposed by Liu et al. [46]. In this latter paper, silanes were grafted onto the PP chain in a twin-screw extruder. The modified polymer was then crosslinked in hot water (90 °C) for 6 hours, so as to improve the melt strength of the polypropylene. The foaming was realized by compression molding with azodicarbonamide as blowing agent. The benzoyl peroxide (BPO) was chosen as initiator and styrene as assisted crosslinking agent. The gel fraction increased with the BPO content and the vinyl trimethoxysilane (VTMS) concentration reaching 40 % for 0.72 phr and 5 phr respectively. The initiator produces reactive sites necessary for the crosslinking. The more VTMS monomer is, the more crosslinking points are created. The melt strength (here tension strength at high temperature) was improved from 0.08 MPa for the virgin PP to 0.32 MPa for the blends with 4 phr of monomer and 0.72 phr of BPO (around 33 % of gel content). This better stretching resistance provided by the 3D crosslinked network prevented the rupture and coalescence of cell walls leading to a better foamability (Figure 83). AZDC prepared by compression molding [46] Once more, the mechanical properties were found to be better for the silane crosslinked PP (gel content around 40 %) compared to the unmodified PP. Thus, the tensile strength, flexural strength, and notch impact strength were enhanced by 3.4 MPa, 11.5 MPa and 6.1 kJ.m -2 respectively. The 3D network synthetized was able to absorb a higher quantity of energy compared to the linear PP.

As for the formulation of thermoplastic foams, many parameters have to be modified in order to understand their influence on the foam morphology. Regarding the process parameters; the die temperature, the rotational screw speed and the die dimension appear to be the most important. The polymers melt strength, the CBA nature/concentration and the type of crosslinker are the formulation characteristics primordial to determine so as to obtain the finer structure possible. 

IV.5. Conclusions

The present bibliography defined the general terms (definition, classification…) regarding the foaming science and detailed the different types of chemical foaming agents usually selected. In the case of thermoplastic foams made with the chemical foaming process by extrusion, different studies were detailed. From these papers, it was possible to highlight the influence of several parameters on the morphological aspect of the foams. As formulation parameters, the CBA amount and the viscosity of the polymer have to be carefully controlled. As process parameters, the die shape/temperature and the rotational screw speed affect noticeably the structure of the foam and therefore should be optimized.

In spite of this optimization, the bibliographic research demonstrated that most polycondensate commercial polymers have a poor foamability because of its limited molar mass and thus rheological properties. Chemical modifications are critical to reach reasonable melt strength and prevent degradation phenomena (coalescence, ripening, structure collapse…).The chemical chain extension is the most encountered in the literature. After chemical chain extension, the foamed samples exhibited finer morphology (higher cell density and smaller bubbles). Another interesting option is to previously crosslink the polymer matrix before the foaming stage. The advantage of this approach is, in addition to improve the foamability, to synthetize foams with better stiffness and good resistance to chemical agents and high temperature. However, the polymer modifications and chemical foaming are two reactions that have to be perfectly controlled. For that reason, these reactions often require different steps and a time-consuming process. For each step, numerous process parameters have to be controlled and accurately selected.

V.1. Introduction

Polymer foams synthesis and processing have been stepped up considerably since the mid-20th century as the foamed material's performance/weight ratio is a good compromise for many applications.

Demands for polymer foams increase continuously and the applications are even wider due to the large spectrum of advantages such as thermal resistance, structural performances, dielectric properties…Foamed polymers have become indispensable in current daily life. As a consequence, various process systems have been implemented for foam mass production. Specifically, continuous industrial techniques such as extrusion have been developed to process a variety of foamed products. Two kinds of foams can be produced using these processes: chemical and physical foams. The chemical foaming, which is the technique of interest in this study, uses reactive components able to release gas either due to chemical reaction or thermal decomposition. Most Chemical Blowing Agents (CBAs) produce inert gases such as nitrogen (N 2 ) or carbon dioxide (CO 2 ) [1]. This process of foaming in extruder is described in several publications mainly on polyolefins [2][3][4]. From these studies, it is possible to highlight some formulation and process parameters to be optimized in order to obtain the finer structure possible (high cell density, small cells and narrow distribution). The main parameters affecting the morphology are: CBA type and concentration [1,[5][6][7], polymer nature and properties [8][9], die temperature and dimension [3,7,[10][11] and the rotational screw speed [1,3,12,13].

Despite these optimizations, the properties of the foams (particularly the density and mechanical properties) are limited by the low melt-viscosity of many commercial polymer matrices. Indeed, the melt strength must be low enough to allow cell formation and growth but high enough to prevent cell coalescence. To overcome this issue, two main solutions were proposed. The first one is to use chain extender (CE) on commercial polymer matrices in order to increase as much as possible the molar mass. This chemical modification on polyamide by reactive extrusion was, for example, studied by Park et al. [13] using three types of chain extenders: 1,1′-isophthaloyl-bis-caprolactam (IBC), 2,2′-bis(2-oxazoline) (BOZ), an epoxy-type chain extender KL-E4370 (EP) and their combinations. Following the melt torque at 240 °C, they confirmed the chain extension of polyamide-6 which is more efficient with the EP, able to react on both carboxylic acid/ amino groups and to crosslinked polyamide-6. From the dynamic rheological measurements, the EP-PA-6 complex viscosity was greatly improved and the tan δ was lower (around 1), which indicated an elastic behavior. This sample was more prone to present numerous closed cells which led to a density of 2 10 9 cells.cm -3 and an average cell size around 25 μm with supercritical CO 2 as the blowing agent. To our knowledge, no chain extension of polyamide was realized for chemical foaming.

The influence of an epoxide-based chain extender on chemical foaming was analyzed by Julien et al. [3] on poly(lactic acid) (PLA) using the commercial Hydrocerol ® (mixture of both organic and inorganic foaming substances like citric acid and sodium bicarbonate) as endothermic chemical foaming agent. Once again, the chain extension efficiency was confirmed by viscosimetry measurements in solution and in the molten state. For example, the complex viscosity was improved by two decades for 3 wt% of CE. The finer cell structure was obtained with 2 wt% of CE. After this chemical modification, the higher molar mass and viscosity hindered the growth step and coalescence phenomena leading to high cell density and small cells. The cell density increased from 7 10 5 to 3 10 6 cells.cm -3 and the average cell size decreased from 106 to 64 μm.

The second solution to improve the melt strength of a polymer is to use a crosslinker. This solution is poorly detailed in the literature [7,14]. Zakaria et al. [14] studied the influence of a crosslinking agent [Dicumyl peroxide (DCP)] on the foaming of low-density polyethylene (LDPE) with azodicarbonamide (AZDC) as CBA. The crosslinking step was made by melt mixing in a two-roll mill and the foaming was realized in a second step by compression molding. The relative density and gel content of samples increased gradually (from 0.07 to 0.10 for 0 to 80 % respectively) with the addition of DCP between 0.5 and 1.5 phr. Indeed, the high melt viscosity restricts the growth leading to smaller cells from 250 μm with 0.5 phr of DCP to less than 200 μm with 1.5 phr. In addition, a higher crosslinking rate stabilized the system to create more uniform bubbles. Crosslinked polyamide foam made by chemical foaming process was not reported in scientific papers. Only one patent dealt with the synthesis of thermoset polyamide foams [15]. This patent was built on the well-known foaming process for the flexible polyurethane foams. Here, the polyamide was synthetized by reaction between polyisocyanate and polycarboxylic with phosphine oxide as a catalyst in a high-pressure foaming machine at 80 °C. A by-product of this reaction is the foaming gas CO 2 . This process required the prior synthesis of the polyester polycarboxylic acid in a specific vessel at 230 °C. Then, the final mixture was made in a high-pressure foaming machine and directly injected into a mold. As crosslinking and foaming are very difficult to control through the use of a one continuous process, minimum two steps are often carried out successively. As a last example, we can mention the commercial crosslinked polyamide foam named Zotek N ® [16]. The first step is a partial crosslinking of polyamide-6 in extrusion. The modified polymer is then transferred in a mold and foamed in an autoclave at high temperature (250 °C) and pressure (670 bars) to dissolve the nitrogen gas into the molecular structure. The Zotek N ® NB50 cell size was estimated between 150 and 210 μm and the density at 7.4 10 6 cells.cm -3 .

The objective of the present study was thus to focus on the simultaneous crosslinking and foaming of a copolyamide-66/6 using a bifunctional alkoxysilane agent. The chemical mechanism from NMR investigations using model molecules is determined. In a second part, correlations between the process parameters and the resulting foam morphology are detailed.

In particular, the impact of the die temperature and diameters, the screw rotation speed, the residence time of the reagent, the additive flow rate and the addition of nucleating agent is investigated in details.

V.2. Materials and formulations

V.2.1. Materials

The matrix used for this study was a copolyamide-66/6 (97/3 : wt%/wt%), copoPA, with the reference Stabamid 25 RS5 S2 ® provided by Solvay group. The number-average molar mass was found to be 15 800 g.mol -1 by using a size exclusion chromatography in hexafluoropropan-2-ol (HFIP) and with poly(methyl methacrylate) (PMMA) as a standard. The proportion of the chain end-groups was estimated to [COOH] = 81 meq.kg -1 and [NH 2 ] = 46 meq.kg -1 by potentiometric back titration. Chain end-groups titration on copoPA gave the real molar mass at 15 810 g.mol -1 . Prior to use, the polymer pellets were dried under vacuum at 80 °C for 24 h. To determine in details the chemical mechanism, a model reaction was carried out using the 6-(6-aminohexanoylamino)hexanoic acid to mimic both the acid and amino polyamide terminal functions. It was supplied by Angene Company in powder form. Its molar mass is 244 g.mol -1 . For some experiments, the 1-butylimidazole provided by Sigma Aldrich was used to model the 2-imidazoline ring reactivity. Its molar mass and boiling point are 124 g.mol -1 and 115 °C respectively.

The hydrophilic fumed Silica Aerosil 200 ® was chosen as nucleating agent and kindly supplied by Evonik. A specific surface area of 200 ± 25 m 2 .g -1 was given by the supplier. Nucleating agent (wt%) blended with the polymer pellets 0, 1 and 3

V.2.2. Samples preparation
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From the stress-strain curve obtained, the compressive stress at 25 % of strain (σ 25% ) was recorded and the compressive modulus (E) was determined from the slope of the curve. A minimum of five replicates of each sample were tested. The samples were previously dried for 24 h under vacuum at 80 °C.

V.4. Results and discussion

V.4.1. Chemical mechanisms

As SIN is an organosilane precursor with two reactive functions chosen to play the role of crosslinker and chemical foaming agent at the same time, several species can be created in the reaction medium as described in Figure 86. The crosslinking is possible regarding both reactive groups. In presence of water in acidic and basic conditions the 2-imidazoline ring opening lead to the formation of amino groups as described in the review of Wafts [18]. Research teams [18][19][20][21] was not always agree regarding the mechanism (preliminary protonation of the nitrogen atom of the 2-imidazoline ring or not) but reached an agreement to conclude the formation of two products stemming from the scission of the chemical bonds between position 1 and 2 or 2 and 3 to create the formamide function. Then, in our conditions, the new amino groups consequently generated are able to react on the carboxylic functions of the copoPA.

R: Et, H or Si

On the other hand, the ethoxysilane can be hydrolyzed and condensed to create siloxane bonds. This reaction releases ethanol responsible for the foaming.

Based on these observations, to prove the reactivity of SIN, the ring opening reaction of the imidazoline cycle and the hydrolysis-condensation reactions were studied successively, for the first one, on a model compound reactional media and, for the second one, on final polyamide foams by liquid NMR and GC/MS analyses.

a. Imidazoline ring opening reaction

To study the reactivity of the 2-imidazoline group by liquid NMR, it was imperative to avoid the formation of a crosslinked network induced by the concomitant reaction of the alkoxysilane. So, the commercial 1-butylimidazole was used as a model compound to show the ring opening and the possible reactivity of the resulting amino groups towards acid functions in our processing conditions. It was thus mixed with a model molecule of polyamide in equimolar quantity at 245 °C in a mini reactor stirred at 100 rpm for 15 min. The 1-butylimidazole has an additional double bond compared to the SIN ring which can be responsible for its lower reactivity/better stability due to delocalized electrons on the conjugated system. According to the literature [22][23], the 1-butylimidazole is expected to react in the same way as imidazoline ring under our experimental conditions (Figure 87).

Figure 87: Expected ring opening reaction of the 1-butylimidazole reagent in presence of water

The reaction between the polyamide model and the 1-butylimidazole was investigated by liquid NMR spectroscopy. The 1 H NMR spectrum of the reactive medium is represented Figure 88 and compared to those of the polyamide model and the initial 1-butylimidazole. If our hypothetical mechanism (Figure 87) is verified, the signals of the imidazole ring (f, g and e) are susceptible to be modified. In addition, a formamide function should be identified. This characteristic formamide proton was observed at 7.95 ppm on the 1 H NMR spectrum of the reactive medium represented in Figure 88. Note that, by superimposing the spectra of both reagents and the one of the reactive medium, we noticed that the polyamide model signals are shifted and some of them have different shapes (example of the signals 3, 3' or 2, 2', 4, 4' on the 1 H NMR spectrum). In addition, the amplitude of the signal 5 was considerably lower. These observations confirmed a third side reaction consisting in the polycondensation of polyamide model molecules. On the 1 H and 13 C NMR spectra, the main signals were not attributed to the polyamide model alone but to oligomers resulting from polycondensation reactions.

The secondary reactions consumed the majority of the amino and carboxylic acid functions of the polyamide model. However and in spite of the side reactions, the amino protons of the polyamide model molecule was still identifiable on the 1 H NMR spectrum. On the contrary, we noticed the disappearance of the carboxylic acid carbon (6) identified at 185 ppm on the 13 C NMR spectrum (Annex I). The chemical mechanism leading to the carboxylic acid consumption may be as follows: To conclude this part, the imidazole ring opening occurred in small quantity (≈ 10 mol%) despite the stabilization brought by the additional double bond. Furthermore, the new structure obtained seems to evidence the reaction between the carboxylic acid to generate new amide bonds. We assume that this reaction can be transposed to the carboxylic acid end-groups of the copolyamide. Indeed, the signal attributed to the carboxylic acid groups disappeared on the 1 H NMR spectrum. In addition, several new amide functions were identified on the 13 C NMR spectrum (Annex I). Noted that, three side reactions led here to the consumption of the terminal functional groups (-NH 2 and -COOH) of the polyamide model limiting the possible reaction of this latter on the imidazole opened ring. Higher reactivity is expected with the imidazoline cycle in the extruder.

Transamidification Condensation

b. Hydrolysis-condensation reactions

The hydrolysis-condensation reactions of the ethoxysilane groups during the extrusion reaction of the copolyamide with SIN were confirmed by two analyses. First, a small quantity of gas was collected near the die and analyzed by GC/MS. The mass spectrum showed that the gas was mainly composed of ethanol. Secondly, a foam sample was swollen in a mixture HFIP/CDCl 3 (80/20 : v/v) and analyzed by liquid 29 Si NMR (Figure 93). The quality of the spectrum was poor because of the small amount of SIN (around 16 wt%) and the presence of gel (lower molecular mobility) as the foam was partially crosslinked during the extrusion process. However, three major signals were identifiable and attributed to silicon involved in different condensed species T n with n Si-O-Si links. The first one, located between -65 and -70 ppm corresponded to T 3 , the second one, between -57 and -59 ppm was attributed to T 2 and the last one around -55 ppm was the T 1 units. The 29 Si NMR spectrum confirmed the partial condensation between two hydroxyl groups or between one hydroxyl group and one ethoxy as the signals of the initial product were not identifiable (-47 ppm) anymore [24][25]. To conclude from these analyses, it is possible to propose a reactional mechanism responsible for the creation of the crosslinked polymer foams. Imidazole ring opening reaction leads to the formation of at least formamide and amine functions able to react with the polyamide carboxylic acid end-groups of the copoPA.

Alkoxysilane hydrolysis-condensation reactions create siloxane bonds and release ethanol as blowing agent.

V.4.2. Influence of process and formulation parameters on chemical foaming of copolyamide-66/6

The aim of this part is devoted to the optimization of the foam morphology modifying the process and formulation parameters. Temperature, screw speed, residence time and die diameter were studied as operating conditions. Additive flow and nucleating agent were investigated as material parameters. The influence of these factors on the foam morphology, as the porosity and the cellular structures is detailed. A relation with the chemical aspects through the insoluble fraction measurement is also presented. If no indication is given on the processing parameters, classical conditions were set: 

a. Temperature

The foaming temperature is one of the most influential parameters as it affects largely the final cell dimension and density obtained with the eq (1). For each system, an optimal temperature has to be found [26][27][28]. Naguib et al. [29] studied the foaming of polypropylene with n-butane and established that the final expansion of the foam is determined by two phenomena: the loss of foaming agent through the cell walls and the crystallization of the polymer at a defined temperature. At high temperature, the gas diffusivity is important. In addition, the polymer viscosity decreases improving the expansion. The foam develops cells with thin walls, which increases the rate of gas escape between cells and to the environment. The resulting foam expansion is low as the gas volume available for the growing step is not sufficient. Moreover, coalescence and cells shrinking occur if the foam structure freezing is too low (temperature very distant from the crystallization temperature). The impact of the temperature was evaluated with our system. Thus, the temperature at L/D = 55 and 60 + die of the extruder were studied at 250, 260, 270 and 285 °C respectively.

For both extreme temperatures (250 and 285 °C) no bubbles was observed in our sample in accordance with the literature [27][28][29]. Only the choice of temperature equal to 260 and 270 °C allowed us to obtain foamed samples, evidencing a very narrow efficient temperature range for our reactional medium. As illustrated in Table 30, at 270 °C, a good balance was found between the melt viscosity and the gas diffusion as the foam obtained in those conditions had the lower density and the higher expansion volume. The sample made at 260 °C presented a poor porosity with few small cells explaining the high density and low expansion volume. This porosity obtained at 270 °C was probably due to the higher melt viscosity (torque inside the extruder increased by 10 % and the die pressure by 2 bars), which prevented the foam expansion. Indeed, the copoPA melt viscosity varies notably with the temperature as its activation energy was calculated at 52 kJ.mol -1 between 260 and 290 °C. As a result, the small bubbles could not grow and tend to shrink. However, the range of temperature used for these experiments did not lead to noticeable modification regarding the reaction advancement, as the insoluble fraction [calculated with eq (2)] was approximately constant (Table 30). The Dv and Dn were not calculated for the foam made at 260 °C as the cell density was too small.

b. Extruder screw rotational speed

In the literature, a high screw speed is often recommended to produce foams with a fine structure in single and twin-screw extruder [7,12]. Indeed, a high screw speed provides an important shear rate and a good homogenization along the screw promoting the nucleation of numerous small cells. However, a too fast rotational screw speed can have negative impacts. In the case of a chemical foaming agent, a minimal reaction time is necessary to produce enough gas and sursaturate the polymer. This observation was made by Matuana et al. [28] in a study about foaming of poly(lactic acid) (PLA) with an endothermic chemical foaming agent in a single screw extruder. They observed that a too low screw speed (between 20 and 40 rpm) increased considerably the residence time and a large quantity of gas can escape from the sample to the environment. On the contrary, a high processing speed (above 40 rpm in their case) reduced the retention time leading to a partial decomposition of the chemical blowing agent. Another problem can be local overheating leading to a decrease in viscosity and finally cell coalescence phenomena [12,30,31].

In our case, the screw speed was classically set at 200 rpm. However, foam was elaborated with a rotational screw speed increased to 500 rpm in order to study the consequences of this parameter on the foam characteristics. The others parameters were kept constant as in the previous section and the temperature was set at 270 °C.

First, as described in the Table 31, the foam density and the volume expansion were measured for both screw rotation speeds. The foam made with a rotational speed of 500 rpm was denser than the one obtained with the speed of 200 rpm. The volume expansion was also affected. These observations are in agreement with the insoluble fraction, which increased by 10 wt% at 500 rpm due to the higher shear rate and the local overheating (temperature increased by 5-7 °C), despite the decrease of the mean residence time of the polymer in the extruder (from around 80 s to 60 s). The local drastic conditions boost the reaction and balance the lower reaction time. As a second consequence of the higher melt strength induced by increasing the screw speed, the foam presented a broad range of cell sizes with a polydispersity of 10 (Figure 94 and Table 31) while a bubble polydispersity of 2 was calculated for the foam extruded at lower rotational screw speed. Finally, at 200 rpm, the number-average diameter [calculated with eq (4)] was half that obtained at 500 rpm. This result proves that a higher rotational screw speed favors the crosslinking reactions leading to higher viscosity of the melt and higher quantity of gas produced. It was not possible to monitor the evolution of the viscosity with the insoluble fraction in a rheometer as the sample foamed at high temperature. With the higher amount of gas available and the higher melt strength, the cell growth was not homogeneous leading to a wide cell size distribution and a large structure.

c. Reaction time

To modify the reaction time, the foaming additive was injected at L/D = 52.5 and 17.5 of the extruder respectively. Others parameters were unchanged. First, a longer reaction time tended to increase the insoluble fraction (from 20 to 60 wt% with a retention time from 20 to 80 s respectively). Therefore, as already discussed above, a higher insoluble fraction led to an increase of the molten viscosity and finally to an inhomogeneous bubble morphology (Figure 95). With 60 wt% of insoluble fraction (Table 32), the expansion was difficult and slow. As a consequence, the first nucleated bubbles had time to growth while the later ones quickly freezed and remained small. 

d. Die diameter

The importance of the die dimension on the final structure of the foam was scarcely detailed in the literature [32][33].

A direct link between the diameter/length of the die and the pressure drop/pressure drop rate [dP and (dP/dt)] was established for physical foaming. Foaming with CO 2 , Park et al. [32] demonstrated that an increase of the pressure drop rate promotes the number of cells.cm -3 . But to our knowledge, no paper dealt with the influence of the die dimension on the morphology of foams using a chemical blowing agent. In our case, two die diameters were tested: 1 and 3 mm. With a die diameter 1.5 times smaller, the extruder wall shear was higher and dP was increased by 18-20 bars. For a constant flow, a smaller die diameter decreases the residence time inside the die. Consequently, the depressurization rate dP/dt surges and should increase the number of cells per volume unit in the sample leading to a finer structure as described in the following theoretical equation [33][34]: (6) Where R, is the die radius (m), Q, the melt flow rate (kg.s -1 ), k, the consistency and , the shear thinning index. Both parameters k and n were obtained using equation ( 7). (7) The power law parameters of the virgin copoPA without SIN were determined to be k p = 314 and n = 0.65. Then, the depressurization rate for the different die diameters were calculated using eq (6) and the results are listed in Table 33. With the theoretical calculations, we confirmed the increase of dP/dt using smaller die diameters. As a consequence, by multiplying the depressurization rate by around 40, the cell density was multiplied by 10. However, drastic conditions occurring for a small die diameter were responsible for the increase of the insoluble fraction (Table 33). As a consequence, it is not possible to give one explanation to this evolution. Actually, in our system, the cell density improvement can result from the correlation of a larger amount of gas produced, a higher insoluble fraction and a better dP and (dP/dt).

In addition to the large number of bubbles, the use of a 1 mm diameter die led to smaller cells as shown in Figure 96.

For this foam, the majority of the cell diameters were below 300 μm, hence the higher density observed in Table 33. In addition, the use of a small die diameter induced a broader cell size distribution (polydispersity of 4 for 1 mm and 2 for 3 mm). 

e. SIN flow rate

The SIN flow rate inside the extruder was set in order to introduce from 2 to 16 wt% of SIN in the copolyamide while all other parameters remained constant.

The increase of the amount of SIN in the blend had two opposite effects on the foam morphology:

-A large amount of SIN plasticizes the polymer matrix. A lower viscosity promotes the diffusivity of the gas and coalescence phenomena. As a consequence, for higher concentrations of SIN (8 and 16 wt%), foams should have very few and large cells.

-In the same time, higher concentrations of SIN enhance the crosslinking reactions and the insoluble fraction of the blend as shown in Table 34. This insoluble fraction, as observed previously, should increase the melt strength of the formulation and hinder cells merging. However, based on the data reported in Table 34, the plasticization phenomenon induced by the additive was predominant. On the contrary, the insoluble fraction obtained by injection of 2 wt% of SIN was negligible. The better foam morphology was obtained for small percentage of SIN added. Indeed, the cell density was measured at 2.5 10 4 cells.cm -3 for 2 wt% of SIN and then decreased gradually to 1 10 3 cells.cm -3 for 16 wt%. For the smaller concentration, the numerous small bubbles induced a moderate foam density at 0.36. The cell size polydispersity was comparable for 2 and 4 wt% of SIN. The lower density was obtained for the foam with 4 wt% of SIN.

However, for this latter concentration, the number of cells.cm -3 was not maximal. A compromise has to be found between the cell density and the material density. Similar observations between the average cell density and the chemical blowing agent (CBA) content was found by Liu et al. [5] in their study about the chemical foaming of poly(lactic acid)/soy protein blends. The cell density increased until a maximum (2 10 4 cells.cm -3 ) for 2 wt% of CBA and then dropped down to 8 10 3 cells.cm -3 for 3 wt% added. Thus, they proved that a minimum of gas is necessary to maximize the nucleation. If the concentration of gas is too important, rupture and coalescence of cells appear.

The good volume expansion of these samples allowed us to test their mechanical properties under compression. The results obtained are reported in the Table 35. ) were obtained for the foam containing numerous small cells and with a moderate density that is to say with 2 wt% of SIN. The compression properties of foams depend on their density and cell morphology. To avoid the density dependence, the properties in compression were normalized by the foam density.

As a result, finer morphology (sample with 2 wt% of SIN) is preferred to improve the mechanical properties. The foams had a reasonable resilience after 30 minutes of waiting time.

So, at this stage, the best morphology (cell size and density) and mechanical properties in compression was obtained setting the following parameters: The die diameter is not included in the choice of parameters as the sample made with the 1 mm die diameter had a good morphology but a too small volume expansion to be properly cut and tested by compression.

f. Addition of nucleating agent

The use of inorganic particles as nucleating agents to improve the cell morphology of polymeric foams has been studied for decades. This insoluble small particles added in the polymer matrix involve heterogeneous nucleation. Small solid inorganic particles are often dispersed in the polymer matrix to provide heterogeneous nucleation sites and control the cell density and/or the bubble size distribution in the final foam. This latter should have uniform size, shape, and surface properties but no more information is known to choose the best nucleation agent for a particular polymer matrix. Their industrial use is largely governed by experience. The most frequently studied in the literature are: talc [35][36][37], silica [36 37], calcium carbonate [26] and organic nanoclays [17,[38][39][40][41]. In view of these studies hydrophilic silica particles as nucleating agent were chosen for our system. Three concentrations of silica from 0.5 to 3 wt% were implemented, and for each amount, the final morphology of the foam was analyzed. In this part, the SIN concentration was set at 4 wt%. We clearly observed that the silica had an important influence on the morphological aspects as described in the Table 36 . The best nucleating agent concentration is 1 wt% because the cell density was multiplied by 100 (from 4 10 3 to 3 10 5 cells.cm -3 ). For the optimal concentration of 1 wt%, the density of the sample is maximal at 0.36 because the bubbles are numerous and we can suppose that cells are smaller than the one of foams made with others concentrations of silica. This hypothesis was confirmed with the cell size distribution presented in Figure 97. For the foam with 1 wt% of silica, the size of the bubbles was measured mostly below 100 μm while, without nucleating agent, pores were between 200 to 1200 μm. All the characteristics measured demonstrate the advantage of using very small amount of silica nanoparticles as nuclei agents. The mechanical properties are in agreement with the results obtained on the morphological aspects of the foam. Once more, the best properties in compression were found for 1 wt% of silica added. The compression modulus was multiplied by 1.4 and the stress at 25 % of compression by 4. The better results with 1 wt% of silica can be explained by the uniform and fine structure of the foam. The addition of an excess of silica (> 1 wt%) induced large bubbles and defects in the matrix leading to the compression properties degradations. With our system, a good compromise could be found between the morphology and the properties in compression selecting the following parameters: A last experiment was realized combining all these selected parameters in order to get the best morphology. The results are reported in the Table 38. The combination of the best parameters determined in each previous paragraph allowed us to obtain foams with the highest cell density and the lowest mean cell size. The polydispersity was important as, among the small bubbles (70 % of the cell < 94 μm), some large cells were still observed (≈ 200 μm).

V.5. Conclusions

An innovative system to simultaneously crosslink and foam a copolyamide-66/6 in a twin-screw extruder was implemented in this study with a bifunctional imidazoline alkoxysilane agent. The reactivity of this component was studied by liquid NMR, partly using a model reaction. The imidazoline ring opening and the hydrolysis-condensation reactions of the alkoxysilane responsible for the production of ethanol as foaming gas were confirmed.

In a second part of the study, various processing and formulation parameters were examined so as to study their influence on the foam morphology. The experimental research led to the following conclusions: (1) the extrusion temperature has to be chosen in order to obtain a reasonable viscosity. A temperature in the narrow range between 260 and 270 °C must be chosen to obtain a foamed sample; (2) a high screw rotational speed is usually advised for a better dissolution of the gas. For our reactional system, a high rotational screw speed promoted the crosslinking reaction and induced an irregular structure. In addition, for a chemical blowing agent, a minimal residence time inside the extruder is required to produce enough gas; (3) a minimal quantity of SIN (2 wt%) is preferred to limit the plasticization of the matrix and the resulting coalescence; (4) an optimum silica nanoparticles content of 1 wt % can be used to prepare copolyamide foam with a narrow cell size distribution (majority below 94 μm) and with a higher cell density (3 10 5 cells.cm -3 ).

Conclusions and Outlooks

Lightweighting vehicle is a major concern of the automotive industry in order to reach the targeted European legislation on CO 2 emissions. Among the different proposed solutions, replacing heavy metal parts by thermoplastic or thermoset polymers is a promising option given their broad range of properties. However, compared to metals, thermoplastic matrices have some limitations regarding their thermal and mechanical properties, particularly if under-hood or load-bearing applications are considered. To target these kinds of applications, polyamide-6 is a good candidate. In this manuscript, two approaches of improvement of the polyamide properties and/or processability were proposed.

In the first part of this study, the aim was to enhance the polymer processability by extrusion or injection molding while maintaining reasonable mechanical properties. The first chapter proposed a litterature review of the polyamide-6 structure and properties, more specifically focusing on its crystalline and amorphous phase features. Then, the main chemical reactions studied by research teams to strengthen thermoplastic matrices were detailed. Amongst the developed solutions, the polymer chain elongation allowed to reach interesting mechanical properties but increased significantly the viscosity, which is a major issue for the processing step. The second modification (selected option in this work) was the synthesis of branched polymers used as additive or used as the whole matrix. The latter branched materials exhibited lower viscosity and stable mechanical performances compared to its equivalent linear structure. Such macroscopic properties evolutions were often explained by the micro and nano-structure of the material considering a 3-phase model. Thus, crystalline fraction and phase, spherulite size and crystalline/amorphous lamellae thicknesses have a noticeable influence on the mechanical properties. Similarly, the crystalline/amorphous layers dimension and composition (RAF and MAF) can affect the glass transition temperature.

In the second chapter, reactions between polyamide-6 and a polyether triamine in a twin-screw extruder were realized to create branching points by reaction of carboxylic acid groups of PA-6 and amino groups of the reagent. To achieve a better understanding of the complex structures created during the process, liquid NMR and MALDI-ToF MS analyses were implemented on model reactions and Soxhlet extracted fractions. The reaction of amidification between -COOH and -NH 2 functions was demonstrated by 1D and 2D 1 H NMR analyses with the appearance of a characteristic new signal around 4 ppm and by 1D 13 C NMR with the disappearance of the PA-6 carboxylic acid signal. MALDI-ToF mass spectrometry confirmed this reactivity on reactional media as molecules resulting from the reaction of the triamine onto the polyamide model were identified. Because of the reactive medium complexity, the exact structure created could not be identified by the different implemented analyses. However, this mechanistic study evidenced a mixture of randomly branched and linear structures. With this in mind, chains mobility in the amorphous phase was estimated through glass transition temperature measurement by DSC and DMA. A small amount of triamine (< 2 wt%) increased the T g by maximum 7 °C. An explanation was proposed to justify this mobility evolution studying in-depth the micro-and nano-structuration of materials. A thicker rigid amorphous phase might be created by accumulation of branching points at the interface with the crystalline layer. The RAF was responsible for the chain mobility restriction due to confinement effects.

At the light of these results, a deeper study of the amorphous phase mobility could be realized by dielectric spectroscopy on a broadband dielectric spectrometer as dielectric relaxations are a powerful tool to probe the molecular mobility in the amorphous phase. Polar functions of the polymer chain can respond to alternating field and molecular motions occur when its frequency equals the electric field frequency. In the same way, high resolution solid-state 13 C NMR technique can be used to calculate the cross-polarization time constant (T CH ) and the spin-lattice relaxation time in the rotating frame (T1 ρH ) using a 13 C CPMAS experiment setting different contact times (few μs to few ms). Both constants can be related to the molecular motion in the solid, as the T CH is attributed to the heteronuclear dipolar interactions while the T1 ρH characterizes the proton-proton dipolar interactions.

In a third chapter on this problematic, the same reactive extrusion process was carried out with two diamines with the same chemical nature of the previously studied triamine. Linear and branched materials synthetized with these diamines and triamine respectively were characterized (tensile test, viscosity and thermal measurements) and compared. The aim of this part was to confirm the particular influence of the branched structures on the crystalline organization and thus on some macroscopic properties. In that respect, the triamine-based formulations exhibited noticeable higher T g , mechanical properties improvement and lower viscosity. On the contrary, introduction of diamine induced a reduction of the T g and the viscosity while preserving the mechanical performances. A relationship between the RAF/MAF ratio and the amorphous phase mobility was established and approves the conclusion made in the previous chapter. Similarly, amorphous and crystalline lamellae thicknesses as well as the MAF/RAF contents allowed explaining the Young's modulus and yield strength evolutions. The linear molecules synthetized in situ with diamines were not able to nano-structure the material, hence, the constant tensile properties measured.

With a view to the future on this project, it could be interesting to implement the same chemical reaction using others multifunctional additives. The potential reagents can have different chain-end functionalities as for example hydroxyl functions instead of amino groups. We also could imagine additives with more branches (4 or even 5). The branch length is a key parameter to study as it monitors the number of entanglements and consequently impacts the material properties. Knowing that this system was successfully studied in copolyester (previous thesis at IMP), it should be transpose to others thermoplastic matrices with reactive chain-end groups (polyurethanes or polycarbonates for example) in order to confirm the crystalline structure modification induced by branching points.

The second strategy proposed to value the polyamide focusing on two major issues: lightweighting and strengthening. With this in mind, the aim of this part was to synthetize copolyamide-66/6 crosslinked foams by reactive extrusion. This second part on foaming started with the fourth chapter about a short bibliographic research. First, generalities on the foaming science were defined. Then, the main chemical blowing agents commonly used in the industry were described so as to make the proper choice of the system CBA/thermoplastic matrix. Lastly, examples of studies describing chemical foaming of thermoplastic by extrusion were detailed in order to highlight the main process and formulation parameters which have to be modified to optimize the final foam morphology (cell density, cell size…). These papers stressed the poor foamability of the polycondensate commercial thermoplastic. Two solutions, coming from the literature, were retained to overcome this issue: chemical chain extensions and crosslinking reactions.

The fifth chapter was dedicated to the formulation and optimization of crosslinked foams made by a one-step reactive process using a bifunctional imidazoline alkoxysilane agent. To begin, the chemical mechanism was elucidated by liquid 1 H NMR on model reaction and liquid 29 Si NMR on the extruded foam. In light of these analyses, two reactions were identified: the imidazoline ring opening and the hydrolysis-condensation reactions of the alkoxysilane leading to the release of ethanol (foaming gas). Process and formulation parameters were tested to study their impact on the foam morphology. Some of them were found to be particularly influent. An ideal processing temperature was set between 260 and 270 °C. An intermediate rotational screw speed was advised to have a sufficient residence time without boosting too much the formation of the 3D network. The ideal amount of CBA was fixed at 2 wt% to produce enough gas limiting plasticization phenomena. Silica nanoparticules appeared to be efficient nucleating agents which multiplied the cell density by 100 and decreased significantly the cell size. As a result of these optimization steps, crosslinked copolyamide-66/6 foam with cell size below 94 μm and a good cell density (3.10 5 cells.cm -3 ) was produced.

Regarding the formulation of this crosslinked foam, future improvements can be explored. Among the additional parameters to be studied, the optimization of the screw profile and temperature in each zone should be realized to insure the good dissolution of the gas and favor the gas production. To this end, a static mixer could be added before the die. Moreover, a gear pump can be installed prior to the die to stabilize the flow and increase considerably the pressure drop and the pressure drop rate. Consequently, the nucleation step should be promoted. Finally, to target precise applications, the thermal and phonic insulation properties of the crosslinked foam could be estimated.
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 1 Figure 1: Chemical structure of polyamide-6

Figure 3 :

 3 Figure 3: Quantitative analysis of the NH 2 groups versus the CBC concentration (wt%) in the formulation after different residence times in the rheometer (○) 0 min, (▲) 3 minand (■) 13 min at 260 °C[1] 

Figure 4 :

 4 Figure 4: Apparent viscosities for residence time of 3 and 13 minutes, for the formulations containing 0 (PA-2.7) to 0.4 %wt of CBC at 260 °C [1]
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 56 Figure 5: Two-steps addition reaction of carboxylic acid groups and bisoxazoline
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 7 Figure 7: Number-average molar mass versus the residence time for both screw profile s at 230 °C (equal ratio PA-12/MPBO)[10] 
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 11 Figure 11: Chemical structures of (a) the diepoxide TDE-85 and (b) the diepoxide 711
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 13 Figure 13: Molecular structure of DEP
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 14 Figure 14: Relative viscosity and melt flow index (235 °C and 0.325 kg load) for linearand branched PA[27] 

Figure 15 :

 15 Figure 15: Mechanical properties of star-branched PA with different molar masses(lower SP-1 and higher SP-5) and a linear nylon-6 (LPA)[27] 

Figure 16 :

 16 Figure 16: Chemical structure of the commercial Hybrane ® S1200

Figure 17 :

 17 Figure 17: Tensile strength and breaking elongation of PA-6/P-HBPA blends withdifferent P-HBPA contents[34] 

Figure 18 :

 18 Figure 18: Repeating unit of the hyperbranched poly(etheramide)(P1)

Figure 19 :

 19 Figure 19: Complex viscosity η* vs. frequency of P1 (hyperbranched polymer), PA-6and the blends (T = 250 °C)[32] 

Figure 21 :

 21 Figure 21: XRD pattern with deconvolution to discriminate the different crystallinephases of a polyamide[50] 

Figure 24 :

 24 Figure 24: Representation of a 3-phase polymer with a crystalline phase, a mobile amorphous phase and a rigid amorphous phase

Figure 25 :

 25 Figure 25: Linear variation of the yield point with the square ro ot of the number of spherulites; (•) numerous small spherulites and (○) larger spherulites(crystallinity between 45 and 52 %)[START_REF] Starkweather | Effect of crystallinity on the properties of nylons[END_REF] 

Figure 26 :

 26 Figure 26: Simulation of tensile modulus values as a function of lamellae thickness fordefined degree of crystallinity[START_REF] Menyhárd | Direct correlation between modulus and the crystalline structure in isotactic polypropylene[END_REF] 

Figure 27 :

 27 Figure 27: Evolution of the yield strength (top) and Young's modulus (down) with the crystalline lamellar thickness(l c) and the amorphous lamellar thickness (l a ) for a PP[START_REF] Nitta | Influence of morphological factors on tensile properties in the preyield region of isotactic polypropylenes[END_REF] 

Figure 28 :

 28 Figure 28: Modulus versus the amorphous lamellar thickness for PE with various molarmasses: (○) M w = 40 000 g.mol -1 , (□) M w = 71 000 g.mol -1 , ( ) M w = 139 000 g.mol -1 , (∆) M w = 259 000 g.mol -1 and ( ) M w = 351 000 g.mol -1[START_REF] Kennedy | Tensile properties of crystalline polymers: linear polyethylene[END_REF] 

Figure 29 :

 29 Figure 29: Effect of temperature on the Young's modulus and on the tensile strength of polyamide-6 [69]

Figure 31 :

 31 Figure31: CCR size (ξ a ) as a function of the amorphous layers thickness (l a ) for a PTT[START_REF] Hong | Effect of rigid amorphous phase on glass transition behavior of poly(trimethylene terephthalate)[END_REF] 

Figure 32 :

 32 Figure 32: T g evolution with the CCR size (ξ a ) and the amorphous lamellae thicknessfor a poly(trimethylene terephthalate)[START_REF] Hong | Effect of rigid amorphous phase on glass transition behavior of poly(trimethylene terephthalate)[END_REF] 

Figure 34 :

 34 Figure 34: Twin-screw profile with two reverses convoying elements used for the experiments

Figure 35 :

 35 Figure 35: Chemical structure of the hexamethylenebis(hexanamide) (HMDA) molecule

H and 13 C

 13 NMR in HFIP/CDCl 3 (Annex D).

Figure 36 :

 36 Figure 36: Chemical structure of the 6-(6-aminohexanoylamino) hexanoic acid molecule (polyamide model)

First, the 1 H

 1 NMR spectra of the reagent T-403, the polyamide-6 model molecule and the reactional medium (after 15 minutes at 245 °C) in DMSO at 100 °C are compared for different NMR zones ( Figure37and Figure38).

  Figure 37: 1 H NMR spectra between 0 and 4 ppm of: (a) T-403, (b) polyamide model and (c) reactional medium in DMSO at 100 °C and after 15 minutes at 245 °C

Figure 39 :

 39 Figure 39: Structure created after the reaction of the reagent T-403 amino group and the polyamide-6 model

Figure 40 :

 40 Figure 40: Cyclization mechanism of polyamide model

∆

  Figure 41: 1 H NMR spectrum between 0 and 5 ppm of polyamide-6/T-403 Soxhlet extracted fraction in DMSO at 100 °C after reactive extrusion

  ppm * DOSY measurements were realized on the model reaction medium and the -CH 3 signal (a) of the reagent T-403 was chosen to follow the attenuation as a function of the gradient strength. As a reference, the same experiment was implemented on the non-reacted mixture of PA model and T-403 using the same ratio, concentration and conditions (temperature and parameters). Both resulting curves are represented Figure 42.

Figure 42 :

 42 Figure 42: Logarithm of the normalized signal attenuation versus the square root of gradient strength for the signal (a) in the model medium before and after reaction

Table 6 :Figure 43 :

 643 Figure 43: Example of structure resulting from the reaction of the reagent T-403 on the polyamide model through the -COOH function

  3.90 ppm similar to that obtained from the Soxhlet extracted fractions and the reaction between polyamide-6 model/ T-403. Another evidence of the transamidification was the reduction of the signals near the amine of the T-403 and the disappearance of 12 % of the HMDA amide functions. New amide functions (resulting from the transamidification) were noticeabled at 7.16 and 7.68 ppm.

Figure 44 : 1 H

 441 Figure 44 : 1 H NMR spectrum in DMSO at 100 °C (0 and 8 ppm) of the reaction medium after reaction at 245 °C for 15 min between HMDA and T-403

Figure 46 :

 46 Figure 46: Addition of one polyamide repeating unit on the reagent T-403

Table 8 :

 8 Glass transition temperatures obtained for the reactive blends PA-6/T-403 (modulated DSC)

Figure 47 :

 47 Figure 47: Tan δ versus temperature obtained by DMA analysis at 10 Hz for the reactive blends PA-6/T-403

Table 10 :FormulationsFigure 48 :

 1048 Figure 48: Melting and crystallization zones for the extruded PA-6 alone and the blends PA-6/T-403

  3 μm for the sample PA-6 + 2 %wt T-403. The T-403 reagent did not induce significant spherulite size modification.

Figure 49 :

 49 Figure 49: AFM topography images of (a) the extruded PA-6 and (b) the reactive blend PA-6/T-403 2 wt%

Figure 52 :

 52 Figure 52: Schematic representation of the RAF for a linear polymer (left) and with branching points (right)

Figure 53 :

 53 Figure 53: Optical microscope image of the microtomed surface of the blend PA-6/T-403 2 wt%

Figure 54 : 6 Figure 55 : 1 HFigure 57 :Figure 58 : 1 H

 54655157581 Figure 54: Simplified chemical structure of polyamide -6

4 Figure 59 : 1 H

 4591 Figure 59: 1 H NMR spectrum of the diamide and peak attributions

Figure 60 :

 60 Figure 60 : Chemical structure of the polyamide-6 model

Figure 61 : 1 HFigure 63 :

 61163 Figure 61: 1 H NMR spectrum (up) and 13 C NMR spectrum (down) of the polyamide model molecule and attributions in HFIP/CDCl 3 (80/20 : v/v)

  Average values obtained by 1 H NMR in CDCl 3 and MALDI-ToF MS analysesThe reagents T-403 and D-230 have the same main chain length while Jeffamines T-403 and D-400 have equivalent molar mass.
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 41 Branched structures were obtained with the triamine while linear structures were synthetized using diamine reagents.Global characterization of the reactive blends PA-6/T-403 a. Physico-chemical properties of the blends with the triamine T-403

Figure 66 :

 66 Figure 66: Optical microscopy photographs for samples obtained with (a) 0.35 mol.kg -1 and (b) 0.70 mol.kg -1 of amino groups (reagent T-403) introduced in PA-6

Figure 67 :

 67 Figure 67: Absolute complex viscosity versus frequency of PA-6 and the reactive blends for different amine concentrations of T-403 (240 °C and strain 1 %)
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Figure 69 :

 69 Figure 69: Absolute complex viscosity of the PA-6 and the reactive blends for different concentrations and nature of Jeffamines (240 °C and strain 1 %)

Figure 70 :

 70 Figure 70: WAXS patterns of the formulations with [NH 2 ] = 0.05 mol.kg -1 of T-403, D-230 and D-400

Figure 71 :

 71 Figure 71: 3D graph representation of the link between T g , %RAF and l a ([NH 2 ] = 0.05 mol.kg -1 , crystalline fraction from 32.5 to 35.2 % and l c from 32.6 to 36.1 Å)

Figure 72 :

 72 Figure 72: 3D graph representation of the link between the Young's modulus, %RAF and l c ([NH2] = 0.05 mol.kg -1 with the same χ c and l a ) for the reactive blends

Figure 73 : 1 χ

 731 Figure 73: Comparison of the nano-structures obtained after reaction with the triamine or diamines for [NH2] = 0.05 mol.kg -1

Figure 74 :

 74 Figure 74 : Microtomed surfaces observed by microscopy for the blends a) PA-6/D-400 and b) PA-6/D-230 with 0.14 mol.kg -1 of amine

Figure 76 :

 76 Figure 76: SEM micrographs of PP/Rubber (70/30 : wt%/wt%) foams with different azodicarbonamide blowing agent concentrations: (a) 0.2 phr, (b) 0.3 phr and (c) 0.4 phr[12] 

Figure 77 :

 77 Figure 77: SEM micrographs of PLA foams obtained with different rotational scre w speeds: (a) 20 rpm, (b) 40 rpm, (c) 60 rpm and (d) 120 rpm[11] 

Figure 78 :

 78 Figure 78: Complex viscosity (η*) versus the angular frequency (ω) for differentconcentrations of CE (from 0 to 3 wt%) at 180 °C and 1% strain[35] 
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 79 Figure 79: Uniaxial elongational viscosities of the blends L-PP/LCB-PP versus timeand at different strain rates (ε 0 )[20] 
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 80 Figure 80: SEM micrographs of LDPE foams crosslinked with different amounts of DCP (a) 0.5 phr, (b) 1.0 phr and (c) 1.5 phr and foamed with A ZDC[44] 
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 81 Figure 81: Stress-strain curves of LDPE foamed with different concentrations of DCP and 4 phr of AZDC[44] 

Figure 82 :

 82 Figure 82: SEM micrographs of low density polypropylene foamed with azodicarbonamide using two different die shapes (a) a rod die and (b) a filament die[9] 

Figure 83 :

 83 Figure 83: SEM images of (a) virgin PP foam (b) silane crosslinked PP foam with 3 phrAZDC prepared by compression molding[46] 

Figure 84 :

 84 Figure 84: Chemical structure of the crosslinking and foaming agent SIN

Foams

  were formulated by melt blending in a co-rotating twin-screw extruder (Leistriz LSM model, L/D = 60, D = 18 mm) with a profile shown in Figure85. The alkoxysilane precursor was added into the copolyamide in the molten state at different flow rates using an external liquid pump. The matrix was incorporated by the hopper at a fixed flow rate (3 kg.h -1 ).

Figure 85 :

 85 Figure 85: Twin-screw profile of the Leistriz LSM model with the different L/D zones
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 29 Formulation and process parameters studied during the foaming

Figure 86 :

 86 Figure 86: Chemical reactions of SIN at high temperature and in presence of water (present in copoPA or created by the alkoxysilane condensation reaction)

Figure 89 :

 89 Figure 89: Part of the structure created by imidazole ring opening reaction

Figure 90 : 1 HFigure 91 :

 90191 Figure 90: 1 H NMR spectra attributions of the reagents [(a)1-butylimidazole, (b) polyamide model] and (c) the product of reaction in HFIP/CDCl 3(80/20 : v/v) 

Figure 92 :

 92 Figure 92: Reaction scheme between the opened imidazole ring and the terminal carboxylic acid function of the polyamide model

  Figure 93: 29 Si MAS NMR spectrum of the foamed sample swollen in HFIP/CDCl 3 (80/20 : v/v)
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  Temperature (L/D = 60 and 55 + die): 270 °C, rotational screw speed: 200 rpm, die diameter: 3 mm -SIN injection point: L/D = 57.5, wt% of SIN: 4, no nucleating agentRespectively in each of the following paragraph, one of these parameters will be changed.

Figure 94 :

 94 Figure 94: Cell size distributions for foams obtained with a rotation speed at a) 200 rpm and b) 500 rpm
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 32 Characteristics of extruded foams for two SIN injection points along the extruder highly crosslinked exhibited a poor cell density [obtained with eq (3)] explaining the material density increase and the low expansion volume Figure95.

Figure 95 :

 95 Figure 95: Images of foams obtained by injection of SIN at: a) L/D = 52.5 and b) L/D = 17.5

Figure 96 :

 96 Figure 96: Cell size distributions for foams made with 2 different die diameters: a) 3 mm and b) 1 mm
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  Temperature (L/D = 60 and 55 + die): 270 °C, rotational screw speed: 200 rpm and die diameter: 3 mm -SIN injection point: L/D = 57.5, wt% of SIN: 2, no nucleating agent

-

  Temperature (L/D 60 and 55 + die): 270 °C, rotational screw speed: 200 rpm, die diameter: 3 mm -SIN injection point: L/D = 57.5, wt% of SIN: 2, nucleating agent (Si): 1 wt%

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Effect of the bioxazoline used for the chain extension of polyamide (240 °C and 7 min)

	Amount of CE (wt%)	Final melt torque	Intrinsic viscosity	M n (x 1000)
	added	(N.m)	(dL.g -1 )	(g.mol -1 )
	0	4.2	1.632	33.27
	0.773 MPBO	6.1	1.787	38.22
	0.750 BOZ	8.5	2.031	46.47

Table 2 :

 2 Formulation compositions for the branched and linear PA-6[27] 

	Samples	CL (g)	HCPCP (g)	Water (g)
	SPA-1	2000	94.1	60
	SPA-2	2000	70.6	60
	SPA-3	2000	56.5	60
	SPA-4	2000	35.6	60
	SPA-5	2000	28.2	60
	Linear PA-6 (LPA)	2000	0	60

Table 3 :

 3 Chemical shifts for crystalline and amorphous phase s of polyamide-6 ( 1 3 C and15 N NMR solid-state)[

48] Phases 13 C1 13 C2 13 C3 13 C4 13 C5 13 C6 15 NH α a

  

		173.4	36.7	26.5	30.4	30.4	43.6	116.5
	γ a	173.0	37.8	30.1	30.1	34.1	39.9	121.8
	amorphous b	174.5	36.9	26.2	27.4	30.0	10.3	119.1
	Solution c	177.8	37.2	26.4	27.1	29.5	40.7	122.7
	a) Peaks maxima in 13 C CPT1 crystalline phase discrimination experiment		
	b) Peaks maxima in 13 C BD/MAS amorphous phase discrimination experiment	
	c) Dilute trifluoroethanol solution					

Table 4 :

 4 Characteristics of the polyether triamine used with PA-6

	Structuring agent	Chemical structure	x+y+z (degree of polymerization) (a)	M n (g.mol -1 ) (a)
	T-403		5.10	427
	(a)			

Table 5 :

 5 Molar concentrations for the different reactive blends PA-6/T-403 (mol.kg -1 of blend)

	Reactive blends	T-403 (wt%)	[NH 2 ] added	[COOH] polyamide	[NH 2 ] added / [COOH] polyamide
		0.7	0.050	0.032	Excess
	Polyamide-6/T-403	2 5	0.140 0.350	0.032 0.031	Excess Excess
		10	0.700	0.029	Excess

Table 7 :

 7 Products of reaction (transamidification) between the polyamide model and the reagent T-403 analyzed by MALDI-ToF MS

	DP (x + y + z)	Number of grafted polyamide model	Chemical formula M + Na +	Experimental M + Na + (m/z)
	4	4.5	C 72 H 140 O 13 N 12 Na	1404.06
	4	2.5	C 48 H 96 O 9 N 8 Na	951.72
	4	3.5	C 60 H 118 O 11 N 10 Na	1177.89
	4	5.5	C 84 H 162 O 15 N 14 Na	1630.22
	5	2.5	C 51 H 102 O 10 N 8 Na	1009.76
		NH 2		
		y		
		O		
				O
		O	O		NH 2
	H 2 N		z	NH	5

x Figure 45: Example of structure resulting from the transamidification between the reagent T-403 and the polyamide model

Table 9 :

 9 T α, T β and β amplitudes obtained for the reactive blends PA-6/T-403 (DMA at 10 Hz)

	Formulations	T α (°C)	T β (°C)	β amplitude
	Extruded PA-6	83.33	-37.32	0.0137
	PA-6/T-403 0.7 wt%	87.87	-35.20	0.0098
	PA-6/T-403 2 wt%	83.46	-36.58	0.0094
	PA-6/T-403 5 wt%	83.09	-37.79	0.0099
	PA-6/T-403 10 wt%	81.73	-42.14	0.0178

Table 11 :

 11 Values of the L p , l c and l a measured by SAXS; χ c , T g and MAF/RAF obtained by classical and modulated DSC for the pure extruded PA-6 and for the PA-6/T-403 reactive blends

Table 12 :

 12 Crystallinity, l c and l a measured by DSC and SAXS respectively for the extruded polyamide and the blend PA-6/T-403 0.7 wt% -Samples obtained by compression at 260 °C -

	Samples	χ c (%)	l c (Å)	l a (Å)
	Extruded PA-6	29.7	32.5	77.0
	PA-6/T-403 0.7 wt%	32.1	35.5	75.0

Table 14 :

 14 Molar concentrations for the different reactive blends PA-6/triamine and PA-6/diamines (mol.kg -1 of blend)

		Reagent		
	Reactive blends	concentrations	[NH 2 ] added	[COOH] polyamide
		(wt%)		
		0.70	0.050	0.032
	Polyamide-6/T-403	2.0 5.0	0.140 0.350	0.032 0.031
		10	0.700	0.029
	Polyamide-6/D-230	0.60 1.7	0.050 0.140	0.032 0.032
	Polyamide-6/D-400	1.0 2.9	0.050 0.140	0.032 0.032

Table 16 :

 16 Number-average molar mass (M n ), weight-average molar mass (M w ) and polydispersity of the reactive blends PA-6/T-403 measured by SEC in HFIP

	Formulations	M n (g.mol -1 )	M w (g.mol -1 )	Polydispersity
	Extruded PA-6	51000	110000	2.30
	PA-6/T-403 0.05 mol.kg -1 (0.7 wt%)	49000	100000	2.00
	PA-6/T-403 0.14 mol.kg -1 (2 wt%)	44000	86000	2.10
	PA-6			

/T-403 0.35 mol.kg -1 (5 wt%)

  

	47000	94000	2.00
	PA-6		

/T-403 0.70 mol.kg -1 (10 wt%)

  

	48000	95000	2.00

Table 17 :

 17 Crystallization temperatures (T c ), melting temperatures (T m ) and crystalline fractions (χ c ) measured on the reactive blends PA-6/T-403 by DSC

	Formulations	[NH 2 ] added (mol.kg -1 )	T c (°C)	T m (°C)	χ c (%)
	Extruded PA-6	0	187.9	221.1	32.5 ± 0.2
		0.05	188.0	221.7	35.2 ± 0.7
		0.14	188.7	221.9	35.0 ± 0.3
	PA-6/T-403				
		0.35	190.3	222.1	33.2 ± 1.1
		0.70	191.2	220.7	30.1 ± 0.7

Table 19 :

 19 Glass transition temperatures obtained for the reactive blends PA-6/T-403 (modulated DSC)

		L p	l c	l a	MAF	RAF	l RAF	l MAF
		(Å)	(Å)	(Å)	(%)	(%)	(Å)	(Å)
	Extruded PA-6	100.5	32.6	67.8	49.4	18.1	9.1	49.6
	PA-6/T-403 0.05 mol.kg -1	102.5	36.1	66.4	40.6	24.2	12.4	41.6
	PA-6/T-403 0.14 mol.kg -1	95.9	32.7	60.9	42.7	22.3	10.4	40.1
	PA-6/T-403 0.35 mol.kg -1	104.8	34,8	70.0	/	/	/	/
	PA-6/T-403 0.70 mol.kg -1	125.6	37.8	87.8	/	/	/	/

Table 20 :

 20 Mechanical properties of the reactive blends polyamide-6/T-403 (room temperature)

	Formulations	[NH 2 ] added (mol.kg -1 )	Young's modulus (MPa)	Yield strength (MPa)	Elongation at break (%)
	Extruded PA-6	0	1000 ± 10	77 ± 1	380 ± 3.0
		0.05	1200 ± 10	87 ± 1	360 ± 35
		0.14	1100 ± 8	76 ± 3	380 ± 30
	PA-6/T-403				
		0.35	1050 ± 10	71 ± 3	380 ± 25
		0.70	830 ± 7	55 ± 1	220 ± 20

Table 21 :

 21 Number-average molar mass (M n ), weight-average molar mass (M w ) and polydispersity of the reactive blends measured by SEC in HFIP

	Formulations	[NH 2 ] added (mol.kg -1 )	M n (g.mol -1 )	M w (g.mol -1 )	Polydispersity
	Extruded PA-6	0	42000	95000	2.25
		0.05	36000	80000	2.20
	PA-6/D-400				
		0.14	34000	78000	2.30
		0.05	37000	83000	2.20
	PA-6/D-230				
		0.14	36000	80000	2.20

Table 22 :

 22 Crystallization temperatures (T c ), melting temperatures (T

m ) and crystalline fractions (χ c ) measured on the reactive blends PA-6/diamine by DSC Formulations [

NH 2 ] added (mol.kg -1 ) T c (°C) T m (°C) χ c (%)

  

	Extruded PA-6	0	187.9	221.1	32.5 ± 0.2
		0.05	189.0	221.2	34.9 ± 0.8
	PA-6/D-400				
		0.14	189.5	222.2	38.9 ± 0.4
		0.05	187.9	221.6	34.6 ± 0.5
	PA-6/D-230				
		0.14	190.5	223.6	37.8 ± 0.1

Table 23 :

 23 Values of the L p , l c and l a measured by SAXS; MAF/RAF contents obtained by modulated DSC for the virgin PA-6 and the reactive blendsPA-6/D-400 and PA-6/D-230

Glass transition and tensile properties of the reactive blends

  

	c.							
		[NH 2 ] added	L p	l c	l a	MAF	RAF	l RAF	l MAF
		(mol.kg -1 )	(Å)	(Å)	(Å)	(%)	(%)	(Å)	(Å)
	Extruded PA-6	0	100.5 32.6 67.8	49.4	18.1	9.1	49.6
		0.05	100.5 35.1 65.4	47.1	18.0	9.1	47.3
	PA-6/D-400							
		0.14	92.7 35.7 60.0	42.8	18.3	8.4	43.2
		0.05	101.0 34.9 66.0	47.6	17.8	9.0	48.0
	PA-6/D-230							
		0.14	95.7 36.1 56.7	43.7	18.5	8.8	39.1

Table 24 :

 24 Mechanical properties and glass transition temperatures of reactive blends

		PA-6/T-403; D-400 and D-230		
	Formulations	[NH 2 ] added (mol.kg -1 )	T g (°C)	Young's modulus (MPa)	Yield strength (MPa)	Elongation at break (%)
	Extruded PA-6	0	52.0	1000 ± 10	77 ± 1	380 ± 3.0
		0.05	59.3	1200 ± 10	87 ± 1	360 ± 35
	PA-6/T-403					
		0.14	52.1	1100 ± 8	76 ± 3	380 ± 30
		0.05	51.9	1080 ± 14	81 ± 0	130 ± 70
	PA-6/D-400					
		0.14	49.4	1030 ± 10	72 ± 0	140 ± 40
		0.05	50.6	1060 ± 10	81 ± 0	260 ± 90
	PA-6/D-230					
		0.14	47.3	1080 ± 10	78 ± 0	160 ± 40

Table 25 :

 25 Properties evolutions of the blends PA-6/triamine and PA-6/diamine compared to the virgin PA-6

		PA-6/Triamine	PA-6/Diamine
	Viscosity in solution and in		
	the molten state		
	Glass transition (T g )		
	Young's modulus E	(1200 MPa)	(1080 and 1060 MPa)
	Yield strength σ	(87 MPa)	(81 MPa)

Table 27 :

 27 Die temperature influence on the final foam morphology obtained for the blend PP/Rubber[12] 

	Die temperature	Die pressure	Average cell size	Void fraction	Cell density N o
	(°C)	(MPa)	(μm)	(%)	10 6 (cells.cm -3 )
	180	17.5	97.2 ± 20.7	39.0	2.22
	190	16.0	136.2 ± 32.4	41.8	1.05
	200	15.2	156.1 ± 41.4	42.3	6.82

Table 28 :

 28 Influence of chain-extender (multi-functional epoxide-based) concentration on the cell size and cell density of a linear polylactic acid[35] 

	Formulations	CE (wt %)	d n (μm)	N c (10 5 ) cells.cm -3
	PLA0C	0	106 ± 2	6.98 ± 0.48
	PLA0.5C	0.5	97 ± 2	9.20 ± 0.64
	PLA1.5C	1.5	90 ± 2	10.50 ± 0.73
	PLA2C	2	64 ± 1	26.60 ± 1.85
	PLA3C	3	84 ± 1	11.04 ± 0.77
	Stange et al.			

Table 30 :

 30 Characteristics of extruded foams setting the temperature of the L/D = 55 and 60 + die zones at 260 °C or 270°C

	T (°C)	Cell density (number cells.cm -3 )	Density	Expansion volume	Insoluble fraction (wt%)	Dn (μm)	Dv (μm)	Polydispersity
	260	< 500	1.03	1.1	≈ 20	/	/	/
	270	4000	0.27	4.2	≈ 20	1030 1830	2

Table 31 :

 31 Characteristics of extruded foams setting two different rotational screw speeds

	Rotational screw speed (rpm)	Cell density (number cells.cm -3 )	Density	Expansion volume	Insoluble fraction (wt%)	Dn (μm)	Dv (μm)	Polydispersity
	200	4000	0.27	4.2	≈ 20	1000 1800	2
	500	1500	0.45	2.5	≈ 30	2600 26000	10

Table 33 :

 33 Depressurization rate at the die exit and characteristics of extruded foams with different die diameters

	Die diameter (mm)	dP/dt (MPa/s)	Cell density (number cells.cm -3 )	Density	Expansion volume	Insoluble fraction (wt%)	Dn (μm)	Dv (μm)	Polydispersity
	1	165	20000	0.41	2.8	40	250 970	4
	3	4	4000	0.27	4.2	≈ 20	1000 1800	2

Table 34 :

 34 Characteristics of extruded foams made with different amounts of SIN

	SIN (wt%)	Cell density (number cells.cm -3 )	Density	Expansion Volume	Insoluble fraction (wt%)	Dn (μm)	Dv (μm)	Polydispersity
	2	25000	0.36	3.1	< 20	260	570	2
	4	4000	0.27	4.2	≈ 20	1000 1800	2
	8	1200	0.37	3.0	32	/	/	/
	16	970	0.50	2.2	38	/	/	/

Table 35 :

 35 Compression resistance of foams made with various concentration s of SIN at room temperature

SIN (wt%) Density E (MPa)* σ 25 % (MPa)* Residual compression after 30 min (%) 2

  

		0.36	170 ± 14	11.60 ± 1.10	15
	4	0.27	150 ± 9.0	8.80 ± 0.72	11
	8	0.37	120 ± 20	8.50 ± 0.50	11
	16	0.50	70 ± 10	4.50 ± 0.20	9
	* Values normalized by the density of the sample		
	The better compression modulus and stress at 25 % of deformation (σ	25 %

Table 37 :

 37 Compression resistance of foams made with various concentration s of silica

						Residual
	Silica (wt%)	Density	E (MPa)*	σ	25 % (MPa)*	compression after 30 min
						(%)
	0	0.27	240 ± 8		7.5 ± 0.3	11
	1	0.36	334 ± 6		28 ± 3	17
	3	0.26	100 ± 26		2.5 ± 0.4	14

Table 38 :

 38 Characteristics of extruded foams obtained combining the optimized parameters

	Cell density (number cells.cm -3 )	Density	Expansion Volume	Insoluble fraction (wt%)	Dn (μm)	Dv (μm)	Polydispersity
	300000	0.34	3.3	≈ 20	100	980	10
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ABSTRACT

Polyamide-6 was modified by reactive extrusion using a triamine as structuring agent. To scrutinize the reactive medium after the chemical modification and to characterize the new structures obtained, the coupling of several physico-chemical analyses was necessary. By correlation of liquid NMR, Matrix Assisted Laser Desorption Ionisation/Time of Flight Mass Spectrometry (MALDI-ToF MS) and Size-Exclusion Chromatography (SEC) analyses, it was possible to evidence both grafting and chain scissions leading to a mixture of randomly branched and linear molecules. One of the most noticeable modifications regarding the properties was the decrease of the amorphous phase mobility for very small amount of triamine. A comprehensive study by X-ray scattering techniques (Small and Wide Angle X-rays Scattering, SAXS and WAXS respectively) allowed us to highlight noticeable size evolution of the crystalline and amorphous part at the lamellar scale. In conclusion, these multi-scale experiments demonstrate the possibility to modify the amorphous phase mobility by controlling the nano-structure morphology of the material, particularly the crystalline lamellae thickness and the Rigid Amorphous Fraction (RAF) content. Thus, an increase in the RAF content of around 6 % induced a more restricted mobility in the amorphous phase as the glass transition temperature (T g ) shifted to higher temperature (≈ + 7 °C). 

Annex E *: Caprolactam extracted during the Soxhlet extraction

ABSTRACT

New polyamide-based polymers were synthetized in a twin-screw extruder with multifunctional amine-terminated polyethers. The aim of this system is to explore the possibility to decrease the viscosity while improving or at least maintaining the mechanical properties. The reactivity between polyamide-6 and the trifunctional reagent (T-403) was demonstrated in the previous chapter by liquid NMR and MALDI-ToF mass spectrometry leading to both chain extensions from the carboxylic acid and chain scissions by transamidification. The reactive blend elaborated with a small amount of the trifunctionnal T-403 (0.7 wt%) exhibited a noticeable reduction of the complex viscosity while the Young's modulus and yield strength increased by 20 and 13 % respectively, compared to the unmodified polyamide. To highlight the role of the branched structures created using the T-403 reagent, difunctionnal additives with the same chemical nature were tested. For the formulations with Jeffamines D-230 and D-400, an equivalent decrease in viscosity was observed. However, the mechanical properties were slightly increased compared to the PA-6/T-403 reactive blends. The amorphous phase mobility and mechanical properties modifications were explained by the crystalline nano-structure evolution of the chemically modified polyamide-6. In our experimental conditions and for the smallest quantity of amine, chain mobility evolutions in the amorphous phase of the blends PA-6/T-403 were mainly explained by the MAF/RAF ratio. Jeffamines D-230 and D-400 acted as plasticizer even in very small quantity. The material stiffening could be explained once again by a higher RAF content but also by thicker crystalline lamellae.

Annex G

The Poiseuille theory proposes a relation between the specific viscosity and the flow time as follows:

(2) With, t, the flow time for the polymer solution (s) and t o , the flow time for the solvent alone (s).

The reduced viscosity is deduced knowing the exact concentration:

(3)

The Huggins relation extrapolation to zero concentration yields the intrinsic viscosity.

(4)

Where C, is the concentration of the polymer solution (kg.m -3 ).

The intrinsic viscosity is linked to the hydrodynamic volume of the polymer in a define solvent and the Huggins constant gives information about polymer-polymer interactions. These values can be obtained by plotting the reduced viscosity as a function of the concentration.

Finally, the viscosity-average molar mass (M v ) is calculated with the Mark-Houwink-Sakurada relation: (5) Where K and a, are characteristics parameters of the couple solvent/polymer chosen at a defined temperature. For polyamide-6 in acid formic, K = 22.6 10 3 mol.g -1 and a = 0.82 [37]. Contrary to the others molar masses determined by SEC (in number, mass…), this value is relative and depends on the solvent and the temperature of the solution.

Second Part:

Polyamide lightweighting and strengthening

CHAPTER IV: 

ABSTRACT

The simultaneous chemical crosslinking and foaming of aliphatic copolyamide by one-step reactive extrusion using a bifunctional trialkoxysilaneimidazoline derivative additive is detailed. From liquid NMR analyses on model molecules, the crosslinked foam synthesis was evidenced resulting from both imidazoline ring opening and alkoxysilane hydrolysis-condensation reactions. From these chemical modifications, ethanol is concomitantly released leading to the expansion of the crosslinked copolyamide. From the deep knowledge of this chemical mechanism, various extruder process and formulation parameters have been modified and their impact scrutinized to optimize the foam morphology. Samples were characterized through morphological analyses to evaluate mainly their pore size/distribution and, through compression test, to evaluate their deformability.

Among them, additive and nucleating agent concentrations but also processing temperature appeared to be the most significant parameters. With our optimized conditions, by a one-step reactive extrusion process, it was possible to synthesize rigid foam with mean pore size mainly below 94 μm and a density around 0.36 while reaching reasonable compression properties (normalized modulus at 334 MPa). The maximum cell density obtained was 3.10 5 cells.cm -3 .

V.3. Methods of characterization

Liquid NMR 1 H Liquid-state NMR analyses were performed on a Bruker Avance III spectrometer working at 400.1 MHz with a 5 mm BBFO + probe. A Bruker Avance II spectrometer equipped with a 10 mm 13 C selective probe (100.6 MHz for 13 C) was used to record 1D- 13 C, 2D-1 H/ 13 C HMBC and HSQC spectra.

The organosilane precursor was analyzed in CDCl 3 . The model reactional media were analyzed in HFIP/CDCl 3 (80/20 : v/v) at 25 °C with concentrations of 40 mg.mL -1 for 1 H NMR spectra and 110 mg.mL -1 for 13 C and 2D analyses. The chemical shift scale was referenced to tetramethylsilane used as internal standard ( = 0 ppm).

Hydrolysis-condensation reactions of the SIN precursor in the copolyamide were studied by liquid state 29 Si NMR spectroscopy using the Bruker Avance II spectrometer (75.9 MHz for 29 Si) with a 10 mm 29 Si selective probe. The crosslinked foam (60 wt% of insoluble fraction) powder was swollen in HFIP/CDCl 3 (80/20 : v/v) and a small amount of chromium acetylacetonate (0.01 M) was previously added to the solvant to lower the spin-lattice relaxation times. The relaxation delay was set to 5 s.

Gas Chromatography/Mass Spectrometry (GC/MS)

The gas chromatography/mass spectrometry (Py-GC/MS) measurements were carried out with a Clarus 680 gas chromatograph from PerkinElmer coupled with a Clarus SQ8T detector. The GC separation was performed on an OPTIMA 35 ms capillary column (30 m × 0.25 mm). The mass spectrometer was operating in electron-impact mode (EI) in the scan range of m/z 10-600. The GC/MS identification of the desorbed products was carried out using mass spectral library.

Foam density

The foam density was measured with a kit balance ML-DNY-43 from Mettler Toledo adapted on a precision balance. The kit contains a support plate, brackets, glass beakers, thermometer, holders for floating and non-floating solids, and a bottle of wetting agent. The measurement is based on the Archimedes' principle as a same piece of sample is weight in air and in water. The density is calculated with the following equation:

Where m a , is the sample mass in air, m w , the sample mass in distilled water, ρ a , the volumic mass of air and ρ w , the volumic mass of water.

Insoluble fraction

A precise mass of foam was immersed in formic acid for 72 h at room temperature. The insoluble fraction was extracted and dried under vacuum at 80 °C for 24 h. The insoluble fraction (%I) was calculated as follows:

(2) With, m i , the initial mass and m f , the final mass after drying.

Optical microscopy

The foam morphology was examined with an optical microscope Leica M205A equipped with a DFC450C numerical camera. At least 10 pictures of each sample were taken to measure the cell size and plot the cell size distribution. If cells are not spherical the maximum length is considered. The cell-population density (N o ), with respect to the unfoamed polymer, was determined using the following equation [17]:

Where n, is the number of cells within a designated area (A) on a picture; and are the densities of the virgin copolyamide and the foam respectively.

The number-average diameter (Dn) and the volume-average diameter (Dv) could be calculated with both equations:

(4) and (5) Where n i , is the number of bubbles with the diameter D i . The bubble size polydispersity is the ratio Dv/Dn. All the measurements were done using ImageJ software.

Compression test

Compression tests were performed in accordance with the ISO 7214 tests using the testing machine Shimadzu AG-X plus. As far as possible, regular strands were collected for foams with good morphologies and a sufficient expansion volume. Cylinders measuring 10 mm × 10 mm were cut and placed between stainless steel plates for testing their properties in compression. Four consecutive cycles were applied at 2 mm.min -1 . After the compression test, the resilience of the foam was measured after 30 min with a caliper. This signal is consistent with the formation of the expected formamide function as it is directly linked to a carbon at 166 ppm (Annex I) according to the HSQC correlation map. Complementary HMBC and COSY analyses allowed us to propose the chemical environment of the formamide synthetized (Figure 89). The protons and carbons of the double bond were not readily observed because the 1D spectra between 5 and 7 ppm for 1 H NMR and between 116 and 126 ppm for 13 C NMR were crowded by numerous signals. By integrating the signal area of unreactive proton a and the proton e, we calculated that approximately 10 mol% of ring was opened. With 3 wt% of silica added, no more improvement was observed as the cell density decreased to 2 10 4 cells.cm -3 . It was most probably the result of nanoparticles agglomerations as the silica average size was estimated at 200 nm for 1 wt% and 320 nm for 3 wt% of nucleating agent added on SEM photos (Annex J). Usually the concentration of nucleating agent preferred is between 0.5 to 3 wt% [17,41].

*: Caprolactam dimer produced by condensation of the polyamide model *: Caprolactam produced by transamidification of the polyamide model

Table 36: Characteristics of extruded foams with different nucleating agent concentrations

As the addition of silica gave good foam morphology, mechanical properties in compression were tested. The modulus, stress at 25 % of compression and residual compression (after 30 min) for the different concentrations in silica are listed in the Table 37. L'ajout de triamine dans le polyamide-6 a permis la formation d'espèces branchées aléatoirement, responsables de propriétés intéressantes puisqu'une baisse de viscosité couplée à une amélioration des propriétés mécaniques a été observée. Le module d'Young ainsi que la contrainte seuil ont été respectivement augmentés de 20 et 13 %, par l'ajout de seulement 0.7 %m de triamine. L'étude approfondie de la cristallinité à différentes échelles a permis d'établir des relations structures-propriétés afin d'expliquer ces modifications macroscopiques. Une étude similaire réalisée sur des diamines de même nature chimique ont permis de souligner l'importance des espèces multi-branches sur les propriétés macroscopiques. La mousse de copolyamide réticulée a été synthétisée par ajout d'un agent bifonctionnel permettant le moussage et la réticulation simultanés grâce à la réaction de ses deux groupements réactifs démontrée par analyse RMN. L'étude des paramètres procédés (température, filière, vitesse de rotation des vis…) et des paramètres formulation (quantité de réactif, agent nucléant) ont rendu possible l'optimisation de la morphologie finale de la mousse. Une mousse possèdant une majorité de pores en dessous de 94 μm et une densité de 3 10 5 cellules.cm -3 a pu être obtenue.

Mots clés : Polyamide, extrusion réactive, renforcement mécanique, moussage

Chemical modifications of polyamide by reactive extrusion ABSTRACT

The aim of this work was to valorize polyamide through two kinds of chemical modifications in a twin-screw extruder: the nano-structuration of the crystallinity induced by branched species synthetized in situ and the one-step crosslinking and foaming of copolyamide. The addition of triamine the polyamide-6 allowed to synthetize randomly branched structures which induced interesting properties as lower viscosities combined with enhanced mechanical properties. Adding only 0.7 wt% of triamine, the Young's modulus and the yield strength were increased by 20 and 13 % respectively. To explain these macroscopic modifications and establish structure-properties relationships, a deep study of the materials crystallinity at different scales was necessary. The same study repeated on diamines with identical chemical composition highlighted the specific role of the branched structures on the macroscopic properties. The copolyamide crosslinked foam was synthetized by addition of a bifunctionnal reagent responsible for the crosslinking and foaming thanks to the simultaneous reaction of its reactive groups as demonstrated by NMR analyses. The final foam morphology was optimized by studying process (temperature, die, nucleating agent…) and formulation (reagent amount, nucleating agent) parameters. Copolyamide foams with cell size mainly below 94 μm and a density of 3 10 5 cells.cm -3 were obtained.

Keywords: Polyamide, reactive extrusion, mechanical reinforcement, foaming