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RESUME

Résumé

Ce travail porte sur le processus de fabrication de microballons en mousse basse densité et le contrôle fin de leur forme (diamètre, épaisseur, densité, sphéricité, non-concentricité). Durant cette thèse nous nous sommes concentrés sur le critère de non-concentricité qui doit être inférieure à 1%. Les microballons sont synthétisés en utilisant un procédé de microencapsulation conduisant à une émulsion double, suivie d'une polymérisation thermique à 60°C. Selon la littérature, trois paramètres majeurs, la densité des trois phases, les déformations du microballon pendant le procédé et la cinétique de polymérisation ont une influence directe sur la non-concentricité des microballons. Les résultats obtenus ont montré que lorsque l'écart de densité entre la phase aqueuse interne et la phase organique augmente, la non-concentricité des microballons TMPTMA s'améliore. Un écart de densité de 0,078 g.cm -3 à 60°C conduit à une non-concentricité moyenne de 2,4% avec un rendement en microballons de 58%. Il a également été montré que la synthèse peut être considérée comme reproductible. Pour une même phase aqueuse interne, les résultats de non-concentricité sont équivalents en utilisant soit un tube droit, un tube à étranglement ou un serpentin court. Le temps requis pour fixer la forme des microballons est d'au moins 20 minutes avec la polymérisation thermique. Ainsi, il semble que le temps passé par les microballons à l'intérieur des bouteilles de réception permet le centrage de la phase aqueuse interne à l'intérieur de la phase organique, quel que soit le processus de circulation précédemment utilisé. Afin d'obtenir des vitesses de polymérisation plus élevées et d'éviter les phénomènes de déstabilisation, nous avons alors concentré notre étude sur la photopolymérisation. Lorsque la synthèse est effectuée en utilisant une lampe UV avec une intensité lumineuse efficace, les microballons ont une épaisseur légèrement supérieure à celle des microballons synthétisés par voie thermique. Par ailleurs, un rendement plus élevé, environ 80%, est obtenu avec la polymérisation UV. Toutefois, la non-concentricité moyenne des microballons synthétisés est environ de 20%, ce qui est vraiment élevé par rapport à la non-concentricité moyenne de emulsification process (hand-shake) and the dual-nozzle-in-orifice droplet generator [START_REF] Norimatsu | Cryogenic Targets and Related Technologies at ILE Osaka University[END_REF].... [START_REF] Czechowicz | Foam shell fabrication R&D at general atomics[END_REF] Figure II.17: Illustration of the optimized vigorous agitation conditions (The drum was rotated and its speed increased to 95 rpm within 15 minutes. 5 minutes later the rotation speed was then increased to 120 rpm. The maximum rotation speed was maintained for 1 minute, and then reduced to 95 rpm, which was maintained for 39 min.) [START_REF] Ito | Optimization of gelation to prepare hollow foam shell of resorcinolformalin using a phase transfer catalyst[END_REF] 
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INTRODUCTION

For about forty years the CEA have worked on plasma physics, particularly thanks to high power lasers like Phebus (8 kJ) in the beginning of the 80's. Then, in 1994, France started the Simulation program in order to ensure the safety and reliability of the French's nuclear stockpile. In this context, the French high power laser (LMJ: Megajoule laser) is a key element of the Simulation program. In fact, this kind of laser enables to reach very high temperatures and matter's densities. Different kinds of applications are possible such as laboratory astrophysics experiments or equation of state studies for materials under high solicitations. But one of the major interests of these high power lasers is that they enable nuclear fusion studies.

So, for the Simulation program, the Megajoule laser will be used to achieve inertial confinement fusion experiments. The inertial confinement fusion is a process where nuclear fusion is initiated by heating and compressing a fuel target, typically a plastic shell filled with a mixture of deuterium and tritium (DT).

In order to achieve ignition, different target designs are being developed, among which the gain targets and the targets for fusion preparation. The gain targets are basically composed of a cryogenic DT layer covered with a high density polymer ablator. Some specific targets are also designed for fusion preparation experiments. Some of them are composed of a low density organic foam shell covered with a high density polymer ablator. The low density organic foam can be used as a surrogate of the gain target's DT layer. The geometric characteristics of the target will have a really important influence on the quality of the implosion obtained. Thus, the targets must be made with extremely high precision and sphericity, with aberrations of no more than one micrometer over their surface. This PhD focused on the fabrication process and the sharp control of the shape of these low density organic foam shells.

The low density organic foam shells have to meet severe specifications listed below by priority order: After six years, the CEA was able to satisfy the first four restrictions (composition, diameter, thickness and density). However, the sphericity and non-concentricity requirements, which are the most difficult to meet, were far from being fulfilled. Furthermore, the nonconcentricity results varied with the polymeric nature of the shells and their density.

At this point, the CEA needed to understand which major parameters of the process were influencing the sphericity and the non-concentricity. It was also necessary to know where and when the shell had an optimum non-concentricity during the synthesis process in order to set the shell's shape fast once it is perfect.

At the beginning of this PhD, it was decided to focus this work on a unique system, the TMPTMA foam shells of 250 mg.cm -3 . According to the literature, the three major parameters influencing the shells non-concentricity are the density, the deformations of the shells along the synthesis and the kinetics of polymerization. In this PhD work, which comprises five chapters, the effect of each of these major parameters has been studied. Thus, the first chapter presents the shells synthesis and characterization processes and all the specific apparatus used in this aim.

In a second chapter, the literature review deals with the double emulsions, the radical polymerization, the parameters influencing the aimed specifications and the state of the art of shells synthesis in other nations involved in inertial confinement fusion experiments.

The influence of density and interfacial tension on the shells non-concentricity is discussed in Chapter III, as well as the reproducibility of the process.

Then, the Chapter IV focuses on the influence of the circulation process and the polymerization kinetics on the shells non-concentricity.

Finally, the effect of increased polymerization rates on the shells characteristics and more specifically the effect of UV polymerization are developed in Chapter V.

CHAPTER II. LITERATURE REVIEW

This chapter is divided in four parts. The first part presents the basic principles of double emulsion which is the chosen process to generate shells. The following second part concerns the basic principles of radical polymerization. The third part presents the different parameters influencing diameter, thickness, density, sphericity and non-concentricity. Then, the last part describes the state of the art of shells design in the United States, Japan and France.

From the polymerization reaction point of view, the system used to synthesize foam shells can be considered as a suspension, whereas from a physical point of view the system used is considered as an emulsion. The initiator used is organosoluble as in a suspension reaction.

The size of the objects synthesized by suspension mechanism is 10 to 500 µm, whereas in emulsion process the diameter range between 0.05 and 5 µm. The shells synthesized during this PhD are 2 mm in diameter and 100 µm thickness, so the shell size fits to a suspension. However, the concentration of surfactant is high in our system as in an emulsion process (1 to 5 wt %), whereas in a suspension there is only around 0.1wt % of surfactant. 

II.1. BASIC PRINCIPLES OF DOUBLE EMULSIONS

Figure II.1: Schematic representation of simple emulsion

The emulsions are highly unstable thermodynamic systems because the mixing of the two phases is not spontaneous. Indeed, an emulsifier is required to disperse two immiscible liquids and obtain a more stable system. The choice of the emulsifier is crucial for both the formation of the emulsion and its stability. Depending on their preferential solubility in either water or oil, surfactants will rather initiate an inverse or a direct emulsion. Griffin [1] developed a semi-empirical scale, the hydrophilic-lipophilic balance (HLB) number, to quantify the surfactant affinity for each phase. The scale is based on the relative percentage of hydrophilic to lipophilic groups in the surfactant molecule. The scale goes from 0 to 20 and the HLB value increases when the percentage of hydrophilic groups increases. According to the Bancroft's rule [2], stabilization of direct emulsions requires a surfactant with a high HLB number whereas inverse emulsion requires the use of a low HLB surfactant.

II.1.1.2. Destabilization pathways for simple emulsions

The breakdown of simple emulsions can occur according to different pathways as illustrated in Figure II.2. The breakdown is either reversible (creaming, sedimentation and flocculation) or irreversible (phase inversion, coalescence and Ostwald ripening). A summary of each of the instability pathways is given below as Tadros [3] and Binks [4] explained it in their work.

Creaming and sedimentation

These processes result from external forces such as gravitational or centrifugal forces. If the external forces exceed the thermal motion of the droplets (Brownian motion), a concentration gradient appears in the system such that the larger droplets move more quickly either to the top or bottom of the container. The creaming is the motion of the droplets up to the top of the container. This phenomenon occurs when the density of the droplets is less than that of the medium. The sedimentation is the motion of the droplets down to the bottom of the container which occurs when the density of the droplets is higher than that of the medium.

Flocculation

This process results from the Van der Waals attractions between droplets. Flocculation consists of the aggregation of the droplets (without any change in primary droplet size) into larger units, without rupture of the stabilizing layer at the interface. Flocculation may be either weak (reversible) or strong (not easily reversible), depending on the magnitude of the attractive energy involved between droplets.

Phase inversion

Phase inversion consists of the exchange between the disperse phase and the continuous phase.

There are two types of phase inversion, namely the transitional inversion and the catastrophic inversion. The transitional inversion is induced by changing external parameters (temperature, electrolyte concentration…) which affect the HLB of the system. The catastrophic inversion is induced by increasing the fraction of the dispersed phase.

Coalescence

This process results from the thinning and disruption of the liquid film between the droplets.

Coalescence consists of the fusion of two or more droplets to form a larger one. When coalescence is brought to its end, a complete separation of the emulsion into two distinct liquid phases is observed.

Ostwald ripening

This process results from the solubility difference of the dispersed phase between the small and the big droplets of the emulsion. The Ostwald ripening consists of the molecule diffusion from the smaller droplets to the larger droplets through the continuous phase. The Ostwald ripening occurs without any contact between droplets. These emulsions find many applications in industries such as pharmaceuticals [5], [6], [7],

cosmetics [8], [9], [10], and food [11], where they act as a reservoir of encapsulated substances that can be released by an external stimulus (pH, ionic strength, temperature…).

II.1.2.2. Processes leading to double emulsions

Since most physical properties of these materials are size dependent, controlling their monodispersity as well as their uniformity in shapes and composition is a necessity. Two-stage emulsification [12] is the classical process leading to double emulsions. Highly uniform emulsion droplets can also be generated by membrane-emulsification techniques [13] and these have been applied to the production of double emulsions [START_REF] Graaf | Preparation of double emulsions by membrane emulsification -a review[END_REF]. In recent years, there have been intensive studies of microfluidic techniques to produce droplets of highly uniform size [START_REF] Umbanhowar | Monodisperse emulsion generation via drop break off in a coflowing stream[END_REF], [START_REF] Anna | Formation of dispersions using flow focusing in microchannels[END_REF], [START_REF] Xu | Generation of monodisperse particles by using microfluidics: control over size, shape, and composition[END_REF]. For this specific application, double emulsions can be produced using either a two steps drop break-up method with a mere succession of two T junctions [START_REF] Okushima | Controlled production of monodisperse double emulsions by twostep droplet breakup in microfluidic devices[END_REF], [START_REF] Panizza | Controlled production of hierarchically organized large emulsions and particles assemblies on line of co-axial flow devices[END_REF],

or a single step process with parallel co-flowing streams [START_REF] Utada | Monodisperse double emulsions generated from a microcapillary device[END_REF], [START_REF] Nie | Polymer particles with various shapes and morphologies produced in continuous microfluidic reactors[END_REF]. In this PhD work, a droplet generator with parallel co-flowing streams is used to obtain a W/O/W double emulsion. This droplet generator is described in the first chapter.

II.1.2.3. Destabilization pathways for double emulsions

Double emulsions are highly metastable systems with the presence of two thermodynamically unstable interfaces. In general, two different surfactants of opposite solubility are used for their stabilization. One low HLB surfactant stabilizes the internal interface (W/O) and one high HLB surfactant stabilizes the external interface (W/O). Compared with simple emulsions, double emulsions present much more destabilization processes to take into consideration, such as the release of encapsulated internal phase from the internal droplet to the continuous phase. The several destabilization pathways which can happen with double emulsions are listed below as Schmidts et al. [START_REF] Schmidts | Influence of hydrophilic surfactants on the properties of multiple W/O/W emulsions[END_REF], Florence et al. [START_REF] Florence | Stability and stabilization of water-in-oil-in-water multiple emulsion[END_REF], and Leal-Calderon et al. [START_REF] Leal-Calderon | Double emulsions[END_REF] explained it:

-coalescence of the internal droplets -coalescence of the globules -coalescence of the thin liquid film separating the internal droplets and the globule surface, leading to the loss of the internal droplets with film rupturing -"compositional ripening" leading to the loss of the internal droplets without film rupturing Compositional ripening occurs either by diffusion or by permeation of the encapsulated molecules through the globule. Besides, diffusion of the active material can take place either by a solubility process or an inverse micelle process. experiments have been carried out to incorporate polymeric stabilizers [START_REF] Sela | Polymeric surfactants based on polysiloxanesgraft-poly(oxyethylene) for stabilization of multiple emulsions[END_REF]. Polymeric stabilizers improve the stability of double emulsions and also delay the release of molecules through interfaces since they form thick films and cannot form inverse micelles [START_REF] Garti | Recent progress in double emulsions[END_REF]. Michaut et al. [START_REF] Michaut | Interface composition of multiple emulsions: rheology as a probe[END_REF] have shown that using Span 80 (short surfactant) for the internal interface (O/W) and an amphiphilic polymer for the external interface (W/O), let the interfaces asymmetric without migration of the polymer through the oil phase. In addition "slow release rates and remarkably long shelf life were obtained compared to typical double emulsions stabilized by two commonly used surfactants" [START_REF] Michaut | Amphiphilic polyelectrolyte for stabilization of multiple emulsions[END_REF].

II

II.1.2.4.2. Polymerization of the oily or aqueous phases of the emulsion

Another way to stabilize double emulsions is to gel or polymerize the oily or aqueous phases of the emulsion, as proposed by Florence et al. [START_REF] Florence | Stability and stabilization of water-in-oil-in-water multiple emulsion[END_REF]. In our case, once the double emulsion is formed, the organic phase of the globule is polymerized.

II.2. GENERAL CHARACTER OF THE POLYMERIZATION PROCESS

In order to polymerize the globule which contains the organic phase, a free radical polymerization process is used. Even if the polymerization process takes place within a double emulsion, the radical polymerization of the globule can be considered as a solution polymerization and not as an emulsion polymerization. Indeed, the polymerization occurs inside the organic phase layer containing the solvent, the organosoluble initiator and the monomer.

II.2.1. Thermal free radical polymerization process

The radical polymerization is the most used industrial polymerization process since more than 50% of the polymeric materials are obtained by this process. Among the polymer of everyday use obtained by radical polymerization are: polyvinyl chloride (PVC), polyethylene (PE), polystyrene (PS), polytetrafluoroethylene (PTFE) and poly(methyl methacrylate) (PMMA).

Radical polymerization reactions occur either in bulk, solution, dispersion, suspension or emulsion, at moderate temperature, between 40 and 150°C in general. However, it is necessary to work without molecular oxygen during radical polymerization reactions since it is known to cause transfer reaction or even to inhibit polymerization reactions.

Free radical polymerization consists of a sequence of three kinetics steps named initiation, propagation and termination [START_REF] Odian | Radical chain polymerization[END_REF], [START_REF] Chern | Introduction[END_REF], [START_REF] Herk | Introduction to Radical (co)Polymerisation[END_REF].

II.2.1.1. Initiation Step

The initiation step is composed of two reactions:

-the decomposition of the initiator I which yields to a pair of radicals R • -the initiation of the polymerization which consists of the addition of the radical R • to a monomer unit M k d is the decomposition rate constant of the initiator and k i is the initiation rate constant of the primary radical. The most popular initiators are peroxide and aliphatic azo compounds. For example, the thermal decomposition of benzoyl peroxide and azobisisobutyronitrile are presented below:

Benzoyl peroxide:

Azobisisobutyronitrile:

Thermal initiators are used within a specific temperature interval which depends on their kinetics of decomposition. In fact, only a part of the radicals will initiate a polymeric chain.

Some of the radicals are lost in side reactions, such as, for example, a recombination of the azo compounds. The fraction of radicals which actually initiate a polymeric chain is called the efficiency factor f. In most polymerization processes, the initiation reaction is much faster than the decomposition reaction. The decomposition of the initiator is rate-determining in the initiation step. The initiation step rate is then:

In this polymerization process, the three steps, initiation, propagation and termination, occur as soon as the polymerization reaction begins. This means that since the polymerization reaction starts, growing polymeric chains, dead chains and monomers coexist in the solution.

II.2.1.2. Propagation step

The propagation consists of successive additions of monomer units to the active extremity of the growing polymeric chain:

The macro-radicals created by the successive additions of monomer have the same reactivity even if their number of monomer units increases. Thus, it is assumed that the rate constants k p for all the propagation reactions are the same. The rate of propagation is the sum of many individual propagation reactions and is expressed by: where

[M • ]
represents the concentration of radicals.

II.2.1.3. Termination step

The termination step consists in annihilating the radical center of the growing polymeric chain.

The termination step can occur via two types of bimolecular free radical reactions:

-by combination (coupling) of two growing chains leading to one dead chain with combined length of the two growing chains -by disproportionation of two growing chains leading to two dead chains, one with a saturated extremity and one with an unsaturated extremity k tc and k td are the termination rate constants for combination and disproportionation, respectively. The termination rate can be expressed as: with k t as the termination rate constant. Because of these two different termination processes which are random, the polydispersity index of radical polymerization is largely superior to one.

II.2.1.4. Free radical polymerization kinetics

In order to determine the rate of polymerization, the amount of consumed monomer has to be measured. The initiation and the propagation steps are the two reactions consuming monomers. For a polymerization process leading to high molecular weight chains, far more monomer molecules react during the propagation reactions than during the initiation reaction.

Thus, the rate of initiation can be neglected and the polymerization rate is equivalent to the rate of propagation:

Since the concentration of free radicals [M • ] is very low, this value cannot be measured easily and needs to be eliminated from equation (6). In order to simplify equation ( 6), the steadystate assumption is made that the concentration of radicals remains constant during the course of the polymerization. This implies that the rate of initiation R i and termination R t are equal:

The rate of polymerization can then be deduced from equations ( 6) and ( 7 Once the number of intermolecular crosslinking reaction is high enough, a three-dimensional network is obtained. The formation of a network is noticed by the apparition of a gel inside the solution. The "gel point" is the point at which an infinite polymer network first appears.

Beyond the gel point, the reaction mixture is a polymer network of infinite viscosity.

Moreover, if the functionality of the monomer increases, the crosslink density and the polymerization rate increase whereas the final conversion decreases. For monomers with functionality higher than three it is difficult to reach high conversion and the gel point cannot be predicted.

The consequences of crosslinking reactions on the physic-chemical properties of the polymers are very important. Crosslinking reactions lead to a loss of crystallinity, a loss of the thermoplastic behavior and a loss of solubility of the material which becomes mechanically rigid and fragile.

II.2.2. UV free radical polymerization process

Photoinitiation of the polymerization offers several advantages. The polymerization can be spatially directed and be turned on and off simply by turning the UV light source on and off.

The process is solvent-free so the toxicity is limited and the process is classified as environmental-friendly. The reaction time and the drying step are so fast that the fabrication time and the energetic consumption are drastically lowered compared to other thermal polymerization process. These are the reasons why photopolymerization is a low-cost process.

However, the main drawback to photopolymerization is the low penetration through thick or charged materials, limiting uses to the surface-type applications. The main applications of photopolymerization are the protective or decorative surface treatments of materials (wood, metal, paper, plastics, glass…), the photolithography to produce integrated and printed circuits, the anti-adhesive supports and the dental materials.

Photoinduced polymerization occurs when radicals are generated by a UV or visible light source irradiating a reactive monomer. The difference between a thermal and a photoinduced polymerization process is the initiation step. For the photopolymerization process, the initiation step is a photochemical reaction with a photoinitiator PI:

The initiation rate (R i ) is given by: with: -Φ i : quantum yield of initiation -I 0 : incident light intensity -I t : transmitted light intensity -A: absorbance, defined as

The absorbance depends on the concentration of the photoinitiator [PI] and the path length l:

with ε as the molar absorption coefficient

The initiation rate is controlled by the nature of the photoinitiator. To be efficient, a photoinitiator has to satisfy the following criteria [START_REF] Decker | Polymerisation sous rayonnement UV[END_REF]:

- In the type II process, the mecanism requires the presence of a photosensitizer in the medium.

The photoinitiator undergoes homolysis by an intermolecular hydrogen abstraction in the presence of a hydrogen donor molecule (photosensitizer) under a UV exposition:

The rate of UV polymerization can then be deduced from equations ( 7) and ( 10):

In addition, as in thermal free radical polymerization, a particular care has to be taken with oxygen. The free radical polymerizations are slowed down when operated under oxygen. To lessen the impact of oxygen, the dissolved oxygen has to be removed from the solution by degasification of the system and by polymerizing under inert atmosphere.

II.3. PARAMETERS INFLUENCING THE AIMED CRITERIA

The following part presents the various parameters of the process influencing the diameter, thickness, density, sphericity and non-concentricity of the foam shells. 

II.3.1. Parameters influencing the diameter

The diameter is, to be more precise, the external diameter of the shell (Figure II.8). The diameter is mainly controlled by the use of a triple orifice droplet generator to synthesize shells. In fact, the diameter is controlled by the flow of the external phase which strips off the shell from the generator ( [START_REF] Overturf | Progress report of foam shell project[END_REF], [START_REF] Schroen-Carey | Hollow foam microshells for liquid-layered cryogenic inertial confinement fusion targets[END_REF], [START_REF] Lambert | Fabrication of low-density foam shells from resorcinolformaldehyde aerogel[END_REF], [START_REF] Streit | Development of divinylbenzene foam shells for use as inertial fusion energy reactor targets[END_REF], [START_REF] Paguio | Fabrication of modified density and tin doped RF foam shells and beads for direct drive experiments[END_REF], [START_REF] Vermillon | Mass Production Methods for IFE Targets[END_REF]) as illustrated in 

II.3.2. Parameters influencing the thickness

The thickness of the shell is illustrated in Figure II.10. The shell thickness is determined by the ratio of the internal phase and the surrounding phase flow rates ( [START_REF] Overturf | Progress report of foam shell project[END_REF], [START_REF] Schroen-Carey | Hollow foam microshells for liquid-layered cryogenic inertial confinement fusion targets[END_REF], [START_REF] Lambert | Fabrication of low-density foam shells from resorcinolformaldehyde aerogel[END_REF], [START_REF] Streit | Development of divinylbenzene foam shells for use as inertial fusion energy reactor targets[END_REF], [START_REF] Vermillon | Mass Production Methods for IFE Targets[END_REF]). Once the shell is synthesized, the thickness of the shell varies along the polymerization and drying steps as observed previously for the diameter. The thickness of a humid shell is deduced from the measures of the inner and outer diameters of the shell obtained with a telecentric optical microscope. The thickness of a dry shell is measured from the X-rays images of the shell. 

II.3.3. Parameters influencing the density

During the fabrication process, the density of the shell is controlled by the monomer concentration in the surrounding phase ( [START_REF] Streit | Development of divinylbenzene foam shells for use as inertial fusion energy reactor targets[END_REF], [START_REF] Takagi | A novel technique to make foam shells with high sphericity and wall uniformity for cryogenic laser fusion targets[END_REF]). However, as for the diameter and thickness, the density varies along the polymerization and drying steps. Once again, the influence of the drying step is predominant. Indeed, a bad control of the drying process is able to increase dramatically the density of the shell. The density of the dry shell is calculated from the measure of the diameter, thickness and weight of the dry shell.

II.3.4. Parameters influencing the sphericity

The sphericity is a measure of the roundness of a three-dimensional object. According to the literature, several parameters influence the shells sphericity:

-the interfacial tension between the surrounding phase and the external phase -the density of the different phases -the viscosity of the external phase -the stir rate

McQuillan et al. [START_REF] Mcquillan | Microencapsulation process factors which influence the sphericity of 1 mm o.d. PAMS shells for ICF[END_REF], [START_REF] Mcquillan | The use of CaCl2 and other salts to improve surface finish and eliminate vacuoles in ICF microencapsulated shells[END_REF], determined that for poly(α-methylstyrene) (PAMS) shells the density mismatch between the surrounding phase and the external phase had to be minimized to obtain higher shells sphericity. In addition, the stirring rate also has to be optimized to get better shells sphericity [START_REF] Mcquillan | Microencapsulation process factors which influence the sphericity of 1 mm o.d. PAMS shells for ICF[END_REF].

Cook et al. [START_REF] Cook | The development of plastic mandrels for NIF targets[END_REF] and Takagi et al. [START_REF] Takagi | Decreasing out-of-round in poly(α-methylstyrene) mandrels by increasing interfacial tension[END_REF] demonstrated that an increase of the interfacial tension between the surrounding phase and the external phase lead to higher PAMS shells sphericity.

Moreover, they showed that the sphericity was sensitive to the density match of the external phase to the compound droplet (internal phase plus surrounding phase).

Paguio et al. [START_REF] Paguio | Improving the yield of target quality omega size PAMS mandrels by modifying emulsion components[END_REF] established that both an increased interfacial tension and a density matching between the three phases lead to higher PAMS shells sphericity.

One year later, Paguio et al. [START_REF] Paguio | Improving the wall uniformity of resorcinol formaldehyde foam shells by modifying emulsion components[END_REF] showed that an increase of the interfacial tension between the surrounding phase and the external phase as well as an increase of the external phase viscosity lead to higher RF shells sphericity. However, the effects of interfacial tension and viscosity on shells sphericity could not be distinguished separately.

II.3.5. Parameters influencing the non-concentricity

The non-concentricity (NC) value has to be minimized in order to get shells with a uniform wall thickness. Figure II.11 illustrates the difference between a shell with a low NC and one with a high NC. The non-concentricity is the hardest specification to meet. The wall nonuniformity adversely effects the implosions, so the foam shells are required to have a non-concentricity lower than 1%. As explained in Chapter I, the non-concentricity of a humid shell is measured with a telecentric optical microscope, and the non-concentricity of a dry shell is measured from the X-rays images of the shell.

Figure II.11: Definition of the non-concentricity

The numerous parameters of the process having an influence on the NC are listed below.

II.3.5.1. Influence of the density on the shells NC

From 1991 to 2003, [START_REF] Schroen-Carey | Hollow foam microshells for liquid-layered cryogenic inertial confinement fusion targets[END_REF], [START_REF] Overturf | Resorcinol/formaldehyde foam shell targets for ICF[END_REF], [START_REF] Lambert | Fabrication of low-density foam shells from resorcinolformaldehyde aerogel[END_REF], [START_REF] Czechowicz | Foam shell fabrication R&D at general atomics[END_REF], the following concepts can be found in the literature:

the density of the internal phase has to be equal to the density of the surrounding phase in order to obtain more concentric shells, and the density matching temperature is the polymerization temperature at which the shell's shape is set. Moreover, in order to eliminate shell sagging caused by gravity and to keep the shells suspended in solution during polymerization, the density of the external phase must be equal or slightly less than the density of the compound drop (internal phase plus surrounding phase), [START_REF] Lambert | Fabrication of low-density foam shells from resorcinolformaldehyde aerogel[END_REF], [START_REF] Overturf | Resorcinol/formaldehyde foam shell targets for ICF[END_REF], [START_REF] Takagi | Decreasing out-of-round in poly(α-methylstyrene) mandrels by increasing interfacial tension[END_REF], [START_REF] Czechowicz | Foam shell fabrication R&D at general atomics[END_REF].

In 2003, Streit et al. [START_REF] Streit | Development of divinylbenzene foam shells for use as inertial fusion energy reactor targets[END_REF] studied the effect of density matching on the non-concentricity (NC) of divinyl benzene foam shells (DVB). It appeared that "the percent of NC would be minimized with a room temperature density difference between 0.008 and 0.009 g.cm -3 ".

They also emphasize that "other production process variables scatter the data in this range, making it difficult to determine the effect of the density difference". Thus, in 2005, Streit et al. [START_REF] Streit | Foam shells: overcoating progress[END_REF] concluded that "matching density beyond a rough match has not had a clear effect on NC". However, in 2005 and 2006, [START_REF] Paguio | Fabrication capabilities for spherical foam targets used in ICF experiments[END_REF], [START_REF] Paguio | Fabrication of modified density and tin doped RF foam shells and beads for direct drive experiments[END_REF], Paguio et al. explained that a slight density mismatch between the internal phase and the surrounding phase (0.01 g.cm -3 at 70°C for low density RF shells and 0.005 g.cm -3 for high density RF shells) was one of the two factors that helped to produce resorcinol-formaldehyde (RF) shells with good wall uniformity.

Finally, the influence of density on the shell NC seems to be a largely discussed criterion in the literature. So, it seems interesting to study the influence of this criterion in the continuation of this work.

II.3.5.1. Influence of the deformations on the shells NC

When a stress is applied, a W/O emulsion distorts from its originally spherical shape and a core-centering force is generated and the water droplet moves towards the center of the oil droplet [START_REF] Norimatsu | Cryogenic Targets and Related Technologies at ILE Osaka University[END_REF]. In 1999, Norimatsu et al. [START_REF] Norimatsu | Modeling of the centering force in a compound emulsion to make uniform plastic shells for laser fusion targets[END_REF] showed that "non-uniform emulsion turns to be uniform by repeating instantaneous deformations followed with continuous rotation around the horizontal axis". Shells produced with flow disruptions lead to shells with improved NC [START_REF] Streit | Foam shells: overcoating progress[END_REF]. In addition, according to Ito et al. [START_REF] Ito | Optimization of gelation to prepare hollow foam shell of resorcinolformalin using a phase transfer catalyst[END_REF], there is an optimized rotation speed which gives shells with uniform thickness without breaking the emulsion.

II.3.5.2. Influence of the polymerization kinetics on the shells NC

This parameter is directly linked to the evolution of viscosity of the surrounding phase. The gelation time has to be long enough to let the internal phase center into the shell. Thus, it is admitted that slowing down the gelation time improves the shells NC [START_REF] Nikroo | Fabrication and properties of overcoated R/F shells for Omega experiments[END_REF], [START_REF] Vermillon | Mass Production Methods for IFE Targets[END_REF], [START_REF] Streit | Foam shells: overcoating progress[END_REF], [START_REF] Paguio | Fabrication capabilities for spherical foam targets used in ICF experiments[END_REF].

However, the rate of gelation has to be relatively fast due to the intrinsic instability of the double emulsion. Indeed, if the gelation time is too long the shells tend to agglomerate by flocculation and to lose their internal phase by diffusion [START_REF] Streit | Development of divinylbenzene foam shells for use as inertial fusion energy reactor targets[END_REF], [START_REF] Overturf | Resorcinol/formaldehyde foam shell targets for ICF[END_REF].

II.3.5.1. Influence of the viscosity on the shells NC

According to Norimatsu et al. [START_REF] Norimatsu | Modeling of the centering force in a compound emulsion to make uniform plastic shells for laser fusion targets[END_REF], the internal phase drop moves toward the center of the emulsion depending on the viscosity of the surrounding phase. The viscosity of the surrounding phase is clearly a parameter which affects the rate of centering of the internal drop. If the centering of the internal drop is too slow compare to the increase of viscosity in the surrounding phase, non-concentric shell will be obtained. Paguio et al. [START_REF] Paguio | Improving the wall uniformity of resorcinol formaldehyde foam shells by modifying emulsion components[END_REF], showed that the viscosity changes of the external phase cannot be completely ruled out from having an effect on the RF shells NC.

II.3.5.2. Influence of the interfacial tension on the shells NC

Cook et al. [START_REF] Cook | The development of plastic mandrels for NIF targets[END_REF], Takagi et al. [START_REF] Takagi | Decreasing out-of-round in poly(α-methylstyrene) mandrels by increasing interfacial tension[END_REF] and Paguio et al. [START_REF] Paguio | Improving the wall uniformity of resorcinol formaldehyde foam shells by modifying emulsion components[END_REF], [START_REF] Paguio | Improving the yield of target quality omega size PAMS mandrels by modifying emulsion components[END_REF], [START_REF] Paguio | Development and fabrication of NIF-scale resorcinol formaldehyde foam shells for ICF experiments[END_REF], demonstrated that increasing the interfacial tension between the surrounding phase and the external phase improves both the shells NC and the shells sphericity as stated before. To conclude, three of the aimed criteria, the diameter, thickness and density, are relatively easy to fulfill. The non-concentricity is the most difficult criteria to meet. According to the literature, five principal parameters are influencing the non-concentricity. However, the viscosity and the interfacial tension do not seem to have a direct impact on the nonconcentricity. Indeed, papers always study the influence of these two parameters on the sphericity and show that there is also an impact on the shells non-concentricity, but no straightforward study of their influence on the non-concentricity have been realized.

II.4. STATE OF THE ART IN THE USA, JAPAN AND FRANCE

The aim of this part is to compare the progress reports and the technologic choices, about the foam shell fabrication process, of major countries involved in fusion experiments until now, i.e. the United States, Japan and France. The results found and summarized below come from publications, internal progress reports and workshop presentations.

II.4.1. American results

The results obtained by the United States on the foam shell synthesis from 1984 to 2011 are summarized in Table II Figure II.13: Illustration of a two-stage emulsification process to produce polymer shells [START_REF]Polymer Microballoon Development[END_REF] In the period between 1984 [START_REF]Polymer Microballoon Development[END_REF] and 1990 [START_REF]Fabrication of plastic shells[END_REF], a polymer was solubilized in the organic phase which encapsulated a water droplet and the solvent was driven off to produce the shell.

Since 1993 [START_REF]Fabrication of foam shells overcoated with plastic layers[END_REF], the shells were produced by thermal polymerization of a monomer in the organic phase. The major issue of the two-stage emulsification process was the broad distribution of diameter and thickness in the shell population. So, in 1994 Overturf et al. [START_REF] Overturf | Progress report of foam shell project[END_REF] started using a triple orifice droplet generator, similar to the one design by the Osaka University, which gave a W/O/W double emulsion. The TMPTMA globules coming out of the generator were delivered into a PVA solution inside a flask heated by a water bath and attached to a rotary evaporator set-up. The foam shells produced by this new system had a narrow size distribution but had often non-uniform wall thickness. Since 1994, the triple orifice droplet generator has been systematically used to synthesize foam shells.

II.4.1.2. Nature of the foam

Until 1995, only TMPTMA foam shells were developed. However, studies at the Lawrence Livermore National Laboratory (LLNL) [START_REF] Schroen-Carey | Hollow foam microshells for liquid-layered cryogenic inertial confinement fusion targets[END_REF], showed that TMPTMA foams were "too opaque to allow optical characterization of the fuel fill at the required level of accuracy in capsules with 100 µm thick foam walls". "This opacity is largely due to excessive scattering of light by the relatively large, 1 to 3 µm, cell structure which is characteristic of methacrylate foams". So, in 1995, the LLNL started developments on RF foam shells. RF aerogel has a cell size on the order of 0.1 µm and is significantly more transparent than the methacrylate foams.

RF foam shells were then synthesized using a triple orifice generator with a reverse O/W/O double emulsion [START_REF] Overturf | Resorcinol/formaldehyde foam shell targets for ICF[END_REF], [START_REF] Lambert | Fabrication of low-density foam shells from resorcinolformaldehyde aerogel[END_REF].

TMPTMA and RF foam shells were produced for future Inertial Confinement Fusion (ICF) targets at the University of Rochester Laboratory on the Omega Upgrade facility and for the planned National Ignition Facility (NIF). In 2003, new target designs for the Inertial Fusion Energy (IFE) needed foam shells only composed of carbon and hydrogen. The RF and TMPTMA foam shells were not suitable anymore since they both contain oxygen in their chemical structure. Thus, new foam shells made of divinylbenzene (DVB) were developed by Streit et al. [START_REF] Streit | Development of divinylbenzene foam shells for use as inertial fusion energy reactor targets[END_REF].

II.4.1.3. Studies on the NC control

In 1995, Schroen et al. [START_REF] Schroen-Carey | Hollow foam microshells for liquid-layered cryogenic inertial confinement fusion targets[END_REF] improved NC results of TMPTMA foam shells by matching the densities of the organic phase and the internal water phase at polymerization temperature (90°C). This led to TMPTMA foam shells with an average non-concentricity as low as 5% for shell batches and less than 1% for some individual shells.

Concerning the DVB foam shells, Streit et al. [START_REF] Streit | Divinylbenzene (DVB) Shells, in High Average Power Laser Program Workshop[END_REF], in 2004, obtained better NC results by upgrading the agitation system and by matching the densities. By using a half full cylindrical horizontal flask instead of a full or two-third full angled pear shaped flask, the lowest average batch non-concentricity was 3% and some individual shells non-concentricity was less than 2%.

In addition, Cook presented in Moscow [START_REF] Cook | Mass Production targets for inertial fusion energy[END_REF] the latest DVB shells results obtained with the optimization of the rotobeaker "curing" (Figure II.14). The rotobeaker "curing" process was not detailed in this presentation. 90% of the shells had a non-concentricity lower than 5%, and 60% of the shells had a non-concentricity lower than 3%.

Concerning the RF foam shells, Nikroo et al. [START_REF] Nikroo | Fabrication and properties of overcoated R/F shells for Omega experiments[END_REF], in 2004, discovered that two main factors improved the yield of shells: a gentle agitation and an optimum gelation time. With these optimized parameters, high yield (without further quantification) of 100 mg.cm -3 RF foam shells were synthesized with an average non-concentricity of 5%-6%. In 2006, Paguio et al. [START_REF] Paguio | Fabrication of modified density and tin doped RF foam shells and beads for direct drive experiments[END_REF] produced shells with good wall uniformity by introducing a slight density mismatch between the organic phase and the RF precursor. For the 100 mg.cm -3 RF foam shells, approximately 30-50% of the shells met the non-concentricity specification of less than 5%. For the 180-250 mg.cm -3 RF foam shells, it was only around 10-20% of the shells.

Modifying the components of the external organic phase (which modify the interfacial tension and the viscosity) led to higher yield of shells with non-concentricity below the 5% specification as explained by Paguio et al. [START_REF] Paguio | Improving the wall uniformity of resorcinol formaldehyde foam shells by modifying emulsion components[END_REF] in 2007. With this modification, 90% of the 100 mg.cm -3 RF foam shells, and 25% of the 180-200 mg.cm -3 RF foam shells had a nonconcentricity lower than 5%.

In 2011, Paguio et al. [START_REF] Paguio | Development and fabrication of NIF-scale resorcinol formaldehyde foam shells for ICF experiments[END_REF], synthesized 100 mg.cm -3 RF foam shells with higher dimensions.

Increasing the interfacial tension resulted in shells with better wall uniformity, leading to 50% of the RF shells which had a non-concentricity lower than 5%.

The density of the various phases appears to be a key factor over the control of nonconcentricity, however it is not sufficient. In addition, it can be noted that the nonconcentricity of RF foam shells is more difficult to control than for DVB and TMPTMA foam shells.

II.4.2. Japanese results

The results obtained by Japan on the foam shell syntheses from 1986 to 2006 are summarized in Table II 

II.4.2.1. Two-step emulsification process

In 1986, Japan started development of low-atomic-number polymer shells. From 1986 to 1994, foam shells were synthesized using a two-step emulsification process (Figure II.13) developed by Kubo et al. [67].

In 1986, Kubo et al. [START_REF] Kubo | Development of a coating technique for inertial confinement fusion plastic targets[END_REF], solubilized deuterated polystyrene in the organic phase which encapsulated a water droplet and the organic solvent was driven off to produce the shell.

Then, Takagi et al. [START_REF] Takagi | A novel technique to make foam shells with high sphericity and wall uniformity for cryogenic laser fusion targets[END_REF] in 1991 used a two-step emulsification process combined with the cross-linked copolymerization of methyl methacrylate with trimethylpropane trimethacrylate in the oil phase of the emulsion. In addition, the density of the organic phase was adjusted to be equal to the density of the internal water phase in order to obtain a uniform wall. The nonconcentricity of the foam shells obtained was better than 3%.

In 1994, Norimatsu et al. [START_REF] Norimatsu | Cryogenic Targets and Related Technologies at ILE Osaka University[END_REF] used a density matched emulsion method with trimethylolpropane trimethacrylate as the only monomer in the oil phase. The shells were produced by thermal polymerization of the monomer in the organic phase. Foam shells, 300-1500 µm diameter, 10-50 µm wall thickness, 45 mg.cm -3 density, were fabricated with sphericity better than 98% and non-concentricity better than 2%.

II.4.2.2. Droplet generator

In 1986, R. Crawley [START_REF] Crawley | A hollow droplet generator for polymer shell production[END_REF] produced polymer foam shells (without any further information) using a specific double nozzle technique in the atmosphere. This double nozzle technique lays on the use of a gas as the internal phase and do not lead to the formation of an emulsion. This system is described by the author as follow: "the inner orifice injects bubbles of a desired gas into the polymer solution droplet stream" and "the stream is agitated using a piezoelectric diaphragm and produces uniformly sized hollow droplets". In 1991, Chen et al. [START_REF] Chen | Development of foam shells for cryogenic laser fusion target[END_REF] used this dual-nozzle droplet generator and a freeze-dry technique to synthesize PS foam shells. 10% of the foam shells had a non-concentricity lower than 5%.

In 1994, Norimatsu et al. [START_REF] Norimatsu | Cryogenic Targets and Related Technologies at ILE Osaka University[END_REF] at the Osaka University, produced shells using a dual-nozzlein-orifice droplet generator in liquid phase as illustrated in Figure II.17: Illustration of the optimized vigorous agitation conditions (The drum was rotated and its speed increased to 95 rpm within 15 minutes. 5 minutes later the rotation speed was then increased to 120 rpm. The maximum rotation speed was maintained for 1 minute, and then reduced to 95 rpm, which was maintained for 39 min.) [START_REF] Ito | Optimization of gelation to prepare hollow foam shell of resorcinolformalin using a phase transfer catalyst[END_REF] Finally, the use of a droplet generator gives shells with narrower diameter and wall thickness distributions than with a two-step emulsification process. The agitation conditions seem to be also an important parameter over the control of non-concentricity.

II.4.3. French results

Experiments at the CEA have started for about ten years. The first foam shells were synthesized in 2002 using trimethylolpropane trimethacrylate as a monomer. The first process was based on a two-step emulsification process which was quickly dropped to use a triple orifice droplet generator known to give a narrower distribution of the shells diameter and thickness. In addition to the droplet generator, a fully original circulation process, a wound tube of 17 meters long, was developed to avoid flocculation and inversion phase phenomena during the synthesis.

In 2003, the process was improved with the degassing of the external water phase which led to a better yield of shells. Another improvement was the density matching of the internal water phase with the organic phase which led to better shells NC. TMPTMA foam shells, 2300 µm diameter, 100 µm thickness, 250 mg.cm -3 density, with an average NC of 10%, were thus synthesized.

In 2004, a wound tube of 10 meters long was patented [START_REF] Guillot | Procédé et dispositif de fabrication de billes ou de ballons en mousse polymère[END_REF]. In 2005, with this patented wound tube heated at 90°C, 200-250 mg.cm -3 TMPTMA foam shells were produced with 29% of the shells having a non-concentricity lower than 4% and 4% of the shells having a nonconcentricity lower than 2%.

In 2006, with a wound tube twice longer (20 m) and the use of a co-initiator, 100 mg.cm -3 TMPTMA foam shells were produced with 24% of the shells having a non-concentricity lower than 4%.

Since 2006, the process used for TMPTMA foam shells synthesis has been transposed to DVB foam shells synthesis with poor results. Then, a new process was developed using a droplet generator followed by a tube with areas of constriction and the organic phase was preheated before injection. In 2007, 110 mg.cm -3 DVB foam shells were synthesized: 30% of the shells had a non-concentricity lower than 4%, and 10% of the shells had a non-concentricity lower than 2%.

In 2008, the same process was used to synthesize 240 mg.cm -3 DVB foam shells. After some adjustment of the parameters, 30% of the shells had a non-concentricity lower than 4% and 6% of the shells had a non-concentricity lower than 2%.

II.5. CONCLUSION

Shells are synthesized via a W/O/W double emulsion. Emulsions can undergo several destabilization pathways such as creaming, sedimentation, flocculation, phase inversion, coalescence and Ostwald ripening. In addition to all these breakdown phenomena, the double emulsions can also release the encapsulated internal droplets, with or without film rupturing.

All these destabilization phenomena lead to beads instead of shells. To avoid these destabilization phenomena, a polymeric stabilizer can be used and/or one of the phases of the emulsion can be polymerized. In our case, the emulsion is stabilized by a polymeric stabilizer, the polyvinyl alcohol, and the organic phase is also polymerized.

Indeed, a free radical polymerization process in solution is used to polymerize the organic phase. The free radical polymerization is a three steps process namely initiation, propagation and termination steps, which all three occur as soon as the polymerization reaction begins.

The polymerization reaction can be initiated either by thermal decomposition of the initiator or by photochemical reaction of a photoinitiator. Besides, with a multifunctional monomer as trimethylolpropane trimethacrylate with a functionality of six, intermolecular crosslinking reactions occur leading to a three-dimensional network. The time at which an infinite polymer network appears is the gel point. For monomers with functionality higher than three, the gel point cannot be theoretically predicted which means that experimental studies are necessary.

The aimed criteria for the shells, i.e. diameter, thickness, density, sphericity and nonconcentricity, are influenced by several parameters during the synthesis process. During this PhD, we focused on the non-concentricity which is the most difficult specification to meet.

The non-concentricity is influenced by many parameters such as the density of the three phases, the deformations of the shells along the process, the kinetics of the polymerization, the interfacial tensions and the viscosity of the phases. According to the literature, only the first three parameters have a direct influence on the shells non-concentricity. However, the parameter the most studied in the literature seems to be the density gap between the internal and surrounding phases. Thus, we decided to first study the influence of the densities on the non-concentricity of the shells synthesized with our specific process. The influence of the deformations and the kinetics were studied afterwards.
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To finish, until now, three nations, the Unites States, Japan and France have been involved in the fabrication process of foam shells. The US and Japan have been precursor in this field.

The US teams have worked on several kinds of monomers but nowadays they focused their researches on DVB and RF foam shells. The Japanese teams focused more on PS and RF foam shells. Unlike the US and Japan, France decided to carry on with TMPTMA and DVB foam shells. However, in all cases, a droplet generator is used to synthesize shells since it give shells with narrower diameter and wall thickness distributions than with a two-step emulsification process. The density of the various phases appears to be a key factor over the control of non-concentricity, however it is not sufficient. The deformations applied to the shells before gelation seem to be also an important parameter over the control of nonconcentricity. Moreover, in the literature, the reproducibility of the synthesis process is poorly 

CHAPTER III. OPTIMIZATION OF THE SHELLS NON-CONCENTRICITY

The density of the three phases of the double emulsion seems to be one of the parameters the most studied over the years within the literature. So the influence of density gaps between the internal water phase W1 and the organic phase O1 on the shells NC was carefully studied during this PhD. However, despite several attempts by various authors [1], [2], [3], there is no complete theory of the physics affecting non-concentricity in the complicated synthesis process used to make shells. In this chapter, the influence of density gaps between W1 and O1 on the shells non-concentricity was studied first. Since the reproducibility of the synthesis process is an unexplored criterion, we decided to investigate it. Then the influence of the centering of the droplet injector on the shells non-concentricity was also discussed. Finally, the role of the interfacial tensions of the system has also been studied briefly. which density gap will lead to the lowest non-concentricity. Moreover, the density of W1 will be either higher or lower than the density of O1, at polymerization temperature, in order to study the effect of a density mismatch between W2 and the shell (O1/W1). The density of the internal water phase can vary from the density of pure water (W1 (1)) to the density of pure deuterated water (W1 ( 14)). Thus, the density of the internal water phase can be up to 10% of the density of the organic phase.

III.1. INFLUENCE OF DENSITY ON THE SHELLS NON-CONCENTRICITY

Fourteen internal water phases have been prepared, their composition are given in Table III.1.

W1(1) is pure water, then, for higher numbers, the amount of deuterated water increases and the amount of water decreases, until W1(14) which is pure deuterated water. The internal water phase used to make TMPTMA foam shells previously to this study is now called W1(3). The results of the evolution of density with temperature, for O1, W1 and W2 are illustrated in The density of the external water phase W2 is equal to 1.011273 g.cm -3 at 20°C and 0.995671 g.cm -3 at 60°C. It is easy to see that the internal water phases W1 (1) and W1 (2) lead to an average shell density lower than the density of the external water phase. The internal water phases, from W1 (4) to W1 ( 14), lead to an average shell density higher than the external water phase. The W1 (3) phase leads to an average shell density slightly less than the density of the aqueous bath as shown before.

III.1.2. Shells syntheses with several density gaps

Fourteen internal water phases of different density have been used to synthesize TMPTMA foam shells. The compositions of the 14 internal water phases are described in Table III.1.

The compositions of the external water phase and the organic phase are described in Chapter I. In order to study different density gaps between W1 and O1, 38 bottles of shells were collected from several sets of experiment. First, shells were collected with density gaps close to the equality of density (dW1 -dO1 at 60°C between -0.01 and 0.029 g.cm -3 ), since the literature showed that better NC results were obtained with density matching. Then, as better 64 NC results were obtained with higher density gaps than with density matching, shells were synthesized using higher and higher density gaps (dW1 -dO1 at 60°C between 0.029 and 0.097 g.cm -3 ). 7), ( 11), ( 12) and ( 14). The narrowest repartition is obtained with W1 (12), that is to say with a density difference between W1 and O1 equal to 0.078 at 60°C. and O1. At first, when the density gap increases from -0.01 to -0.001 g.cm -3 , the average NC increases from 7.5% to 11.3%. Second, when the density gap increases from -0.001 to 0.089 g.cm -3 , the average NC decreases down to 2%. Then, a further increase of the density gap from 0.089 to 0.097 g.cm -3 increases the average NC value to 3.9%. Thus, the best NC results are obtained with both internal water phases W1(12) (dW1 -dO1 = 0.078 g.cm -3 at 60°C) and W1(13) (dW1 -dO1 = 0.089 g.cm -3 at 60°C) with an average NC of almost 2%.

The dispersion of the measures is studied in part III.2 of this chapter through a reproducibility study. -0.01 to -0.001 g.cm -3 , the percentage of shells with NC < 4% decreases from 29% to 12%.

Second, when the density gap increases from -0.001 to 0.089 g.cm -3 , the percentage of shells with NC < 4% increases up to 97%. Then, a further increase of the density gap from 0.089 to 0.097 g.cm -3 results in decreasing the percentage of shells with NC < 4% to a final value of 57%. For the density gap of 0.097 g.cm -3 , there is only one data, so the result might be not significant. As stated above, the result obtained at 0.097 g.cm -3 might be not significant since it is the only data for this density gap. All the results obtained also show that better NC results are obtained when the density of the shell is higher than the density of W2 at polymerization temperature. from W1(4) to W1(12) and W1 (13), the percentage of shells with a better non-concentricity value increases. In addition, it can be noticed from the graphic that even though the NC results are better with W1(12) and W1 (13), the results obtained with W1 (11) are very close to the best values. Furthermore, two different evolutions of the NC results can be noticed. For the internal water phases from W1(1) to W1(6) the evolutions of the NC results are more chaotic than for those obtained with the internal water phases from W1(7) to W1( 14) which are more straightforward. A kind of gap in the values of the non-concentricity reached can be noticed between these two groups of internal water phases. This gap might be explained by the density difference between the external water phase W2 and the shell (Table III.3). When the shell's density is lower, equal or slightly higher than the density of W2, worse results of non-concentricity are obtained than when the shell's density is really higher than the density of W2. The yield is calculated with the number of shells obtained in each bottle at the end of the syntheses, after the alcohol exchanges, compared to 250 shells (the maximum of shells that can be obtained with an untroubled experiment). It has to be emphasized that during the synthesis, the number of shells collected within one bottle can vary from one bottle to another.

The bottle is filled horizontally until the neck of the bottle is reached by the external water phase, but the shells collected are not counted up. In addition, during the shell's cleaning and alcohol exchanges, few shells can be randomly lost. Moreover, shells are collected after five minutes of stabilization of the system and if a great disruption happens in the droplet injector, the collected shells are thrown away and new shells are collected again.

The yield of shells as a function of the density gap between W1 and O1 at polymerization temperature is presented in Figure III.8. For each density gap, the reported point is the average of the yields obtained for different bottles. Overall, the curve shows a bell-shaped profile with yield values higher than 50% for density gaps between -0.008 and 0.078 g.cm -3

(from W1 (2) to W1 ( 12)). However, the yields are very low for extreme values of the density gap: -0.01, 0.089 and 0.097 g.cm -3 (W1 (1), ( 13) and ( 14)). As mentioned before, the best NC results are obtained for both a density gap of 0.078 and 0.089 g.cm -3 . However, the yield of shells for a density gap of 0.078 g.cm -3 is 58% whereas it falls to 26% for a density gap of 0.089 g.cm -3 . A hypothesis could be that heavy W1 phases (W1(13) and W1( 14)), while moving inside the O1 globule, create film ruptures of the organic layer leading to beads instead of shells.

A compromise has thus to be made between good NC results and a high yield of shells. This is the reason why the internal water phase W1(12) (dW1 -dO1 = 0.078 g.cm -3 at 60°C) has been used for further experiments. 

III.1.4. Comparison of NC results and sphericity results

III.1.4.1. Comparison of previous and optimized NC results

Table III.4 presents the percentage of shells fulfilling the non-concentricity criteria (10, 8, 6, 4, and 2%) for the shells synthesized before this PhD started using W1(3) and the ones synthesized in this chapter using W1 (12). Almost all the shells (99%) synthesized with W1 (12) have a non-concentricity lower than 6%. In addition, 89% of the shells have a nonconcentricity lower than 4% and 44% of the shells have a non-concentricity lower than 2%. A huge improvement on the shells non-concentricity has been made by increasing the density gap between the internal water phase and the organic phase.

However, major process parameters have changed between the shells synthesized before this PhD started and the ones synthesized in this chapter. Before, the shells were synthesized using a short wound tube heated at 90°C and the collecting flask was placed inside a water bath at ambient temperature. In this chapter, the shells are synthesized using a tube with areas of constriction at ambient temperature and the flask is placed inside a water bath at 60°C. Before this PhD started, DVB shells synthesized at 60°C with a tube with areas of constriction gave better results than TMPTMA shells synthesized at 90°C with a short wound tube. Then, since the beginning of this PhD, TMPTMA shells are synthesized using the DVB process. In addition, the ratio water/deuterated water in the internal water phase used before was calculated to obtain d W1 = d O1 -0.02 g.cm -3 at room temperature (W1(3)). In this chapter, W1 (12) was used as the internal water phase (d W1 = d O1 + 0.059 g.cm -3 at room temperature).

The circulation process used may also have an influence on the improvement of the nonconcentricity results. Thus, the influence of the circulation process on the shell nonconcentricity will be studied in the following Chapter IV.

Table III.4: Percentage of shells fulfilling the NC criteria for the experiments realized before this PhD while using W1(3) as the internal water phase and for the experiments realized in this chapter while using W1 (12) percentage of shells fulfilling the NC criteria before with W1 (3) in this chapter with W1( 12)

NC ≤ 10% 73% 100% NC ≤ 8% 60% 99% NC ≤ 6% 47% 99% NC ≤ 4% 31% 89% NC ≤ 2% 5% 44%

III.1.4.2. Sphericity results

It was important to check that a density gap between the internal water phase and the organic phase does not critically damage the sphericity of the shells while increasing their nonconcentricity. Figure III.9 presents the average shells sphericity as a function of the density gap between the internal water phase and the organic phase at 60°C for the 38 bottles collected. No patterns emerge from the results in Figure III.9, so it can be concluded that the density mismatch between W1 and O1 has no influence on the shells sphericity.

The average sphericity obtained before this PhD started was 99.55%. The average sphericity for the 14 bottles collected in this chapter is 99.86%. So, the sphericity was not degraded and has even slightly improved between the two processes used before and during this PhD. 

III.2. REPRODUCIBILITY OF THE PROCESS

The reproducibility of the process has been tested with 11 bottles collected while using W1(12) as the internal water phase. These 11 bottles have been collected in the same conditions during five different experiments realized between June 2010 and May 2011.

Table III.5 presents the average non-concentricity obtained for the 11 bottles collected.

The average non-concentricity of these 11 bottles is equal to 2.40 %. The standard deviation is then equal to 0.29. The standard deviation σ is calculated with the formula below:

with µ as the average, N as the number of samples and x i as the value of the different samples. The slight variation in the results obtained may be due to the fact that this synthesis is a complicated and heavy process where the least little dust or air bubble can destabilize the whole injection process. Moreover, the only manually set parameter is the centering of the needle 1 inside the center of the needle 2. All the other parameters that are controllable are set automatically. So, at this point, we wonder if the centering of the droplet generator had an impact on the NC values obtained, which will be discussed in the following part.

III.3. INFLUENCE OF THE CENTERING OF THE DROPLET INJECTOR ON THE SHELLS NON-CONCENTRICITY

As it is explained in Chapter I, the droplet generator is taken apart after each injection to clean every piece. When the droplet generator is reassembled, the centering of the needle 1 into the needle 2 is checked with a binocular. However, the centering is not measured and is only checked with the naked eye. Thus, a synthesis was planned with two different droplet injector configurations: one with the needle 1 centered as best as it is possible and one with the needle 1 intentionally moved off center. For this experiment, the centering of the needle 1 inside the needle 2 was measured precisely using a microscope.

The image obtained for the needle 1 centered at best is presented in Figure III.12. The moving off centre is measured on x and y axis. In Figure III.12, the moving off centre along x is equal to 2.5 µm and the moving off centre along y is equal to 1.2 µm. It can also be noticed from the picture that the needle 2 is more oval than circular and the needle 1 is not a perfect circle either.

Figure III.12: Image of the droplet injector when the needle 1 is centered as best as it is possible (scale: 7 mm on the picture represents 200 µm)

The needle 1 can be moved off center but not too much because there still need to be a space between the walls off the needles for the organic phase to flow through. Otherwise, if the needle is moved too much off centre, it won't be possible to form the shell (the internal water phase will run away from the organic phase and they will never mix) and only beads will be synthesized. The image obtained when the needle 1 is not centered is presented in Figure Thus, two bottles were collected with the needle 1 centered and two other bottles were collected with the needle 1 not centered. For these syntheses the same process as earlier was used and the internal water phase used was W1 (12). The four bottles were collected the same day and the only difference between both couple of bottles collected was the centering of the droplet injector.

The average non-concentricity obtained for the two couples of bottle collected are presented in Table III. 6. Better values of the average non-concentricity are obtained when the needle 1

is not centered by comparison with the needle 1 centered. This observation means that the centering of the two needles in the droplet injector is not a key factor governing the shells NC. However, we wondered if the moving off centre had an impact on the reproducibility of the results. Figure III.14 presents the percentage of shells as a function of the shells nonconcentricity for the 4 bottles collected and also for the 11 bottles collected for the reproducibility process presented before. As for the results presented in Table III.6, the graphic shows that better results of non-concentricity are obtained with the needle 1 not centered. However, the evolutions of the NC results for the 4 bottles collected fit inside the curves of the 11 bottles collected with the same internal water phase W1 (12). The 11 bottles were collected with the needle 1 more or less centered inside the needle 2. So the slight variation in the reproducibility results obtained may be partly explained by the centering of the needle 1 inside the needle 2. When the centering of the needle 1 within the needle 2 is not perfect (which is impossible anyway), the internal water phase has to center itself within the organic phase to obtain shells with a good NC. Paguio et al. [4] explained that a slight density mismatch may be beneficial as it allows the internal water phase to move and center inside the organic phase. This could explain why better NC results are obtained with important density mismatch for TMPTMA foam shells. The movements of the internal water phase inside the organic phase will be studied in Chapter IV.

III.4. INFLUENCE OF INTERFACIAL TENSION ON THE SHELLS NON-CONCENTRICITY

The interfacial tension is the surface tension at the interface of two liquids. The surface tension is a measurement of the cohesive energy presents at an interface. The surface tension is the energy required to increase the surface area of a liquid by a unit of area. The unit of the surface tension or interfacial tension is Newton per meter (N.m -1 ) in SI units or dyne per centimeter (dyn.cm -1 ). It can also be considered in terms of work per unit area, the SI unit in that case is joule per square meter (J.m -2 ).

In a liquid, the molecules attract each other. The interactions between molecules in a liquid bulk are balanced by an equal attractive force in all directions. Molecules on the surface of a liquid experience an imbalance of forces. This creates some internal pressure and forces liquid surfaces to contract to the minimal area. The surface tension is responsible for the shape of liquid droplets. Although easily deformed, droplets of all liquids tend to be pulled into a spherical shape by the cohesive forces of the surface layer. In the absence of other forces, including gravity, drops of all liquids would be perfectly spherical.

Therefore, the surface tension tries to minimize the surface area, resulting in liquids forming spherical droplets. So, the shell's sphericity is linked to the interfacial tension between the organic phase O1 and the surrounding phase W2. As explained in Chapter II, Cook et al. [5],

Takagi et al. [6] and Paguio et al. [7], [8], demonstrated that increasing the interfacial tension between the surrounding phase and the external phase improves both the shells NC and the shells sphericity. The interfacial tension between the organic phase and the external water phase is fixed by both their composition that we intentionally kept constant. However, none of the paper talks about the influence of the interfacial tension between the internal water phase and the organic phase on the shell non-concentricity. Thus, at the sight of the NC results obtained with the various density gaps, we wondered if while using internal water phases of different density the interfacial tension also changed. So, the idea was to measure the interfacial tension between the internal water phase and the organic phase at polymerization temperature 60°C.

The interfacial tension between the two phases was measured using a pendant drop apparatus.

The pendant drop method is based on the study of the shape of a drop of a first liquid hanging from a capillary tip inside a glass container filled with a second liquid. In that configuration, the first liquid shows a higher density than the second liquid. The pendant drop is symmetric about a central vertical axis. The balance between the interfacial tension and the buoyancy forces (Archimedes' principle) controls the drop shape. The interfacial tension tends to make the drop spherical whereas the gravity tends to elongate it.

The interfacial tension σ is determined by the method of Andreas, Hauser and Tucker [9] using the equation ( 1). The equations are based on the balance between gravitational and buoyancy forces between the liquid drop and the suspending medium. The interfacial tension is determined from the equilibrium shape of the drop profile and the density difference between the two components at relevant temperature. The shape of the drop can be described as the ratio in equation ( 2). Tables of S values as a function of H values had been empirically evaluated from water pendant drops [9]. The evolutions of the interfacial tension between the internal water phase and the organic phase were measured between 20 and 70°C, each 10°C, with four different internal water phases: W1(3), W1 (7), W1 (11) and W1 (12). During the experiments, the organic phase did not contain initiator to avoid polymerization. The densities of the phases used for the measures have to be known precisely for each measurement temperature. The evolutions of density with temperature of the four internal water phases and the organic phase used are illustrated in Figure III.15. The graphic showed that the measurements with W1(7), W1 (11) and W1( 12) are made with the internal water phase as the drop and the organic phase as the suspending medium, whereas the measurements with W1(3) are made with the opposite configuration. These two systems are necessary because with the pendant drop configuration, the drop must always show a higher density than the suspending medium. The results that could be obtained before the apparatus was out of order are presented in A major issue appeared during the measures while using W1(3), the drops obtained at 40 and 50°C were so big that they almost did not fit anymore inside the camera field. At 60 and 70°C there were too huge to allow any measurement. This can be attributed to a density difference between the two phases that is almost equal to zero. In fact, Xing et al. [10], maintain that the density difference between two polymer blends should be larger than 4 to 5% for the drop to reach equilibrium and determine the interfacial tension. In addition, Ravera et al. [11] said that the only limitation of the drop shape method for the study of liquid-liquid interface is set by very low density contrast couples of liquids. Flock et al. [12] measured the interfacial tension between heavy crude oil and water. The authors stated that "the pendent drop technique cannot be used to measure interfacial tensions when the density difference between the two fluids is less than 0.01 g.cm -3 ". However, the lowest density gap that the authors used to measure the interfacial tension was 0.04 g.cm -3 . The internal water phase and the organic phase used in our case have really low viscosities compared to polymer blends, so the time to reach equilibrium for the drop is much faster. However, we can wonder until which minimal value of the density difference we will obtain reliable results. Table III.7 gives the density differences between the internal water phase and the organic phase at the measurement temperatures. The density differences between O1 and W1(3) or W1 (7) lie respectively between 0 and 2% or between 1 and 3%. The density difference between O1 and W1 (11) or W1( 12 In an astonishing way, the interfacial tension increases when the temperature increases whereas classically the interfacial tension decreases with temperature. This unexpected behavior is not the only example in the literature. Indeed, in the field of petroleum extraction, Flock et al. [12] also mention that for one heavy oil the interfacial tension increased with temperature and for two heavy oils the interfacial tension initially decreased then increased with temperature. The authors stated that "no just explanation for the increasing interfacial tension was established".

The results on Figure III.16 show that the evolution of the interfacial tension with temperature for W1 (11) and W1( 12) are the same with almost identical values of interfacial tension. The internal water phase W1 (7) shows also the same trend in the interfacial tension evolution with temperature. However, the values of interfacial tension for W1 (7) are lower than the one for W1 (11) and W1 (12). At 60°C, the polymerization temperature process, the interfacial tension at the interface W1( 7)/O1 is equal to 6.5 mN.m -1 and for the interfaces W1(11)/O1 and W1( 12)/O1 the interfacial tension is equal to 8.4 and 8.7 mN.m -1 respectively. So, the higher values of interfacial tension obtained with W1(11) and W1 (12), could explain the better NC results obtained with these internal water phases than with W1(7). In addition to these measurements, the interfacial tension between the organic phase O1 and the external water phase W2 was measured at 20°C. The density difference between the organic phase and the external water phase is equal to 0.017 g.cm -3 which is very low. The interfacial tension at this interface was then equal to 2.4 mN.m -1 . According to Paguio et al.

[13] (RF shells with a O1/W1/O2 system) a high value of the interfacial tension between the aqueous phase W1 and the external organic phase O2 (σ = 13 mN.m -1 ) leads to shells with better wall uniformity. The interfacial tension value at the external interface O1/W2 of our shell is very low compared to Paguio's one. Therefore, the influence of the interfacial tension of the external interface on shells NC could be studied later on by varying the nature and concentration of the surfactant dissolved in the external water phase.

III.5. CONCLUSION

When the density gap between the internal water phase W1 and the organic phase O1 increases, the TMPTMA shells non-concentricity improves. The curve of the yield of shells as a function of the density gap shows a bell-shaped profile, with yield values higher than 50%

for density gaps between -0.008 and 0.078 g.cm -3 at 60°C. A density gap of 0.078 g.cm -3 at 60°C (using W1( 12)), leads to an average non-concentricity of 2.4% with a yield of 58%.

Besides, a density gap of 0.089 g.cm -3 at 60°C (using W1( 13)), leads to an average nonconcentricity even better of 2.1%. However, while using W1( 13), the yield falls down to 26%.

A compromise has thus to be made between good non-concentricity results and a high yield of shells. This is the reason why the internal water phase W1(12) (dW1 -dO1 = 0.078 g.cm -3 at 60°C) has been used for further experiments.

An experiment of reproducibility realized with 11 bottles collected in the same conditions, at different times over a year, shows that the process can be considered as reproducible. The slight variation in the reproducibility results obtained may be partly explained by the centering of the needle 1 inside the needle 2. Better values of the average non-concentricity are obtained when the needle 1 is not centered which means that the centering of the two needles is not a key factor governing the shells non-concentricity.

The better non-concentricity results obtained with an important density mismatch for TMPTMA foam shells could be explained by the movements of the internal water phase inside the organic phase which will be studied in the next Chapter IV. Besides, the higher values of interfacial tension obtained at the interface W1(11)/O1 and W1 (12)/O1 than at the interface W1(7)/O1 may also be linked to the better NC results obtained, even if the results obtained are not entirely trustworthy.

As explained in the previous Chapter III, better non-concentricity results are obtained when the density gap between the internal water phase W1 and the organic phase O1 is high, which means equal to 0.078 g.cm -3 at 60°C (W1( 12)). However, the density gap alone cannot explain why better non-concentricity results are obtained. The results presented in Chapter III were obtained with a circulation of the shells in a tube with areas of constriction. Two other circulation systems are available at the CEA and we wondered if differences or similarities could be found between these three systems. In this chapter we focused our attention on the influence of the deformations applied to the shells when circulating in the system, on the nonconcentricity. These deformations may be responsible for the centering of W1 inside O1 and thus govern the final non-concentricity. This means that we studied the circulation process with the different tube systems available and the polymerization process to know when and where the shells polymerize during the synthesis process.

IV.1. INFLUENCE OF THE CIRCULATION PROCESS ON THE SHELLS NON-CONCENTRICITY

IV.1.1. Presentation of the three circulation systems

Three different circulation systems at the CEA can be used to synthesize foam shells, as illustrated in Figure IV.1. These circulation systems are placed between the droplet injector and the collecting flask. The first system uses a straight tube, the second one a tube with areas of constriction and the third one a short wound tube [1]. These circulation systems are described in details in Chapter I. In this part we described shortly all the phenomena occurring in these three circulation systems and which are visible to the naked eye. The straight tube is a short circulation system (length = 50 cm) whose function is only to lead the shells from the extremity of the droplet generator to the collecting flask. In this kind of system, the gravity and the velocity gradient are responsible for the stress applied to the shell during its circulation. Moreover, an experiment realized with shells marked with a black dot revealed that the shells turn round on themselves while going down along the tube.

IV.1.1.2. Circulation of the shells in a tube with areas of constriction

Different tubes are available with constrictions more or less pronounced. These constrictions can have a mechanical effect on the shell during its circulation by squeezing it. Only one of the tubes available is used in this PhD work, but it would be interesting to study all the other tubes. The tube with areas of constriction used here shows constrictions of 4 mm diameter.

Since the shells are 2 mm in diameter, they do not undergo mechanical effect caused by the constrictions. So, in this particular tube with areas of constriction, it seems that the shells are only subject to the gravity and the velocity gradient. As for the straight tube, it was shown that the shells also turn round on themselves.

IV.1.1.3. Circulation of the shells in the short wound tube

The wound tube is patented by the CEA. The expected role of the wound tube is to avoid the agglomeration of the shells during their circulation. The underlying idea of the utilization of this system by the CEA is the fact that the polymerization occurs during the shells circulation in the wound tube. This fact will be checked during this work. In this system the shells are subject to the gravity and the velocity gradient and turn around themselves as the other two circulation systems. The shells usually travel individually inside the wound tube with space between each other. However, from the first quarter of the wound tube the shells travel sometimes in a close pack of shells, with 1 to 10 shells one after another, forming a sort of shell train.

IV.1.2. Synthesis of shells with three circulation systems and three density gaps

To study the influence of the circulation process on shells non-concentricity, foam shells were synthesized with the three following circulation systems: the straight tube, the tube with areas of constriction (system used in Chapter III) and the short wound tube. In addition, for each circulation system, three density gaps between the internal water phase and the organic phase have been tested by using the internal water phases W1(3), W1 (7) and W1 (12). However, for the wound tube, the internal water phase W1 (11) was used instead of W1 (12). The average non-concentricity results obtained for each experiment are presented in Table IV.1. On the one hand, the results obtained in Table IV.1 show that for each circulation system the average non-concentricity decreases when the density gap at 60°C between the internal water phase W1 and the organic phase O1 increases. Thus, whatever circulation system used, better non-concentricity results are obtained when the density gap between the internal water phase and the organic phase is high, which means equal to 0.078 or 0.065 g.cm -3 at 60°C (W1 (12) and W1( 11)). On the other hand, the values of the average non-concentricity obtained with each density gap are about the same order for the three circulation systems. This can be considered as a surprising result since the three systems are very different both in their dimension and shape.

In Figure IV.2, the percentages of shells as a function of the shells non-concentricity for the three different circulation systems while using three different internal water phases are plotted. Three different behaviors can be discerned in the evolution of the non-concentricity results. Each behavior corresponds to one of the three internal water phases used. Besides, the results obtained with W1(12) while using the straight tube fit the results obtained for the 11 bottles collected with W1(12) while using the tube with areas of constriction. The same fit is observed for the results obtained with W1(11) while using the wound tube.

So it can be concluded that the straight tube or the wound tube give as good NC results as the tube with areas of constriction while using a density gap of 0.078 g.cm -3 at 60°C. However, the shell lives are not similar in these three circulation systems. 

IV.1.3. Hypothesis to explain the shell's motion in the circulation systems

When the shell is striped off from the droplet generator, its shape appears as illustrated in Figure IV.3. At first, the shell is not spherical and the internal water droplet is not centered inside the oil globule. Then, at the end of the process, the shell has became round and centered. The non-concentricity results obtained with the three circulation systems are equivalent. So, we wondered if the circulation process and/or the agitation of the shells inside the flask had an influence on the shells shape. In that aim, we tried to understand the motion of the shells in the three circulation systems and to evaluate the kinetics of polymerization. As explained in Chapter II, the literature, [2], [3], [4], [5], specified that when a W1/O1 emulsion distorts from its originally spherical shape a core-centering force is generated and the W1 droplet moves to the center of the O1 droplet. For a system submitted to acoustic oscillations, with a configuration where the core is a gas and the shell is an inviscid liquid, the core-centering forces come from hydrodynamic forces [6], [7]. Nevertheless, the understanding of the centering of the shells, with a configuration where both the core and the shell are immiscible liquids, is still not completely understood. As yet, no physical model explains the core-centering phenomenon resulting from the shell's deformation. The following explanations of the core-centering phenomenon observed in our systems are only hypothesis.

First, we compared the straight tube and the tube with areas of constriction which are equivalent except for the areas of constriction. For both tubes, the shells turn round on themselves while going down along the tube. However, this phenomenon is not visible to the naked eye during the synthesis. Thus, shells already synthesized were marked accurately with a black dot and introduced with a water flow inside the tubes in order to measure the rotation speed of the shells on themselves. In this aim, movies were made with an ultra fast frame grabber camera. In the first part of the wound tube, it can be observed that the shells touch the bottom of the tube (because they are heavier than W2) so they turn round on themselves because of the parabolic velocity gradient inside the tube. An experiment with a shell with a black dot has also been realized inside the wound tube but was not filmed. However, it was visible to the naked eye too that the shells turn around on themselves as stated earlier.

From all these observations, we can say that in the three circulation systems, the shells undergo gravity forces and turn around on themselves. Centering forces due to gravity should be much more efficient with a high density gap between the internal water phase and the organic phase than with the equality. Indeed, when a density mismatch exists between W1 and O1, the internal water phase W1 centers itself to reach an equilibrium position. Thus, a significant density mismatch (as with W1 ( 12)) will generate a core-centering force.

Conversely, a density match (as with W1 (3)) will not generate any force to help center the shell. The shells turning around on themselves allow that the centering does not occur only toward one privileged direction.

Moreover, the time spent by the shells in each of these circulation processes is different. With an external water flow of 40 mL.min -1 , the shells go through the straight tube or the tube with areas of constriction (50 cm long with a 5 mm internal diameter) in approximately 15 seconds. Whereas, the shells need around 5 minutes to go through the wound tube (11 meters long with a 5 mm internal diameter).

The shaping of the shell has to occur before the gel point while the polymer is still able to flow. Thus, centering forces can occur inside the shell until the organic phase viscosity is too high. So, it is important to determine the needed time to polymerize completely the organic phase and to measure the evolution of the organic phase viscosity.

IV.2. INFLUENCE OF THE POLYMERIZATION KINETICS ON THE SHELLS NON-CONCENTRICITY IV.2.1. Polymerization process

To be able to compare the three circulation systems, it is necessary to know when the gelification starts, when the shell is completely polymerized and where the shell is located when the gelification occurs. It would be interesting to measure the extent of reaction at the gel point. The extent of reaction (p) is defined as:

However, no absolute method exists to quantify the extent of reaction, especially for highly functionalized monomers such as TMPTMA. At the beginning of this study, we tried by NMR 1 H to quantify the amount of residual monomers based on the vinyl double bond signals at 5.58 and 6.09 ppm. However, once the polymerization occurs, the spectra obtained reveal the overlaying of the peaks attributed to the residual monomer and the partially reacted monomer incorporated inside the polymeric chains. This method was dropped since no straightforward quantification was possible.

In this work, the reacting monomer has been followed by analyzing its residual amount with gas chromatography along the synthesis. Second, the time to form a crosslinked polymer was measured by rheology measurements. At last, the evolution of the organic phase viscosity during polymerization was determined.

IV.2.1.1. Monomer consumption followed by gas chromatography

Gas chromatography is used here to measure the quantity of residual monomer for lack of straightforward methods measuring the extent of reaction. Gas chromatography allows us to quantify the residual monomers in solution but it does not quantify the residual monomers trap inside the tri-dimensional network. Besides, gas chromatography does not quantify the functional groups. This means that the functional groups which did not react on a monomer that have already reacted are not quantifiable. So, this method underestimates the quantity of monomer and even more the quantity of double bounds.

The organic phase composition is described in Chapter I. The polymerization reaction was realized inside a balloon flask filled with the organic phase and surmounted by a refrigerant, under a nitrogen atmosphere. The organic phase was polymerized following the time and temperature steps of the synthesis process as described here:

-2 minutes at room temperature (organic phase within the syringe before the synthesis)

-2 minutes at 40°C (shell leaving the droplet generator and going through the tubes)

-25 minutes at 60°C (shell going through the wound tube and/or within the collecting flask) 95 Samples were taken along the synthesis with a syringe and diluted in a mixture of acetone and hydroquinone to stop the polymerization reaction. The samples were then analyzed by gas chromatography to follow the percentage of residual monomer. Quantitative measurements were realized using the internal standard method with diethyl phthalate as the internal standard. Hence the consumption of the monomer in the organic phase could be followed.

The measures of the percentage of residual monomer in the organic phase as a function of time along the synthesis are presented in Figure IV.6. It seems that only a really slight conversion of the TMPTMA is detected before 15 minutes at 60°C. In the balloon flask, the formation of a gel was identified after 20 minutes at 60°C (area hatched in grey in Figure

IV.6). The amount of residual monomer after 20 minutes at 60°C is not necessarily representative since the reaction medium is heterogeneous, some parts being liquid and others being solid. Then, after 25 minutes at 60°C, the organic phase appeared as a swollen gel, without any liquid part, prohibiting any sampling with a syringe. Thus, the fast decrease of the percentage of residual monomer to 65% corresponds to the gel point. So, according to these measurements, the shells present a three-dimensional network after 20 to 25 minutes at 60°C.

The measurements of residual monomer with this process do not lead to accurate results.

Indeed, when the percentage of residual monomer stays constant, the measured values oscillate between 96.5 and 104%. Since the measure of the gel point by this gas chromatography technique is not really precise, further measurements were done by rheology. 

IV.2.1.2. Polymerization kinetics followed by rheology

The centering of the internal water phase W1 inside the organic phase O1 droplet is impossible if the organic phase becomes solid or becomes too viscous to be able to flow.

Rheology measurements allow the detection of the crossover between the shear storage modulus G' and the shear loss modulus G". The crossover of G' and G" means that the sample passes from a liquid viscous behavior to a solid elastic behavior.

A rheometer equipped with a plate/plate measuring system was used to determine the shear storage modulus G' and the shear loss modulus G" as the organic solution polymerized.

Classically, at the beginning of the experiment, the shear loss modulus G" is orders of magnitude larger than the shear storage modulus G', and at completion of reaction, this order is reversed. The transition from a liquid-like to a solid-like behavior is defined as gelation in non-linear polymerization. The crossover of the storage and loss moduli measured during isothermal curing may be defined as the gel point [8], [9], [10], [11], [12]. The gel point is the transition from a state with chains in solution to a three-dimensional network (chains linked to each others), image (d) and (e) respectively of Figure IV.7 [13]. The polymerization kinetics results obtained by gas chromatography and by rheology are in good agreement. These two methods show that the shells have a three-dimensional network structure around 20-25 minutes. This means that the shells shape is fixed when they are inside the rotating flask, whichever the circulation system used before.

However, both of these methods are not able to show when the viscosity of the organic phase actually starts increasing. Thus, the evolution of the organic phase viscosity during polymerization was measured by kinematic viscosity measurements.

IV.2.1.3. Evolution of the organic phase viscosity during polymerization

The organic phase was polymerized at 60°C under a nitrogen atmosphere. The polymerization reaction was brutally stopped by, at the same time, adding hydroquinone to the solution, flowing air inside the solution and putting the glass balloon in ice. The solution was then put inside a Hubbelohde tube and its kinematic viscosity was measured at 60°C. The measures of viscosity were done every minute until 7 minutes and 30 seconds. In conclusion, according to the rheology, gas chromatography and kinematic viscosity measurements, at 60°C, the organic phase O1 of the shell passes through the following states:

-from 0 to 6 min: liquid state, same viscosity as the monomer solution -from 6 to 7. Then, at this stage of the reflection, it seems that both the straight tube and the tube with areas of constriction have no influence over the shells non-concentricity since the shells spend much more time inside the flask (6 to 7 min) than inside the tubes (15 s) before the polymeric chains start growing. Besides, the shell's shape is set after 20 to 25 minutes inside the rotating flask. Thus, the movements inside the collecting flask seem to be particularly important for the core centering of the shell while using both the straight tube and the tube with areas of constriction.

However, it is still difficult to differentiate the influence of the wound tube from the rotating flask on the shells non-concentricity. Since the time spent inside the wound tube is close to the time when the viscosity of the organic phase increases, we wondered if a longer wound tube would allow us to differentiate the influence of the wound tube versus the agitated flask.

IV.2.2. Study of the shells location versus their viscosity

The challenge was now to test a new circulation system which allows the shells viscosity to increase before the collecting flask. When the shells viscosity is high, none of the forces applied to the shells inside the different tubes or flask will be able to generate a core-centering force, the shells shape is then definitely set. The idea is that if the shells viscosity at the exit of the long wound tube is high enough to set the shells shape, the influence of the long wound tube system on the shells non-concentricity could be thus determined.

IV.2.2.1. Synthesis of shells with the long wound tube

In this aim, we synthesized foam shells using a long wound tube instead of the three previous circulation systems. The long wound tube is 20 meters long, so the shells need around 10 minutes to go through it. Thus, according to the viscosity results in Figure IV.9, the shells viscosity should start increasing inside the long wound tube. Shells were synthesised with the long wound tube while using W1(12) as the internal water phase.

In Figure IV.10, the percentages of shells as a function of the shells non-concentricity for three bottles collected while using the long wound tube are plotted (red, orange and blue curves), as well as for the 11 bottles collected while using the tube with areas of constriction (black dotted lines). The non-concentricity results obtained with the long wound tube are as 101 good (red and orange curves) or slightly lower (blue curve) than the results obtained with the tube with areas of constrictions.

In conclusion, the non-concentricity results obtained while using W1 (12) as the internal water phase, with either the straight tube, the tube with areas of constriction, the short wound tube or the long wound tube, are equivalent. This means that whichever the time spent by the shells in the circulation systems (from 15 seconds to 10 minutes), the non-concentricity results are the same. This result may imply that the non-concentricity is set inside the rotating flask and not inside the long wound tube. As long as the shells are not viscous enough, they do not keep the exact same shape since they are subjected to many deformations. Indeed, we collected shells one by one at the exit of the long wound tube and put them inside haemolyse tubes. The shells underwent phase inversion and became beads in a few seconds after collection. This meant that the shells, at the exit of the long wound tube, were not viscous enough to set their shape definitely and were still inclined to destabilization phenomenon.

When the shells are collected inside the flask, the agitation of the shells is quite energetic.

According to the non-concentricity results obtained and to the shell's motions observed along the process, the shells non-concentricity seems to be much more influenced by the rotating flask than by the long wound tube. In order to check this hypothesis, it would be interesting to set the three-dimensional network before collection inside the flask.

IV.2.2.2. Synthesis of shells with the three-dimensional network set before collection inside the flask

For this purpose, a wound tube of at least 40 meters long should be used but we do not possess such a wound tube. We thought about bounding together the short and the long wound tubes but that would still have not been long enough. The last solution was to extend the time spent by the shells inside the long wound tube from 10 minutes to 20-25 minutes by decreasing the external water phase W2 flow. Hence, the external water phase flow should be decreased from 40 mL.min -1 to at least 20 mL.min -1 . A limiting factor was that the pump used for the external water phase could only go down to 15 mL.min -1 .

If the external water phase W2 flow is decreased, the internal water phase W1 and the organic phase O1 flows have to be lowered proportionally and adjusted to keep shells of the same size and thickness. Indeed, we tried to synthesize shells with an external water phase flow of 20 mL.min -1 or less, but the diameter of the shells generated was too large, as presented in Table IV.2. Decreasing proportionally all the flows is not sufficient to keep the same shell size because the shell is stripped off by a dynamic system, the W2 flow, which should not be too weak. With a flow of 20 mL.min -1 , shells with a 2.32 mm diameter are obtained, which

gives an error of 16% on the diameter. This error on the diameter is not acceptable. Moreover, to be able to compare the non-concentricity results, the shells diameters have to be of the same order. In addition, if the W2 flow is decreased, the shell's rotation speed on itself will change since it is linked to the velocity gradient inside the tube. Thus, while changing the W2 flow, the influence of the wound tube on the shells non-concentricity could not be compared with the previous results because the shells movements will be different. 

IV.2.2.3. Influence of the level of W2 inside the flask on the shells nonconcentricity

As stated in Chapter I, when the collection starts, the flask is filled with about ten milliliters of W2, whereas at the end of collection the flask contains around 220 mL of W2. Indeed, a shell collected at the beginning, when the flask is almost empty, does not have the same life that a shell collected at the end of the collection when the flask is one third full. Thus, we wondered if the level of external water phase W2 inside the flask had an effect on the shells nonconcentricity.

Inside the three circulation systems, the shells undergo gravity forces and turn around on themselves. Centering forces due to gravity should be much more efficient with a high density gap between the internal water phase and the organic phase than with the equality. The shells turning around on themselves allow a multidirectional centering of W1.

The rheology, gas chromatography and kinematic viscosity measurements showed that at 60°C, the polymeric chains of the organic phase start growing after 6 to 7.5 min, then the polymeric chains start crosslinking after 20 to 25 min. So, the polymeric chains start to grow and crosslink once the shells are collected inside the flask for the three circulation systems.

The time required to fix the shell's shape is at least 20 minutes.

It seems that both the straight tube and the tube with areas of constriction have no influence over the shells non-concentricity. For both these circulation systems, the time spent by the shells inside the rotating flask allows the centering of the internal water phase inside the organic phase.

Moreover, while using both the short and long wound tubes, the shells non-concentricity seems to be much more influenced by the rotating flask than by the wound tube even if this hypothesis could not be demonstrated by the experiments realized. The filling level of the external water phase inside the collecting flask has no influence on the shells nonconcentricity.

The next step of this study of the influence of the deformations on the shells non-concentricity could be to focus on the agitation of the shells via the rotation speed, the flask shape and dimensions.
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In this last chapter, we studied the influence of high polymerization rates on the shells characteristics. The first idea was to increase the polymerization temperature. Then, shells were synthesized either with the wound tube at 90°C or the tube with areas of constriction with the water bath set at different temperatures. The second idea was to induce polymerization by photoinitiation instead of thermal initiation. The influence of UV polymerization on the shells characteristics was studied at last.

V.1. STUDY OF THE INFLUENCE OF INCREASED POLYMERIZATION TEMPERATURES ON THE SHELLS CHARACTERICTICS

V.1.1. Behavior of the system with higher temperature

In the actual process, the polymerization reaction used to synthesize shells takes place at 60°C. The shells structure appears as a starting tridimensional network after 23 minutes at 60°C, according to the rheology measurements presented in Chapter IV. To increase the polymerization rate, the first obvious solution is to increase the temperature of the process. In this aim, kinetics measurements by rheometry were performed to know in which range of time the polymerization rate increases when the temperature increases. The polymerization rate could also have been increased by either increasing the initiator concentration in the organic phase or changing the initiator used. It seemed difficult to have a higher initiator concentration since it is already difficult to completely dissolve the actual quantity of initiator inside the organic phase. Changing the AIBN to an initiator that decomposes near ambient temperature involves that the organic phase will start the polymerization process inside the syringe which is unacceptable.

Thus, a rheometer equipped with a plate/plate measuring system was used to determine the shear storage modulus G' and the shear loss modulus G'' as the organic phase polymerized at various temperature. The crossover of the storage and loss moduli measured during isothermal curing may be defined as the gel point as explained in Chapter IV.

The evolutions of the shear loss modulus G" and the shear storage modulus G' of the organic The AIBN is used as a thermal initiator here. The time for the thermal initiator to decompose depends on the temperature. Indeed, the decomposition rate constant k d of the AIBN in toluene is equal to 9.15.10 -6 s -1 at 60°C and equal to 4.86.10 -4 s -1 at 90°C. The half life time t 1/2 of the initiator is the time necessary for half of the initiator introduced to be decomposed.

The half life time is calculated from the following formula:

For example, in toluene, the AIBN shows a t 1/2 equal to 21 hours at 60°C and 24 min at 90°C.

The times to reach a tridimensional network of the organic phase at 50 and 40°C are really long, one hour and a half and eight hours respectively. These long times to reach a tridimensional network are linked to the slow decomposition of the initiator at low temperature. On the opposite, when the temperature is increased up to 90°C, the time to reach a tridimensional network goes down to 80 seconds at 90°C. The rate constant k of a chemical reaction can be expressed towards the Arrhenius equation.

This relation describes the dependence of the rate constant with the temperature T and activation energy E a as shown below:

with A as the pre-exponential factor and R the gas constant. Taking the natural logarithm of the Arrhenius equation ( 1) yields to the equation ( 2) below.

So, when a reaction has a rate constant that obeys the Arrhenius equation, the plot of ln (k)

versus 1/T gives a straight line, whose slope and intercept can be used to determined E a and A respectively.

The rate of polymerization as the equation (8) in Chapter II can be expressed as follow:

with: [M]: monomer concentration It is thought that the three-dimensional network always forms for a same extent of reaction whichever polymerization temperature. Then, at the time at which a three-dimensional network is reached, the term is constant, so is constant. Besides, the Arrhenius equation of the polymerization reaction can be written as a combination of the three separate Arrhenius-type equations of the propagation, decomposition and termination steps:

Then, from the equations ( 2), ( 4) and ( 5), the following equation can be deduced:

with: A p , A d , A t : propagation, decomposition and termination pre-exponential factors E ap , E ad , E at : propagation, decomposition and termination activation energy So, when a polymerization reaction obeys the Arrhenius equation, the plot of ln (t) versus 1/T gives a straight line, whose slope and intercept can be used to determine E a = .

From the results obtained in Table V.1, we can plot ln (t) as a function of 1/T as illustrated in According to G. Odian [1], the decomposition activation energy E ad is in the range of 120-150 kJ.mol -1 for the most common initiators. E ap and E at values for common monomers are in the ranges of 20-40 kJ.mol -1 and 8-20 kJ.mol -1 , respectively. Then, the value found for the activation energy of the polymerization reaction E a corresponds to the classical value within the literature. Thus, shells will be synthesized at 90°C to study the influence of high polymerization rate on the shells non-concentricity.

V.1.2. Shells synthesized at higher polymerization temperature

Shells were synthesized and polymerized at 90°C by using either the wound tube heated at 90°C or the tube with areas of constriction followed by the flask heated at 90°C once the shells are collected. The shells were synthesized using W1(12) as the internal water phase.

One major issue that appears with the synthesis taking place at 90°C is that the double emulsion is not stable anymore at 90°C. The double emulsion is quite stable at 60°C even though the phenomenon of phase inversion already occurs leading to the formation of beads instead of shells as illustrated in Chapter III. In fact, when the temperature applied to the double emulsion increases, more and more destabilization phenomena occur.

The contents of a bottle collected with the tube with areas of constriction followed by the flask heated at 90°C once the shells are collected is presented in Figure V.3. The bottle contains only about ten shells, many beads and one agglomerate. The few shells obtained cannot be characterized because of their opacity. So, at 90°C with this process, the inversion phase phenomenon is really significant. The shells at 90°C are supposed to polymerize in 80 seconds but the phase inversion phenomenon is faster than the polymerization. Then, the influence of high polymerization rate on the shells characteristics could not be studied by increasing the polymerization temperature. This is the reason why we focused our study on the use of UV polymerization in order to get higher polymerization rates.

V.2. STUDY OF THE INFLUENCE OF POLYMERIZATION BY UV LIGHT ON THE SHELLS CHARACTERISTICS

As stated in Chapter II, UV polymerization is a neat way to reach high level of monomer conversion in a very short time near room temperature. The Americans have never published about the UV polymerization of shells and only one Japanese abstract can be found on this topic [4]. In this abstract, the authors stated that "the yield for uniform hollow foam shells was greatly improved" using polymerization by photoinitiation with a UV light. In 1995, Takagi et al. [5], said that "a fabrication technique of foam shells using UV-photo polymerization", mentioned in reference [4], "showed excellent performance in view point of «shell fabrication»".

However, the photopolymerization of multifunctional (meth)acrylate monomers is used in various fields such as optical lenses, dental applications [6], surface coating, printed circuit board, information storage system [7] and microfluidic [8], [9], [10], [11]. Xu et al. [8] photopolymerized microspheres made with a microfluidic droplet generator, with diameters ranging from 20 to 200 µm. Nisisako et al. [9] photo-polymerized droplets of acrylic monomer prepared in a T-shaped microchannel, with 30-120 µm diameters. Utada et al. [10] fabricated a rigid spherical shell by photo-polymerizing a polymer in the middle fluid of a W/O/W double emulsion. Nie et al. [11] carried out fast throughput photopolymerization of monomeric shells and obtained spherical polymeric shells. All these successful works in this various fields reinforced our idea to use photopolymerization to synthesize foam shells.

V.2.1. Choice of the UV lamp and the photoinitiator V.2.1.1. Choice of the UV lamp

To initiate the polymerization by UV light, it is necessary to find a wavelength at which the different phases used in the synthesis process do not absorb, except for the photoinitiator.

First, the absorbance of all the phases used was measured using a UV-visible spectrophotometer. The absorbance of the external water phase W2 and the organic phase O1

was measured in the UV wavelength domain, from 190 to 400 nm. The absorbance spectra for 

. Choice of the photoinitiator

The photoinitiator has to fulfill several requirements. First, the photoinitiator should be composed of only oxygen, carbon and hydrogen, as the organic phase. Second, the photoinitiator should absorb at the same wavelength in which the UV lamp is emitting. Thus, 119 at this step, we selected four common photoinitiators used in the literature for wavelength ranging between 350 and 380 nm:

-Irgacure 184: 1-hydroxycyclohexylphenyl ketone [8], [11] -Darocur 1173 : 2-hydroxy-2-methyl-1-phenyl-propan-1-one [9] -DMPA: 2,2-dimethoxy-2-phenylacetophenone [6], [7], [12] -BEE: benzoin ethyl ether [12] Their four absorption spectra are presented below in Third, the photoinitiator should not change the density of the organic phase when it is used instead of the thermal initiator, AIBN. The density difference between the organic phase with the photoinitiator and the organic phase with the thermal initiator lie between 0.1 and 0.3%

for the four photoinitiators. The slight density difference observed will be compensated by the quantity of deuterated water added to the internal water phase W1 in order to have the same density mismatch of 0.078 g.cm -3 at 60°C between W1(12) and O1.

Even though the polymerization is initiated by UV light, the process temperature will be kept to 60°C in order for the parameters such as viscosity, density and interfacial tension to remain constant. The fourth requirement for the photoinitiator is then to avoid initiation of the polymerization at 60°C if the photoinitiator is not exposed to UV light. Thus, the evolutions of the shear loss modulus G" and the shear storage modulus G' of the organic phase along the 

V.2.2. Characteristics of shells synthesized using UV polymerization

Shells are synthesized using the tube with areas of constriction. The collected flasks are still heated at 60°C as before in order to keep constant the densities, the viscosities and the interfacial tensions of the three phases. Shells are synthesized using the same external water phase (W2) as before. The internal water phase used is W1 (12) for all the further experiments.

The organic phase used is also the same as before except for the initiator used. The 2,2'-azo-bis-isobutyronitrile (AIBN) is replaced by 2,2-dimethoxy-2-phenylacetophenone (DMPA).

The weight percent of AIBN used was 1.3% in O1, as stated in Chapter I, which represents 10% of the weight of monomer introduced in the organic phase. A rapid survey of the literature helped us to choose the judicious scale of the amount of photoinitiator in the organic phase formulation. Only 1 to 5 wt% of photoinitiator is usually used for photopolymerization reaction. Bland et al. [6], and Nisiako et al. [9] used 1 wt% of DMPA and Darocur 1173 respectively. Nie et al. [11], and Xu et al. [8] used 4 wt% of Irgacure 184. However, since we used 10% of initiator in thermal polymerization, we will also test higher amount of photoinitiator than in the literature. Thus, the influence of the quantity of DMPA introduced in the organic phase on the shells shape was studied.

Shells are exposed to UV light once the collection is finished (around 5 min) and once that the collected flask has been moved to another agitation motor under another extractor wood. For safety issues with UV radiations, it is not possible for now to put the UV lamp in the extractor wood containing the injection system. First, the results obtained with the UV black neon will be presented. Then, the results obtained with the UV spot will be exposed.

V.2.2.1. Characteristics of shells synthesized with a UV black neon lamp

The UV lamp is placed on the top of the rotating flask as illustrated in For the synthesis with 1% of DMPA, less than ten shells are obtained at the end of the To summarize, shells synthesized while expose to the UV black neon lamp after 5 minutes, give really poor results of non-concentricity and the thickness of the shells is lower than the thickness obtained with the usual thermal process. The light intensity supplied by this lamp is equal to 2 mW.cm -2 , which is too low to be able to polymerize the shells in all their thickness.

Thus, syntheses of shells with a higher light intensity, using a UV spot, have been realized afterwards.

V.2.2.2. Characteristics of shells synthesized with a UV spot

The UV lamp is placed on the top of the rotating flask as illustrated in The yield of shells obtained greatly improves when the UV light intensity increases from 2 to 70 mW.cm -2 . Indeed, the same yield of shells is obtained for 1% of DMPA with the UV spot than for 15% of DMPA with the UV black neon lamp. The yield of shells for 5, 10 and 15% of DMPA with the UV spot lay between 80 and 90%. This is really higher than the yield obtained with thermal polymerization which was around 58%.

The average thickness for 5, 10 and 15% of DMPA with the UV spot lay between 125 and 129 µm, which is slightly higher than the 120 µm average thickness obtained with thermal polymerization. This means that with the UV spot, the shells are quickly polymerized in all 

V.2.2.3. Discussion about the shells NC obtained by thermal or photo polymerization

As shown in Chapter IV, with the thermal polymerization process, the polymeric chains of the organic phase start growing after 6 to 7.5 min, then the polymeric chains start crosslinking after 20 to 25 min. The thermal polymerization process leads to an optimized average NC of 2.4%. The time required to fix the shell's shape is at least 20 minutes with this process.

In this chapter, we have shown that the UV polymerization process is very fast and efficient. Indeed, while using the UV spot, the polymeric chains start crosslinking within the exposure time, i.e. 2 minutes. The UV polymerization process leads to an average NC of around 20%.

With the UV polymerization process, really higher non-concentricity results are obtained than those obtained with the thermal polymerization process.

As explained in Chapter IV, while using a tube with areas of constriction, the movements inside the collecting flask seem to be particularly important for the core centering of the shell.

With the thermal polymerization process, the shells spent at least 20 to 25 minutes inside the flask before the shell's shape is fixed. This time spent inside the flask allows the centering of the internal water phase inside the organic phase. With the UV process, the shells spent less than 5 minutes inside the flask before the UV exposure. Then, the bad non-concentricity
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Increased polymerization rate 130 results obtained with the UV process may be linked to the short time spent by the shells inside the flask. Indeed, 5 minutes of rotation inside the flask during the collection might be not enough time for the shells to center. Thus, an idea could be to expose the shells to UV light after different periods of time spent inside the flask in order to study the influence of this parameter on the shells non-concentricity.

V.3. CONCLUSION

The aim of this chapter was to study the influence of high polymerization rates on the shells characteristics by either increasing the polymerization temperature or by using UV polymerization. The times to reach a tridimensional network at 60°C and 90°C are 23 min and 80 seconds respectively. However, at 70, 80 and 90°C, the destabilization phenomena of the double emulsion are faster than the time required to polymerize the organic phase in order to have stable shells. Thus, the influence of high polymerization rate on the shells characteristics could not be studied by increasing the polymerization temperature.

We then focused our study on the use of UV polymerization at 60°C in order to get higher polymerization rates and to avoid destabilization phenomena. With a UV light intensity of 2 mW.cm -2 , delivered by the UV black neon lamp, the synthesized shells have a lower thickness and a higher non-concentricity than with the thermal process. Moreover, the yields of shells increases when the amount of photoinitiator increases. Nevertheless, the UV light intensity is too low to polymerize the shells in all their thickness.

With a UV light intensity of 70 mW.cm -2 , delivered by the UV spot, the shells synthesized have a slightly higher thickness and a really higher yield (80-90%) than the shells synthesized by thermal polymerization (58%). However, for both light intensities, the average nonconcentricity of the shells remains around 20%, which is really high compared to the 2.4% average non-concentricity obtained with thermal polymerization. The bad non-concentricity results obtained with the UV process may be due to the short time spent by the shells inside the flask before the UV radiations.

So, for further studies of shells syntheses with UV polymerization, the UV spot should be used. The study of the influence of UV polymerization on the shells non-concentricity presented here is just the beginning of the research. An interesting idea could be to expose the In order to achieve ignition on the French high power laser LMJ (Laser Mega Joule), different target designs are being developed. Low gain targets made of low density organic foam shells can be used to study fusion. This work deals with the fabrication process of low density foam shells and the sharp control of their shape. The aimed criteria for the shells, i.e. diameter, thickness, density, sphericity and non-concentricity, are influenced by several parameters during the synthesis process. Three of the aimed criteria, the diameter, thickness and density, are relatively easy to fulfill. During this PhD, we focused on the non-concentricity which is the most difficult specification to meet.

The shells are synthesized using a droplet generator which gives a W/O/W double emulsion.

The organic phase is then polymerized by thermal polymerization at 60°C. Once the shells are polymerized, they undergo several water washes and alcohol exchanges. Finally, they can be characterized using a telecentric optical microscope which gives the diameter, thickness, sphericity and non-concentricity of the shells. The whole process to synthesize shells and perform their characterization is very specific and quite complicated. It takes at least ten days to go through the whole process.

According to the literature, three major parameters, the density of the three phases, the deformations of the shells along the process and the kinetics of the polymerization have a direct influence on the shells non-concentricity. An overview of the state of the art revealed that three nations are involved in the foam shells synthesis i.e the United States, Japan and

France. The US and Japan started researches on the topic in the 80's whereas France started only since 2002. Besides, China just started recently researches on foam shells.

The influence of a density gap between the internal water phase W1 and the organic phase O1 on the shells NC was carefully studied during this PhD. The results obtained showed that when the density gap increases, the TMPTMA shells non-concentricity improves. Since the curve of the yield of shells as a function of the density gap shows a bell-shaped profile, a compromise has to be made between good non-concentricity results and a high yield of shells.

Thus, we chose for further experiments to work with the internal water phase W1(12) which gives a density gap dW1 -dO1 = 0.078 g.cm -3 at 60°C and a yield of shells of 58%. Until now, these NC results are the best results obtained with foam shells, by the CEA Valduc.

From the results obtained during this PhD, the synthesis process can be considered as reproducible. The slight variation in the reproducibility results obtained may be due to the fact that this synthesis is a complicated and heavy process where the least little dust or air bubble can destabilize the whole injection process.

Moreover, the interfacial tension at the interface of the internal water phase and the organic phase may partly explain the better non-concentricity results obtained with an important density mismatch. However, the interfacial tension measurements are not entirely trustworthy and should be done again. In addition, it would be interesting to study the synthesis process from a physical point of view in order to understand the physical phenomena leading to the centering of the shells when using a high density gap between dW1 and dO1.

Another point discussed in this work was the movements underwent by the shells when circulating in the different tubes of the system. While using the same internal water phase, equivalent non-concentricity results are obtained using either a straight tube, a tube with areas of constriction or a short wound tube. Inside these three circulation systems, the shells undergo gravity forces and turn around on themselves. Centering forces due to gravity should be much more efficient with a high density gap between the internal water phase W1 and the organic phase O1 than with the equality. The shells turning around on themselves allow a multidirectional centering of W1.

Concerning the kinetic aspects of the reaction, for the three circulation systems, the polymeric chains start to grow and crosslink once the shells are collected inside the flask. The time required to fix the shell's shape is at least 20 minutes with thermal polymerization.

It seems that the time spent by the shells inside the rotating flask allows the centering of the internal water phase inside the organic phase, whatever the circulation process used.

Moreover, the filling level of the external water phase inside the collecting flask has no influence on the shells non-concentricity. A perspective to this work could be the study of the agitation of the shells via the rotation speed, the flask shape and dimensions.

For polymerization temperature higher than 60°C, the destabilization phenomena of the double emulsion are faster than the time required to polymerize the organic phase in order to have stable shells. Thus, the influence of high polymerization rate on the shells characteristics could not be studied by increasing the polymerization temperature.

In order to get higher polymerization rates and to avoid destabilization phenomena, we then focused our study on photopolymerization. When the synthesis is performed using a UV lamp with an efficient light intensity, the shells have a slightly higher thickness than the shells synthesized by thermal polymerization. Moreover, a really higher yield, around 80%, is achieved with UV polymerization. However, the average non-concentricity of the shells synthesized lays around 20%, which is really high compared to the 2.4% average nonconcentricity obtained with thermal polymerization. The bad non-concentricity results obtained with the UV process may be due to the short time spent by the shells inside the flask before UV radiations. It would be interesting to expose the shells to UV light at different times after collection in order to study the influence of the agitation time on the shells nonconcentricity.

To conclude, the thermal polymerization process allows the synthesis of foam shells with low NC results and with a medium yield of shells. However, the thermal polymerization process is long. If we knew when the shells present a good NC inside the flask, we could UV polymerized them a this right moment and obtain better yield of shells. Besides, to simplify the circulation process, a simple straight tube should be used.

APPENDIX

• Fitted thickness:

When a shell is analyzed, the software detects the contour points of the external and internal walls of the shell. Then, the software draws two fitted circles of the external and internal walls and also gives a graphic of the thickness variation between the fitted internal and external circle (blue curve in 
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 1333 composition: C, H, O or C, H 2. diameter range: 1700-2100 µm 3. wall thickness: 100 µm 4. density: 250 and 100 mg.cm -3 5. sphericity > 99.9% 6. non-concentricity < 1% 7. porosity < 1 µm 8. roughness < 50 nm At the beginning of this PhD, the CEA had already worked for six years on the synthesis of foam shells. The CEA chose to develop four systems of different composition and density: -DVB shells of 100 mg.cm -DVB shells of 250 mg.cm -TMPTMA shells of 100 mg.cm -TMPTMA shells of 250 mg.cm -3 DVB shells are made of divinyl benzene and styrene monomers and are only composed of C and H. TMPTMA shells are made of trimethylolpropane trimethacrylate monomer and are only composed of C, H and O. The shell's synthesis appears as a long and complicated process. Besides, the CEA also tested different circulation systems (tube with areas of constriction or wound tube) to synthesize the various kinds of shells.
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 11111 Simple emulsions II.Definition of emulsions An emulsion is a dispersion of two immiscible liquids, one being dispersed (the disperse phase) in the other (the continuous phase). There are two different kinds of simple emulsion: the oil-in-water (O/W) emulsions (direct emulsions), in which the oil droplets are dispersed within the water medium, and the water-in-oil (W/O) emulsions (inverse emulsions), which are the opposite (Figure II.1).

Figure II. 2 : 1 .

 21 Figure II.2: Schematic representation of the various breakdown processes in emulsions as proposed by Tadros [3]

Figure II. 3 :

 3 Figure II.3: Schematic representation of double emulsions

  Figure II.4 plots the bulk monomer conversion as a function of time for an ideal kinetics and when a gel effect appears in the medium. The polymerization rate is normally expected to fall with time since the monomer and initiator concentrations decrease with time. However, after a certain conversion, the viscosity of the bulk system increases as conversion increases. The increase viscosity has a slight impact on the diffusion rate of the small monomer molecule, so the polymerization rate does not drop, but the growing chains (which are big molecules) cannot diffuse fast enough and the termination rate constant decreases faster and faster, thereby leading to the auto-acceleration of the polymerization rate ("gel effect" in Figure II.4).As a consequence, many free radical polymerizations are characterized by a sudden increase of the polymerization rate when a certain conversion is reached. This phenomenon is called the gel effect or Trommsdorff effect. In diluted solution the effect of viscosity is weak, therefore the gel effect does not occur as illustrated in Figure II.5. In this PhD work, the monomer concentration is around 10% so no gel effect has to be considered.

Figure II. 4 :Figure II. 5 :

 45 Figure II.4: Bulk monomer conversion as a function of time[START_REF] Chern | Introduction[END_REF] 

  the photoinitiator should have a high absorption within the emission spectrum of the light source used -the singlet and triplet excited states should have a short life time to avoid their quenching by O 2 or the monomer -the radicals coming from the excited states should be produced with a quantum yield as high as possible and be active towards the monomer molecules There are two types of processes to explain the homolysis of radical photoinitiators, called type I and type II. In the type I process, the photoinitiators, such as aromatic ketones, undergo a homolysis by cleavage into two free radicals under a UV exposition (Norrish type I reaction):

  For a better understanding, the three different phases used to synthesize a shell, either with a W/O/W emulsion or an O/W/O emulsion, are named internal phase (IP), surrounding phase (SP) and external phase (EP) as mentioned in Figure II.7.

Figure II. 7 :

 7 Figure II.7: Definition of the three phases

Figure II. 9 .

 9 The use of a droplet generator allows the synthesis of foam shells with a controlled diameter and within a narrow range of distribution. Once the shell is synthesized, the diameter of the shell varies along the polymerization and drying steps. These steps induce a shrinkage of about 10% depending especially on the quality of the drying step. The diameter of the shell, in humid and dry states, is measured with a telecentric optical microscope as exposed in Chapter I.

Figure II. 8 :

 8 Figure II.8: External diameter of the shell

Figure II. 10 :

 10 Figure II.10: Thickness of the shell

  Figure II.12 shows the improvement of the yield of shells that meet the NC specification by the addition of SBS block copolymer to the external phase of the emulsion. The addition of SBS to the external phase increases the interfacial tension between the surrounding phase and the external phase and also increases the viscosity of the external phase.

Figure II. 12 :

 12 Figure II.12: The two graphics present the NC of SDRF and HDRF shells fabricated with the standard process (no SBS) and with the addition of SBS in the external phase (Mod 4). (SDRF: RF shells of low density, HDRF: RF shells of high density, SBS: styrene-butadienestyrene block copolymer)[START_REF] Paguio | Improving the wall uniformity of resorcinol formaldehyde foam shells by modifying emulsion components[END_REF] 

II. 4 . 1 . 1 .

 411 Type of process Until 1984, the USA used glass microballoons as targets. Then, in 1984, they started development of low-atomic-number foam shells. From 1984 to 1993 the foam shells were synthesized using a two-stage emulsification process developed by Kubo et al. [62] in Japan, which gave a W/O/W double emulsion as illustrated in Figure II.13.

Figure II. 14 :

 14 Figure II.14: Evolution of the yield (%) of DVB foam shells as a function of their nonconcentricity (%) [61]

  Figure II.15. The W/O/W emulsion produced by this droplet generator was then stirred with a propeller and heated to 70°C to polymerize the TMPTMA monomer in the organic phase. 80% of the foam shells obtained had a diameter ranging from 1500 to 1550 µm and a wall thickness ranging from 10 to 15 µm. Thus, the droplet generator allow the synthesis of foam shells with controlled diameter and wall thickness in a narrow range as it can be illustrated in Figure II.16.

Figure II. 15 :

 15 Figure II.15: Schematic diagram of a dual-nozzle-in-orifice droplet generator[START_REF] Norimatsu | Cryogenic Targets and Related Technologies at ILE Osaka University[END_REF] 

  described.Since 2009, Chinese researchers have started to synthesize DVB and trimethylpropane triacrylate (TMPTA) foam shells. Today, little information is available in English language (only abstracts). It seems that they synthesize TMPTA foam shells (1.5-4 mm diameter) using a triple orifice droplet generator and UV polymerization. They synthesize DVB foam shells using either a triple orifice droplet generator (1-4 mm diameter and 90-360 µm thickness) or a T-microchannel droplet generator (0.7-1.2 mm diameter, 60-100 µm thickness, 90-120 mg.cm -3 density).

III. 1 . 1 .

 11 Evolution of W2, W1 and O1 densities with temperatureTMPTMA foam shells are synthesized using an internal water phase (W1), an organic phase (O1) and an external water phase (W2). Their compositions are described in Chapter I.Previously to this PhD work, the ratio water/deuterated water in the internal water phase used for CEA experiments was calculated to obtain: d W1 = d O1 -0.02 g.cm -3 at room temperature. The density evolutions of these three phases were measured with a DMA 5000 densitometer presented in Chapter I. The evolution of the organic phase density with temperature is measured without the initiator in order to avoid polymerization reactions inside the densitometer tube. The density evolutions of W1, O1 and W2 from 20 to 80°C are presented in Figure III.1.As expected, when temperature increases, the density of the organic phase decreases with a linear pattern whereas the densities of the water phases decrease with a slight curve pattern.The graphic in Figure III.1 shows that at polymerization temperature (60°C) the density of W1 is almost equal to the density of O1 (density gap around 0.001 g.cm -3 ) and the density of W2 is also close to the density of O1 (difference of 0.0023 g.cm -3 ). In this configuration, the density of the shell at 60°C is slightly less than the density of W2. It is the opposite of what is suggested in the literature, as explained in Chapter II.

Figure III. 1 :

 1 Figure III.1: Density evolution of the internal water phase (W1), the organic phase (O1) and the external water phase (W2) as a function of temperature

Figure III. 2 .

 2 Figure III.2. The density of W1(1), pure water, is lower than the density of O1 at 60°C. If the amount of deuterated water in the internal water phase increases, the density of W1 increases and becomes eventually higher than the density of the organic phase (W1 (4) to W1 (14)).In addition, there is, as expected, a linear relationship between the amount of deuterated water added to the internal water phase and its density at a specific temperature. The plot of the weight percent of deuterated water inside the internal water phase as a function of its density at 60°C gave a straight line with the following equation: y = 0.0011 x + 0.9819 and a linear regression coefficient R 2 equal to 0.9992.

Figure III. 2 :

 2 Figure III.2: Evolution of density with temperature of the 14 internal water phases (W1) compared to the organic phase (O1) and the external water phase (W2). Results are presented in the order of the growing density with W1 (1) at the bottom and W1 (14) at the top.

Figure III. 3 ,

 3 Figure III.3, illustrates the repartition of shells NC as it is usually done in result reports at the CEA. As it can be seen, the repartition of shells NC is really wide for W1 (1) and W1 (3) and become narrower with W1 (7), (11), (12) and (14). The narrowest repartition is obtained with

Figure III. 3 :

 3 Figure III.3: Representation of the repartition of shells NC for six internal aqueous phases.Each graph represents the frequency of shells in percent versus the shells NC.

Figure III. 4

 4 Figure III.4 illustrates the average NC of the shells as a function of the density gap between W1 and O1 at polymerization temperature for the 38 bottles collected. The results obtained do not show a straight line evolution of the average NC with the density mismatch between W1

Figure III. 4 :

 4 Figure III.4: Average shells NC as a function of the density gap between the internal water phase and the organic phase at 60°C for the 38 bottles collected.

Figure III. 5 :

 5 Figure III.5: Percentage of shells with NC < 4% as a function of the density gap between the internal water phase and the organic phase at 60°C for the 38 bottles collected.

  Another way to present the results is to plot the percentage of shells as a function of the shells non-concentricity as illustrated in Figure III.6. This graphic shows the percentage of shells reaching certain NC values as a function of the density gaps between W1 and O1. Figure III.6 emphasizes the previous analyzes of the results showing that when the density gap increases, 67

Figure III. 6 :III. 1 . 3 .Figure III. 7 :

 6137 Figure III.6: Plots of the percentage of shells as a function of the shells non-concentricity for the 14 different internal water phases

Figure III. 8 :

 8 Figure III.8: Yield of shells obtained as a function of the density gap between the internal water phase and the organic phase at 60°C.

Figure III. 9 :

 9 Figure III.9: Average shells sphericity as a function of the density gap between the internal water phase and the organic phase at 60°C for the 38 bottles collected.

Figure III. 10

 10 Figure III.10 presents the percentage of shells as a function of the shells non-concentricity for the 11 bottles collected while using the same internal water phase W1(12). The evolution of the results show the same trend for each bottle with slight differences in the NC values obtained. Even so, the graphic in Figure III.10 shows that the results are homogeneous for these 11 collected bottles and taking into account the technological issues, the process can be considered as reproducible.

Figure III. 10 :

 10 Figure III.10: Plots of the percentage of shells as a function of the shells non-concentricity for the 11 bottles collected while using W1(12) as the internal water phase

III. 13 .

 13 The moving off centre of the needle 1 is easily seen in the picture compared to the previous one. The moving off centre measured in Figure III.13 is in x equal to 46.1 µm and in y equal to 8.7 µm.

Figure III. 13 :

 13 Figure III.13: Image of the droplet injector when by purpose the needle 1 is not centered (scale: 7 mm on the picture represents 200 µm)

Figure III. 14 :

 14 Figure III.14: Plots of the percentage of shells as a function of the shells non-concentricity for the four bottles collected (B1 and B2 are the bottles collected with the needle 1 centered and B3 and B4 with the one not centered). In addition, the results obtained with the 11 bottles collected for the reproducibility process are presented in the graphic by the doted black lines.

with σ: interfacial tension g: acceleration of gravity ρ 1

 1 and ρ 2 : density of the drop and the medium d e : diameter at the equator of the drop d s : diameter at a distance d e from the bottom of the drop H: shape factor

  Figure III.16.

Figure III. 15 :

 15 Figure III.15: Evolution of the density of the four internal water phases (W1(3), W1(7), W1(11) and W1(12)) and the organic phase (O1) with the temperature from 20 to 80°C

  ) are markedly higher since they lie between 4 and 8%. The interfacial tension results obtained at the interface between O1 and W1(3) (Figure III.16) should certainly not be taken into consideration particularly since these results do not seem interpretable.

Figure III. 16 :

 16 Figure III.16: Evolution of the interfacial tension between the organic phase O1 and the four internal water phases (W1(3), W1(7), W1(11) and W1(12)) with the temperature from 20 to 70°C
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 1111 Figure IV.1: Illustration of the three different circulation systems available to synthesize foam shells

Figure IV. 2 :

 2 Figure IV.2: Plots of the percentage of shells as a function of the shells non-concentricity for the three different circulation systems while using three different internal water phases. The black doted lines represent the results obtained for the 11 bottles collected while using W1(12) as the internal water phase with the tube with areas of constriction as presented in Chapter III.

Figure IV. 3 :

 3 Figure IV.3: Shape of the shell at first and at the end of the whole synthesis process

  Figure IV.4 illustrates the shells turning around on themselves along the tube from pictures made with the ultra fast frame grabber camera. With the straight tube, the shell's rotation speed is 88.6 rpm, so the shell turns 22.2 times on itself along the tube. With the tube with areas of constriction, the shell's rotation speed is 93.7 rpm, so the shell turns 23.4 times on itself along the tube. The rotation speed is greater with the tube with areas of constriction than with the straight tube, but the difference is really slight.

Figure IV. 4 :

 4 Figure IV.4: Illustration of a shell going down the tube with areas of constriction and turning round on itself. The pictures come from the movie made with an ultra fast frame grabber camera.

Figure IV. 5 :

 5 Figure IV.5: Plots of the percentage of shells as a function of the shells non-concentricity for the straight tube (colored curves: green, red and blue) and for the tube with areas of constriction (black doted curves) while using W1(12) as the internal water phase

Figure IV. 6 :

 6 Figure IV.6: Evolution of the percentage of residual monomer as a function of time for the organic phase during the synthesis process

Figure IV. 7 :

 7 Figure IV.7: Schematization of the successive steps of a crosslinking reaction: (a) mixture of monomers, (b), (c) and (d): intermediary steps, (e) final network [13]

Figure IV. 8 :

 8 Figure IV.8: Evolution of shear loss modulus G", and of shear storage modulus G', as a function of reaction time, for the organic phase at 60°C

  After 7 minutes and 30 seconds the viscosity of the solution was too high to perform any measurement. The results obtained are presented in Figure IV.9. The viscosity of the organic phase is almost constant between 0 and 4 minutes. Then, the viscosity increases really slightly between 4 and 6 minutes, from 4.8 to 9.4 mm 2 .s -1 . After 6 minutes, the viscosity shoots up from 9.4 to 567 mm 2 .s -1 in less than 90 seconds. The increase of viscosity can be attributed to the increase of the polymeric chain length in the solution, as illustrated in images (a) to (d) of Figure IV.7.

Figure IV. 9 :

 9 Figure IV.9: Evolution of the kinematic viscosity of the organic phase along the synthesis at 60°C

  5 min: liquid state with enhanced viscosity, the polymeric chains start growing -from 7.5 to 20 min: the polymeric chains are growing, possibly with microgels formation -from 20 to 25 min: crosslinking of the polymeric chains, the gel point is reached and the shell's structure is fixed -after 25 min: densification of the three-dimensional network Therefore, for the three circulation systems, with a circulation time under 5 minutes (straight tube, tube with areas of constriction and short wound tube), the polymeric chains start to grow and crosslink once the shells are collected inside the flask. The time required to fix the shell's shape is thus at least 20 minutes with this polymerization process.

Figure IV. 10 :

 10 Figure IV.10: Plots of the percentage of shells as a function of the shells non-concentricity for the long wound tube (colored curves: red, orange and blue) and for the tube with areas of constriction (black doted curves) while using W1(12) as the internal water phase

  Due to all these dead ends and the lack of time we could not go further on the study of the influence of the deformations on the shells non-concentricity. The next experiments to realize should carry on the influence of the flask rotation speed on the shells non-concentricity. Indeed, according to Nagai et al.[5], there should be an optimized rotation speed which gives shells with a uniform wall thickness without destroying the emulsion. These authors optimized vigorous agitation conditions and find that the best non-concentricity results were obtained by following the rotation speed illustrated in Figure IV.11.

Figure IV. 11 :

 11 Figure IV.11: Optimized rotation speed versus rotation time

  phase along the synthesis at 60, 70, 80 and 90°C are illustrated in Figure V.1. Then, the times to reach a tridimensional network of the organic phase for temperatures varying from 40 to Chapter V Increased polymerization rate 109 90°C are presented in Table V.1. It is easy to see that when the temperature increases from 60°C to 90°C, the time to form a tridimensional network decreases exponentially. The results obtained at 40 and 50°C are not plotted in Figure V.1 because the times of reaction are way too long to fit in the graphic.

Figure V. 1 :

 1 Figure V.1: Evolution of shear loss modulus G", and of shear storage modulus G', as a function of reaction time, for the organic phase at 60, 70, 80 and 90°C

[

  I]: initiator concentration k p , k d , k t : propagation, decomposition and termination rate constants t: time f : efficiency factor Then, the equation (3) corresponds to the following equation: 111

Figure V. 2 .

 2 Figure V.2. The linear regression coefficient R 2 of the line obtained is equal to 0.9896. So, we can consider that the polymerization reaction follows the Arrhenius equation. Besides, the activation energy of the polymerization reaction E a is equal to 111 kJ.mol -1 .

Figure V. 2 :

 2 Figure V.2: Plot of ln (t) as a function of 1/T for the polymerization reaction of the organic phase

Figure V. 3 :

 3 Figure V.3: Contents of a bottle collected with the tube with areas of constrictions followed by the flask heated at 90°C

Figure V. 4 :

 4 Figure V.4: Bottles collected with the wound tube heated at 90°C

Figure V. 5 :

 5 Figure V.5: IR spectrum of a mixture of Span 80 and oleic acid

Figure V. 6 :

 6 Figure V.6: Spectra of pure Span 80 (blue spectrum) and of Span 80 mix with water at 90°C during 30 minutes (red spectrum)

  O1 and W2 are presented in Figure V.7. The organic and external water phases do not absorb UV light between 350 and 400 nm. Then, a UV lamp emitting at 365 nm can be used to polymerize the acrylic shells.

Figure V. 7 :

 7 Figure V.7: Absorbance spectrum in the UV domain for the organic phase O1 and the external water phase W2

Figure V. 8 :

 8 Figure V.8: Two kinds of UV lamp with a black neon UV lamp on the left and a UV spot on the right

Figure V. 9 .

 9 Figure V.9: Absorption spectra of the four selected photoinitiators (Irgacure 184 = 1hydroxycyclohexylphenylketone, Darocur 1173 = 2-hydroxy-2-methyl-1-phenyl-propan-1one, DMPA = 2,2-dimethoxy-2-phenylacetophenone, BEE = benzoin ethyl ether)

  photoinitiators do not polymerize TMPTMA at 60°C without UV light. Indeed, the shear loss modulus and the shear storage modulus remain constant during at least 30 minutes and never cross each other, as illustrated in Figure V.10.

Figure V. 10 :

 10 Figure V.10: Evolution of shear loss modulus G", and of shear storage modulus G', as a function of reaction time for the organic phase and each of the four photoinitiators

  Figure V.12. The UV lamp is 15.5 cm far from the bottom of the flask and 12.5 cm far from the level of W2 solution in the bottle. The UV light intensity measured with a photometer inside the flask is equal to 2 mW.cm -2 . The shells are exposed to UV light during 5 minutes. A UV protector film is stick to the window of the extractor wood to protect the operator from UV radiations.

Figure V. 12 :

 12 Figure V.12: On the left, picture of the extractor wood with the UV black neon lamp placed on top of the rotating flasks. On the right, illustration of the distance between the UV lamp and the flask filled with shells

  photopolymerization. Their average thickness is around 68 µm whereas the usual thickness of the shells synthesized in Chapter III and IV is around 120 µm. Thus, the shell's thickness with 1% DMPA is very low, which means that the shells polymerization is not complete. In addition, we tried to increase the time of exposure to UV light with 1% DMPA, but the exact same results of yield and thickness were obtained. So, a quantity of 1% DMPA as photoinitiator is not enough to polymerize the shell in all its thickness. A diffusion of free TMPTMA from one shell to another can easily occur once the shells flocculate. Then, the polymerization reaction occurs between shells and around them to give irreversible agglomerates. This explained why such agglomerates, as illustrated in Figure V.13, are obtained after the UV radiation.

Figure V. 13 :Figure V. 14 :

 1314 Figure V.13: Picture of a shell, on the left, and pictures of shells agglomerates, obtained during the synthesis of shells with 1% DMPA

Figure V. 15 :Figure V. 16 :Figure V. 17 :

 151617 Figure V.15: Pictures of three shells obtained with 5% of DMPA

Figure V. 18 :

 18 Figure V.18: SEM images of the external wall surface of dry shells synthesized with 15% of DMPA. The magnification for the SEM image is 10000.

  Figure V.19. The UV lamp is 11 cm far from the bottom of the flask and 7.5 cm far from the level of W2 solution in the bottle. The UV light intensity measured with a photometer inside the flask is equal to 70 mW.cm -2 . With this light intensity, all the objects and fluids under the spot heat really fast.The shells will not be exposed to UV light during 5 minutes as with the previous lamp since it is important that the water bath remains at 60°C and does not warm up. So, once the collected flask has been moved to another agitation motor under the UV spot, the shells are exposed to UV light during 2 minutes. However, during the first minute the UV light intensity increases from 0 to 70 mW.cm -2 and during the second minute, the UV light intensity remains at 127 70 mW.cm -2 . The temperature of the water bath remains at 60°C during this two minutes of UV irradiation.

Figure V. 19 :

 19 Figure V.19: On the left, picture of the UV spot placed on top of the rotating flask. On the right, illustration of the distance between the UV spot and the flask filled with shells

  Figure V.20.

Figure V. 20 :

 20 Figure V.20: Pictures of shells obtained with the UV spot with either 1, 5, 10 or 15 % of DMPA

Figure V. 21 :

 21 Figure V.21: SEM images of the internal wall surface (picture on the left) and of external wall surface (picture on the right) of dry shells synthesized with 10% of DMPA. The magnification for the SEM images is 10000.

Figure V. 22 :

 22 Figure V.22: SEM images of the internal wall surface (picture on the left) and of external wall surface (picture on the right) of dry shells synthesized by thermal polymerization. The magnification for the SEM images is 10000.

  light at different times after their collection to study the influence of the agitation time in the rotating flask on the shells non-concentricity.

Figure A. 7 )

 7 . The fitted thickness at a detection angle α is calculated with the following formula: With Xfit ext (α) and Yfit ext (α) the Cartesian coordinates of the external fitted circle at the detection angle α and Xfit int (α) and Yfit int (α) the Cartesian coordinates of the internal fitted circle at the detection angle α.
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 7 Figure A.7: Curves of the thickness variation of the real points (white dots) and of the fitted points (blue curve)
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.1.2.4. Stabilization improvements for double emulsions

  

	II.1.2.4.1. Polymeric stabilizers
	Since short surfactants are not able to ensure long-term stability of double emulsions,

  Table II.1: Results obtained by the United States from 1984 to 2011 on the foam shell syntheses (PS: polystyrene, PAN: polyacrylonitrile, PVAc: polyvinyl acetate, TMPTMA: trimethylolpropane trimethacrylate, RF: resorcinol formaldehyde, DVB: divinyl benzene)

	Year Composition	Diameter (µm)	Wall thickness (µm)	Density (mg.cm -3 )	Accessible data on the non-concentricity (NC)	Ref
	PS -PAN -PVAc	50-400	5-25	-	the NC was typically less than 5%	[56]
	PS	100-700	2-7	-	-	[57]
	TMPTMA	500-1500	10-120	50	NC better than 2%	[58]
	TMPTMA	-	-	-	non-uniform wall thickness	[34]
	TMPTMA	1000-2000	100	-	lowest average batch NC = 5% lowest individual shell NC = 1%	[35]
	RF	2000	100	60	bad wall uniformity	[47] [36]
	DVB	4000	300	100	lowest average batch NC = 7% lowest individual shell NC = 3%	[37]
	RF	800-900	50-100	100	average NC of 5-6%	[54]
	DVB	4000	300	100	lowest average batch NC = 3% lowest individual shell NC = 2%	[59]
	RF	800-900	50-100	100	30-50% of the shells have NC < 5% [38]
	RF	800-900	80-120	180-250 10-20% of the shells have NC < 5% [38]
	DVB	800-3500	80-350	-	75% of the shells with NC < 5%	[60]
	RF	800-900	50-100	100	90% of the shells have NC < 5%	[46]
	RF	800-900	80-120	180-250	5% of the shells have NC < 5%	[46]
	DVB	4600	176	100	90% of the shells have NC < 5% 60% of the shells have NC < 3%	[61]
	RF	1500-5000 100-200	100	50% of the shells have NC < 5%	[55]

.1. Before discussing about the results obtained by the American researchers it seems important to detail the way the non-concentricity results are presented in the literature. There are in fact two different ways to express the NC results. The American Laboratories either give the average NC of a batch of shells or the percentage of shells which have a non-concentricity below the 5% specification.

  .2.

	Table II.2: Results obtained by Japan from 1986 to 2006 on the foam shell syntheses (PS:	
	polystyrene, MMA: methyl methacrylate, TMPTMA: trimethylolpropane trimethacrylate, RF:
				resorcinol formaldehyde)	
	Year Composition	Diameter (µm)	Wall thickness (µm)	Density (mg.cm -3 )	Accessible data on the non-concentricity (NC)	Ref
	1986 deuterated PS	130	10	-	-	[63]
	1986	polymer	110-120	3-5	-	-	[64]
	1991	PS	500-1000	30-100	40	10% of the shells have NC < 5%	[65]
	1991	MMA + TMPTMA	100-1500	10-120	90-130	NC better than 3%	[40]
	1994	TMPTMA	300-1500	10-50	45	NC better than 2%	[51]
	1994	TMPTMA 1500-1550	10-15	-	-	[51]
	1998	PS	2000	-	-	50% of the shells have NC < 2%	[66]
	2006	RF	1400	-	-	average NC of 12% lowest shell NC is 2%	[53]

  Until now, efforts have been focused on TMPTMA and DVB foam shells. Detailed results have not been published by the CEA during the past years. The results obtained by France on the foam shell syntheses from 2002 to 2008 are summarized in Table II.3. Table II.3: Results obtained by France from 2002 to 2008 on the foam shell syntheses (TMPTMA: trimethylolpropane trimethacrylate, DVB: divinyl benzene)

	Year Composition	Diameter (µm)	Wall thickness (µm)	Density (mg.cm -3 )	Accessible data on the non-concentricity (NC)
	2002	TMPTMA	1330	40-70	-	NC higher than 50%
	2002	TMPTMA	1500 or 2500	-	-	NC higher than 50%
	2003	TMPTMA	2300	100	250	average NC of 10% lowest shell NC is 3%
	2005	TMPTMA	2000-2300 105-175	200-250	29% of the shells have NC < 4% 4% of the shells have NC < 2%
	2006	TMPTMA	-	100	100	24% of the shells have NC < 4%
	2007	DVB	1700 or 2000	150	110	30% of the shells have NC < 4% 10% of the shells have NC < 2%
	2008	DVB	2000	130	240	30% of the shells have NC < 4% 6% of the shells have NC < 2%

Table III .

 III 1: Composition of the 14 internal water phases prepared

		Concentration (wt %)
		H 2 O	D 2 O
	W1 (14)	0	100
	W1 (13)	6.6	93.4
	W1 (12)	16.2	83.8
	W1 (11)	27.5	72.5
	W1 (10)	35.8	64.2
	W1 (9)	44.6	55.4
	W1 (8)	53.8	46.2
	W1 (7)	61	39
	W1 (6)	67.5	32.5
	W1 (5)	75.6	24.4
	W1 (4)	83.1	16.9
	W1 (3)	90.6	9.4
	W1 (2)	98.2	1.8
	W1 (1)	100	0

Table III . 2

 III2 

	W1 (14)	1.084	1.064
	W1 (13)	1.078	1.058
	W1 (12)	1.070	1.050
	W1 (11)	1.061	1.041
	W1 (10)	1.054	1.034
	W1 (9)	1.047	1.027
	W1 (8)	1.040	1.020
	W1 (7)	1.034	1.015
	W1 (6)	1.029	1.010
	W1 (5)	1.023	1.004
	W1 (4)	1.018	0.998
	W1 (3)	1.013	0.993
	W1 (2)	1.007	0.987
	W1 (1)	1.006	0.986

: Calculated density of the shell at 20 and 60°C for each internal water phase used calculated density of the shell at 20°C (g.cm -3 ) calculated density of the shell at 60°C (g.cm -3 )

Table III .

 III 3 gives the density differences between W1 and O1 at 20°C and 60°C for each internal water phase. The syntheses were realized using the tube with areas of constriction described in Chapter I. During one experiment, a maximum of six bottles of shells are collected. For each bottle collected only one internal water phase can be used, from W1 (1) to W1[START_REF] Graaf | Preparation of double emulsions by membrane emulsification -a review[END_REF].TableIII.3: Density gaps between W1 and O1 at 20°C and 60°C for the 14 internal water phases used to synthesize foam shells.

		density difference at 20°C:	density difference at 60°C:
		dW1 -dO1 (g.cm -3 )	dW1 -dO1 (g.cm -3 )
	W1 (14)	0.078	0.097
	W1 (13)	0.070	0.089
	W1 (12)	0.059	0.078
	W1 (11)	0.047	0.065
	W1 (10)	0.038	0.056
	W1 (9)	0.028	0.046
	W1 (8)	0.018	0.036
	W1 (7)	0.011	0.029
	W1 (6)	0.004	0.022
	W1 (5)	-0.004	0.014
	W1 (4)	-0.011	0.007
	W1 (3)	-0.019	-0.001
	W1 (2)	-0.027	-0.008
	W1 (1)	-0.028	-0.01

Table III

 III 

	.5: Average non-concentricity (NC) of the 11 bottles collected while using W1(12) as
	the internal water phase
	bottle	average NC (%)
	1	2.04
	2	2.40
	3	2.48
	4	2.24
	5	2.30
	6	2.98
	7	2.53
	8	2.38
	9	1.99
	10	2.79
	11	2.30
	With a standard deviation of 0.29, there is a variation of the NC values of 12% around the
	average NC of 2.4%.	

Table III

 III 

	.6: Average non-concentricity obtained for the two bottles collected with the needle 1
	centered and the two bottles collected with the needle 1 not centered
			average NC (%)
	needle 1 centered	B1 B2	2.8 2.3
	needle 1 not centered	B3 B4	2.2 1.9

Table III .

 III 7: Density differences between the internal water phase and the organic phase at specific temperatures

	Temperature	dW1(3) -dO1	dW1(7) -dO1	dW1(11) -dO1	dW1(12) -dO1
	(°C)	(g.cm -3 )	(g.cm -3 )	(g.cm -3 )	(g.cm -3 )
	20	-0.021	0.009	0.045	0.057
	30	-0.015	0.014	0.051	0.063
	40	-0.011	0.019	0.056	0.068
	50	-0.007	0.023	0.060	0.072
	60	-0.003	0.027	0.063	0.075
	70	-0.0004	0.029	0.065	0.078

Table IV .

 IV 1: Results of the average non-concentricity (NC) obtained for the three different circulation systems while using three different internal water phases

	circulation system	density gap dW1-dO1 at 60°C (g.cm -3 )	internal water phase used	average NC (%)
		-0.001	W1(3)	11
	straight tube	0.029	W1(7)	4.3
		0.078	W1(12)	1.8
	tube with areas of constriction	-0.001 0.029 0.078	W1(3) W1(7) W1(12)	9 3 2
		-0.001	W1(3)	7.7
	wound tube	0.029	W1(7)	4
		0.065	W1(11)	2.5

Table IV .

 IV 2: Diameter of the shell at the exit of the droplet generator as a function of the flow of the external water phase W2, the organic phase O1 and the internal water phase W1

	W2 flow (mL.min -1 )	W1 flow (mL.h -1 )	O1 flow (mL.h -1 )	diameter of the shell at the exit of the droplet generator (mm)
	40	13.2	6.8	2.00
	30	9.9	5.1	2.07
	20	6.6	3.4	2.32
	15	4.9	2.5	2.58

Table V .

 V 1: Times to reach a tridimensional network for the organic phase at various temperatures

	Temperature	Time to reach a
	(°C)	tridimensional network
	40	8 h
	50	1h 26 min
	60	23 min
	70	7 min
	80	2 min 40 s
	90	1 min 20 s

Table V

 V 

	.3.			
	Table V.3: Yield, thickness and average non-concentricity results obtained for the synthesis of
	shells with 1, 5, 10 and 15% of DMPA and UV black neon lamp
	% DMPA	yield of shells (%)	average thickness (µm)	average NC (%)
	1	3	68	-
	5	23	96	23
	10	39	108	19
	15	55	113	22

Table V .

 V 4: Yield, thickness and average non-concentricity results obtained for the synthesis of shells with 1, 5, 10 and 15% of DMPA and the UV spot

	% DMPA	yield of shells (%)	average thickness (µm)	average NC (%)
	1	54	115	18
	5	90	125	17
	10	80	129	24
	15	80	127	27
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Then, the filling level of the external water phase inside the collecting flask has no influence on the shells non-concentricity.

Figure IV.12: Plots of the percentage of shells as a function of the shells non-concentricity for the tube with areas of constriction while using W1(12) as the internal water phase with collecting flasks empty (black doted curves) and with 2 flasks filled before collection

IV.3. CONCLUSION

Whichever circulation system used (straight tube, tube with areas of constriction or short wound tube), better non-concentricity results are obtained when the density gap between the internal water phase and the organic phase increases. The straight tube and the wound tube presented in this chapter, lead to non-concentricity results equivalent to those obtained with the tube with areas of constriction while using a density gap of 0.078 g.cm -3 at 60°C (W1( 12)). Therefore, at 70, 80 and 90°C the destabilization phenomena of the double emulsion are quicker than the time required to polymerize the organic phase in order to have stable shells.

CHAPTER V. STUDY OF THE INFLUENCE OF INCREASED POLYMERIZATION RATES ON THE SHELLS CHARACTERISTICS

Indeed, as stated by Chen et al. [2], both the destabilization phenomena and the polymerization rate are temperature dependent, then it is necessary to balance these two effects.

However, we wondered if the destabilization of the emulsion was due to the degradation of the surfactant since Cook et al. [3] stated that "when the foam is heated to 50°C in the presence of water during the polymerization step, the sorbitan monooleate (Span 80) hydrolyzes to form oleic acid and sorbitol". Indeed, the degradation of the surfactant would modify the interfacial tension and then lead to the destabilization of the emulsion.

In order to check this hypothesis, we put a mixture of Span 80 and water at 90°C during 30 minutes. Inside water, the Span 80 seems to precipitate and change of color (whitening) and texture. After the thermal aging step, the organic product which appears as a white solid at the surface of water is retrieved by adding dichloromethane to the mixture. The remaining water is eliminated from the organic solution by adding magnesium sulfate. The organic solution is then filtered and the dichloromethane is evaporated using a rotary evaporator.

After all these steps, the retrieve product looks like the initial Span 80. However, the retrieved product was analyzed by infrared (IR) spectroscopy.

Pure Span 80 and pure oleic acid IR spectra show a carbonyl absorption at 1739 cm -1 (ester function) and 1710 cm -1 (carboxylic acid function) respectively. We checked that the shift between these two absorptions was enough to split into two peaks. In this goal the IR

A. 1. Gas chromatography

The gas chromatography used is the GC 9000 series from Fisons Instruments, equipped with a flame ionization detector (FID) as illustrated in 

A. 2. Rheology

The rheometer used is the ARES rheometer from Rheometric Scientific, equipped with a 5 cm diameter plate/plate measuring system as illustrated in 

A. 5. Interfacial tension

The interfacial tension between the two phases is measured using a pendant drop apparatus.

The pendant drop apparatus used is the Digidrop DGD Fast/600 Contact Angle Meter from GBX as illustrated in 

A. 6. Infrared spectroscopy

The FT-IR spectrometer used is the IFS 28 from Brucker. The attenuated total reflectance (ATR) sampling technique is used in conjunction with the IR spectroscopy. With the ATR, the sample can be directly analyzed without further preparation. Then, the sample to be analyzed is directly deposited on the ATR crystal and examined from 600 to 4000 cm -1 at room temperature.

A. 7. UV-visible spectroscopy

The UV-Visible spectrophotometer used is the Cary 1E from Varian. The absorbance is measured in the UV wavelength domain, from 190 to 400 nm. Samples to analyze are diluted with ethanol and place inside a 3 mL cell.

A. 8. Telecentric optical microscope

Shells in alcohol were characterized using a telecentric optical microscope, Optique Peter® from Melles Griot. Since the foam shells are transparent while they are in alcohol, the inside and outside edges of the shells can be determined. However, with this technique only one equator of the shell is observed. Several parameters can be measured with this telecentric optical microscope: the inner and outer diameter, the sphericity and the wall uniformity. The software used with the telecentric optical microscope is home made by the CEA.