N

N

Synthesis of low density foam shells for inertial
confinement fusion experiments
Cecile Lattaud

» To cite this version:

Cecile Lattaud. Synthesis of low density foam shells for inertial confinement fusion experiments.
Other. Université de Bourgogne, 2011. English. NNT: 2011DIJOS033 . tel-00692058

HAL Id: tel-00692058
https://theses.hal.science/tel-00692058

Submitted on 27 Apr 2012

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00692058
https://hal.archives-ouvertes.fr

Université de Bourgogne - Faculté des Sciencesehtriiques
Institut de Chimie Moléculaire de I'Université degogne (ICMUB) — UMR CNRS 5260
Equipe Systemes Hybrides Multifonctionnels (SYMS)

These

Pour obtenir le grade de

Docteur de I'Université de Bourgogne

spécialité Chimie et Physique

Présentée par :

Cécile LATTAUD

le 27 Septembre 2011

Synthesis of low density foam shells for inertial

confinement fusion experiments

M' Etienne EEURY Professeur, INSA Lyon Rapporteur

M" Keiji NAGAI Professeur, Tokyo Institute of Technology Rapporteur

M' Fabrice BIREL Professeur, INSA Rouen Examinateur
M™ Alexia BALLAND -LONGEAU Docteur, CEA Ripault Examinatrice
M" Nicolas BREMOND Maitre de conférences, ESPCI Examinateur
M' Lyonel QuiLLOT Docteur, CEA Valduc Examinateur
M™ Claire-Héléne BACHAIS Maitre de conférences, Université de Bourgogne Examinatrice

M'" Jean-Pierre QUVERCELLE Professeur, Université de Bourgogne Directeur



Acknowledgements

ACKNOWLEDGEMENTS

This PhD would not have been possible without thidance and the help of several
individuals who in one way or another contributed @xtended their valuable assistance in

the preparation and completion of this study.

First, this PhD would not have been possible wititbe financial support of the CEA, the
Burgundy Region and the ICMUB.

It is an honor for me that Etienne Fleury and Kbiggai willingly accepted to be the two
chairmen of my PhD jury. | am especially gratefulkteiji Nagai to come from so far away

for my viva voce.

| would like to thank Fabrice Burel, Nicolas BrendprAlexia Balland-Longeau, Lyonel

Guillot, Jean-Pierre Couvercelle and Claire-HélBrechais for being part of my PhD jury.

| would acknowledge Catherine Treimany, Jean-M&nataine, Georges Genestier, Olivier
Legaie, Emmanuel Fleury, Benoit Reneaume and Lydaelllot for giving me the

opportunity to work on a very specific and intemggtsubject and for welcoming me at SMCI
of Valduc CEA site. | thank them for making this nkgossible and for financing all the

necessary equipments and materials.

| am grateful to Franck Denat for giving me the oypnity to work at the ICMUB and to
Jean-Pierre Couvercelle for receiving me in hieaesh team. | would like to appreciate
deeply my supervisor Jean-Pierre Couvercelle ferguidance, understanding and valuable
comments during this study. | am much indebtedito for his valuable advice in science
discussion, supervision in my researches and furitee, using his precious time to read this
thesis and giving his critical comments about it.

| would like to express my deepest and warmesitgdst to my co-supervisor, Claire-Héléne
Brachais not only for her guidance but also for kBapport, trust and encouragements
throughout my PhD study. Her thoughtful adviceti@sms, suggestions and questions have

been of great value along this thesis. | was alesweet by her meticulously reading, promptly



Acknowledgements

feeding back of my thesis drafts and stimulatinggastions. | am grateful for all she has
done and for her kindness, availability and carirgm indebted to her more than she knows.
One simply could not wish for a better or friendbeipervisor.

| gratefully thank Nicolas Bremond for his inter@st the subject, for all the time he spent
answering and explaining all the questions of pts/sive wondered. It was nice and
comforting to have someone like you looking atshbject from a physical point of view.

Many thanks are also due to Danielle Ballivet Thattko who helped me and gave me tips
when the gas chromatography did not work, to SaediGarrault for giving me the
opportunity to work on her rheometer, to Catheliabruére Chazal for her kind answer to
my mathematical questions, to Gilles Boni who reghlkindly to my questions about organic
chemistry and to Marie-Laure Léonard who nicelypledl me when | worked in her

laboratories.

| am grateful to Vincent Eyraud and Patrice Antoiaetheir time and patience through the

help they gave me with the ultra fast frame graldaenera.

| would like to thanks Cyril Hermerel for his helpth the telecentric optical microscope and

for always answering my questions in a mood foghang.

It is also a pleasure to thank Laurence Hun andéleuiZentz for creating a pleasant and
friendly working atmosphere in the laboratory & @EA. It was nice chatting with you girls
during these long days spent in the lab ! You Haaen a great help to dump the carcinogenic

wastes. Thank you also Aurélie for letting me bargmur car so often.

| gratefully thank Remi Schlienger for the help ahd moral support you gave me during
these long hours spent on repairing the gas chogregthy in the laboratory at the

University.

| am thankful to Christophe Guerville who dealt &y and patiently to all my computer

issues.



Acknowledgements

My special thanks go to Guilhem Allegre, Alexis Wai Etienne Brun, Richard Caland, Remi
Bourdenet, Sielver Meux, Christophe Dauteil, fdrthe coffee breaks and lunches we had
together and for so many other things. Thank yb@oalmaking me laugh so much with all
your silly and funny stories. | will always remembmy cute nickname ! It was nice having

you there when | needed help or when | just watdeelk with you guys.

In my daily work at the University, | have beendded with a friendly and cheerful group of
fellow students. | convey special acknowledgeméntBaten Sadaka, Christelle Nguimjeu,
Sebastien Narses, Mickael Lemoine, Souad Bennaltihéofriendly and peaceful atmosphere
at the office and in the lab. Thank you for all tha | had with you, I will always remember

the good times we shared together. | was gladye frau on my side and to have your warm

support.

My warmest thanks go to Marie, Cyrielle, Colleenér@ence and Clothilde. | have a great

regard for your continued friendship, your sup@ord your caring.

| owe my deepest gratitude and acknowledgementsydamily. Thank you mum, dad,
Claire and Sophie for your unconditional love, yeadless encouragements and your loving
support during my whole life. | would never havéiawed all this without you in my life.



ABSTRACT



Abstract

This work deals with the fabrication process of ld@nsity foam shells and the sharp control
of their shape (diameter, thickness, density, spitygr non-concentricity). During this PhD
we focused on the non-concentricity criterion whings to be lower than 1%. The shells are
synthesized using a microencapsulation processig&ol a double emulsion and followed by
a thermal polymerization at 60°C. According to therature, three major parameters, the
density of the three phases, the deformationseo§kiells along the process and the kinetics of
the polymerization have a direct influence on tlnells non-concentricity. The results
obtained showed that when the density gap betwssimternal water phase and the organic
phase increases, the TMPTMA shells non-concentriomproves. A density gap of 0.078
g.cm?® at 60°C, leads to an average non-concentrici.4% with a yield of shells of 58%. It
was also shown that the synthesis process cannsgdeoed as reproducible. While using the
same internal water phase, equivalent non-concémgtriesults are obtained using either a
straight tube, a tube with areas of constrictiom short wound tube. The time required to fix
the shell's shape is at least 20 minutes with tlapolymerization. So, it seems that the time
spent by the shells inside the rotating flask afidive centering of the internal water phase
inside the organic phase, whatever the circulafpoocess used. In order to get higher
polymerization rates and to avoid destabilizatitierppmena, we then focused our study on
photopolymerization. When the synthesis is perfarmasing a UV lamp with an efficient
light intensity, the shells have a slightly hightaickness than the shells synthesized by
thermal polymerization. Moreover, a really highéelg, around 80%, is achieved with UV
polymerization. However, the average non-conceatyraf the shells synthesized lays around
20%, which is really high compared to the 2.4% agernon-concentricity obtained with
thermal polymerization. It would be interestingeipose the shells to UV light at different
times after collection in order to study the infige of the agitation time on the shells non-

concentricity.

Keywords: density, dispersion, double emulsion, roeacapsulation, non-concentricity,

photopolymerization, radical polymerization, sheiinethylolpropane trimethacrylate.
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Résumé

Ce travail porte sur le processus de fabricatiomagoballons en mousse basse densité et le
contréle fin de leur forme (diametre, épaisseunsdé, sphéricité, non-concentricité). Durant
cette thése nous nous sommes concentrés sur éeecdé non-concentricité qui doit étre
inférieure & 1%. Les microballons sont synthétisés utilisant un procédé de
microencapsulation conduisant a une émulsion dosghigie d'une polymérisation thermique
a 60°C. Selon la littérature, trois parameétres aorgjela densité des trois phases, les
déformations du microballon pendant le procédéetimétique de polymérisation ont une
influence directe sur la non-concentricité des obatlons. Les résultats obtenus ont montré
que lorsque I'écart de densité entre la phase aqueterne et la phase organique augmente,
la non-concentricité des microballons TMPTMA s'aorél. Un écart de densité de 0,078
g.cm® & 60°C conduit & une non-concentricité moyenne2déb avec un rendement en
microballons de 58%. Il a également été montrélgum/nthése peut étre considérée comme
reproductible. Pour une méme phase agueuse intemegsultats de non-concentricité sont
équivalents en utilisant soit un tube droit, unetib étranglement ou un serpentin court. Le
temps requis pour fixer la forme des microballorss @au moins 20 minutes avec la
polymérisation thermique. Ainsi, il semble que kEmps passé par les microballons a
I'intérieur des bouteilles de réception permet émtage de la phase aqueuse interne a
l'intérieur de la phase organique, quel que soipriecessus de circulation précédemment
utilisé. Afin d'obtenir des vitesses de polyméimatplus élevées et d'éviter les phénomenes
de déstabilisation, nous avons alors concentré rtrde sur la photopolymérisation. Lorsque
la synthese est effectuée en utilisant une lampeaB¢ une intensité lumineuse efficace, les
microballons ont une épaisseur légerement supérigegelle des microballons synthétisés par
voie thermique. Par ailleurs, un rendement pluyé&lenviron 80%, est obtenu avec la
polymérisation UV. Toutefois, la non-concentriait®yenne des microballons synthétisés est
environ de 20%, ce qui est vraiment €leve par ra@pla non-concentricité moyenne de 2,4%
obtenue par polymérisation thermique. Il seraiéressant d'exposer les microballons a la
lumiére UV, a différents moments aprés la colleafim d'étudier l'influence du temps

d'agitation sur la non-concentricité des microbalo

Mots-clés: densité, microencapsulation, dispersiamulsion double, microballon,
trimethylolpropane trimethacrylate, polymerisatioadicalaire, photopolymérisation, non-

concentricité
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Glossary

- shell: ballon

- nuclear stockpile: réserve d’armements nucléaires
- nuclear weapon: arme nucléaire

- inertial confinement fusion: fusion par confinemardrtiel
- droplet: goutte

- mismatch: écart

- foam: mousse

- droplet generator: générateur de goutte

- dryer: sécheur

- surfactant: tensio-actif

- network: réseau

- extractor hood: hotte

- density: masse volumique

- internal water phase: phase aqueuse interne

- external aqueous phase: phase agueuse externe
- organic phase: phase organique

- collecting flask: bouteille de reception

- needle: capillaire

- brass: laiton

- straight tube: tube droit

- tube with areas of constriction: tube a étranglemen
- wound tube: serpentin

- scintillation vial: flacon a scintillation

- clean room: salle blanche

- wall: paroi

- thickness: épaisseur

- shape: forme

- bulk polymerization: polymérisation en masse

- stir rate: vitesse d’agitation

- buoyancy: flottaison

- pattern: tendance
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Introduction

For about forty years the CEA have worked on plagmgsics, particularly thanks to high
power lasers like Phebus (8 kJ) in the beginninthef80’s. Then, in 1994, France started the
Simulation program in order to ensure the safetg ealiability of the French’s nuclear
stockpile. In this context, the French high powaser (LMJ: Megajoule laser) is a key
element of the Simulation program. In fact, thisdiof laser enables to reach very high
temperatures and matter’s densities. Different «iofl applications are possible such as
laboratory astrophysics experiments or equatiorstafe studies for materials under high
solicitations. But one of the major interests oésh high power lasers is that they enable

nuclear fusion studies.

So, for the Simulation program, the Megajoule lasef be used to achieve inertial
confinement fusion experiments. The inertial coafirent fusion is a process where nuclear
fusion is initiated by heating and compressingel target, typically a plastic shell filled with

a mixture of deuterium and tritium (DT).

In order to achieve ignition, different target dgs are being developed, among which the
gain targets and the targets for fusion preparalibie gain targets are basically composed of
a cryogenic DT layer covered with a high densitiypwr ablator. Some specific targets are
also designed for fusion preparation experimentsne of them are composed of a low
density organic foam shell covered with a high dgngolymer ablator. The low density
organic foam can be used as a surrogate of the tgaget's DT layer. The geometric
characteristics of the target will have a reallyportant influence on the quality of the
implosion obtained. Thus, the targets must be maidle extremely high precision and
sphericity, with aberrations of no more than onerometer over their surface. This PhD
focused on the fabrication process and the shanfratocof the shape of these low density

organic foam shells.

The low density organic foam shells have to meeerse specifications listed below by
priority order:

composition: C, H, O or C, H

diameter range: 1700-2100 pum

wall thickness: 100 um

density: 250 and 100 mg.€n

sphericity > 99.9%
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6. non-concentricity < 1%
7. porosity <1 pum

8. roughness <50 nm

At the beginning of this PhD, the CEA had alreadyked for six years on the synthesis of
foam shells. The CEA chose to develop four systehasfferent composition and density:

- DVB shells of 100 mg.ci

- DVB shells of 250 mg.ci

- TMPTMA shells of 100 mg.ci

- TMPTMA shells of 250 mg.ci

DVB shells are made of divinyl benzene and stymao@omers and are only composed of C
and H. TMPTMA shells are made of trimethylolpropanemethacrylate monomer and are
only composed of C, H and O. The shell's synthegipears as a long and complicated
process. Besides, the CEA also tested differemuleition systems (tube with areas of

constriction or wound tube) to synthesize the wegikinds of shells.

After six years, the CEA was able to satisfy thstffour restrictions (composition, diameter,
thickness and density). However, the sphericity aod-concentricity requirements, which
are the most difficult to meet, were far from beifgfilled. Furthermore, the non-

concentricity results varied with the polymericurat of the shells and their density.

At this point, the CEA needed to understand whidgjomparameters of the process were
influencing the sphericity and the non-concentyicit was also necessary to know where and
when the shell had an optimum non-concentricityrgduthe synthesis process in order to set

the shell’'s shape fast once it is perfect.

At the beginning of this PhD, it was decided tou®dhis work on a unique system, the
TMPTMA foam shells of 250 mg.cth According to the literature, the three major paeters
influencing the shells non-concentricity are the@gity, the deformations of the shells along
the synthesis and the kinetics of polymerizationtHis PhD work, which comprises five
chapters, the effect of each of these major paemhébs been studied.

Thus, the first chapter presents the shells syrstlag®l characterization processes and all the

specific apparatus used in this aim.
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In a second chapter, the literature review dealth vihe double emulsions, the radical
polymerization, the parameters influencing the amspecifications and the state of the art of

shells synthesis in other nations involved in ila&donfinement fusion experiments.

The influence of density and interfacial tensiontlo& shells non-concentricity is discussed in

Chapter 11, as well as the reproducibility of fecess.

Then, the Chapter IV focuses on the influence of ttirculation process and the

polymerization kinetics on the shells non-concertiyi

Finally, the effect of increased polymerizationesabn the shells characteristics and more

specifically the effect of UV polymerization arevééoped in Chapter V.
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This chapter is divided in four parts. The firstrtppresents the basic principles of double
emulsion which is the chosen process to generaiéssithe following second part concerns
the basic principles of radical polymerization. Thed part presents the different parameters
influencing diameter, thickness, density, spheriaind non-concentricity. Then, the last part

describes the state of the art of shells desighdarUnited States, Japan and France.

From the polymerization reaction point of view, gystem used to synthesize foam shells can
be considered as a suspension, whereas from acphysint of view the system used is
considered as an emulsion. The initiator used gamosoluble as in a suspension reaction.
The size of the objects synthesized by suspensiechamism is 10 to 500 um, whereas in
emulsion process the diameter range between 0@% arm. The shells synthesized during
this PhD are 2 mm in diameter and 100 um thicknesgshe shell size fits to a suspension.
However, the concentration of surfactant is higluin system as in an emulsion process (1 to
5 wt %), whereas in a suspension there is onlyrat@ulwt % of surfactant.

II.1. BASIC PRINCIPLES OF DOUBLE EMULSIONS

[1.1.1. Simple emulsions
11.1.1.1. Definition of emulsions

An emulsion is a dispersion of two immiscible lidsij one being dispersed (the disperse
phase) in the other (the continuous phase). Theréaa different kinds of simple emulsion:
the oil-in-water (O/W) emulsions (direct emulsignis) which the oil droplets are dispersed
within the water medium, and the water-in-oil (W/@nulsions (inverse emulsions), which

are the opposite (Figure 11.1).

N il
I water

oil-in-water emulsion water-in-oil emulsion

Figure II.1: Schematic representation of simple lsion
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The emulsions are highly unstable thermodynamitegsys because the mixing of the two
phases is not spontaneous. Indeed, an emulsifieqisred to disperse two immiscible liquids
and obtain a more stable system. The choice aditingdsifier is crucial for both the formation
of the emulsion and its stability. Depending onirtipeeferential solubility in either water or
oil, surfactants will rather initiate an inverse ardirect emulsion. Griffin [1] developed a
semi-empirical scale, the hydrophilic-lipophilic lace (HLB) number, to quantify the
surfactant affinity for each phase. The scale setaon the relative percentage of hydrophilic
to lipophilic groups in the surfactant molecule.eTécale goes from 0 to 20 and the HLB
value increases when the percentage of hydropbihaups increases. According to the
Bancroft’'s rule [2], stabilization of direct emudsis requires a surfactant with a high HLB

number whereas inverse emulsion requires the uaéasy HLB surfactant.

[1.1.1.2. Destabilization pathways for simple emulsions

The breakdown of simple emulsions can occur acongrth different pathways as illustrated
in Figure 11.2. The breakdown is either reversifdeeaming, sedimentation and flocculation)
or irreversible (phase inversion, coalescence asiv&@d ripening). A summary of each of

the instability pathways is given below as Tad®@isajnd Binks [4] explained it in their work.

v' Creaming and sedimentation
These processes result from external forces sugnaastational or centrifugal forces. If the
external forces exceed the thermal motion of tlopléts (Brownian motion), a concentration
gradient appears in the system such that the lahggrets move more quickly either to the
top or bottom of the container. The creaming isrtiagion of the droplets up to the top of the
container. This phenomenon occurs when the den§itlge droplets is less than that of the
medium. The sedimentation is the motion of the tspdown to the bottom of the container

which occurs when the density of the droplets ghar than that of the medium.

v" Flocculation
This process results from the Van der Waals aitnastbetween droplets. Flocculation
consists of the aggregation of the droplets (witreowy change in primary droplet size) into
larger units, without rupture of the stabilizingyéa at the interface. Flocculation may be
either weak (reversible) or strong (not easily rel®e), depending on the magnitude of the

attractive energy involved between droplets.
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v Phase inversion
Phase inversion consists of the exchange betweetigperse phase and the continuous phase.
There are two types of phase inversion, namelyrtresitional inversion and the catastrophic
inversion. The transitional inversion is induceddbyanging external parameters (temperature,
electrolyte concentration...) which affect the HLBthE system. The catastrophic inversion
Is induced by increasing the fraction of the dispdrphase.

v" Coalescence
This process results from the thinning and disaupdf the liquid film between the droplets.
Coalescence consists of the fusion of two or maampldts to form a larger one. When
coalescence is brought to its end, a complete agparof the emulsion into two distinct

liquid phases is observed.

v Ostwald ripening
This process results from the solubility differerafethe dispersed phase between the small
and the big droplets of the emulsion. The Ostwgddning consists of the molecule diffusion
from the smaller droplets to the larger droplet®tigh the continuous phase. The Ostwald
ripening occurs without any contact between dragplet

K I L
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Figure I1.2: Schematic representation of the vagibreakdown processes in emulsions as
proposed by Tadros [3]
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[1.1.2. Double emulsions
11.1.2.1. Definition of double emulsions

Double emulsions are complex systems, also knoweraslsion of emulsion”, where a first
emulsion of two liquids is further dispersed in t@v liquid. There are two kinds of double
emulsions: water-in-oil-in-water (W/O/W) and oil-mater-in-oil (O/W/O) (Figure 11.3). The
W/O/W double emulsion consists of one or severakwdroplets entrapped within a larger
oil droplet that in turn is dispersed in a continsiavater phase. The oil droplet is also called
the globule. In this work, the double emulsion ol#d consists of only one water droplet

entrapped within an oil droplet.

N oil
I woter

W/O/W emulsion O/W/O emulsion

Figure I1.3: Schematic representation of double Isions

These emulsions find many applications in industsach as pharmaceuticals [5], [6], [7],
cosmetics [8], [9], [10], and food [11], where thegt as a reservoir of encapsulated

substances that can be released by an externalssiffpH, ionic strength, temperature...).

11.1.2.2. Processes leading to double emulsions

Since most physical properties of these materi@ssae dependent, controlling their mono-
dispersity as well as their uniformity in shapesl momposition is a necessity. Two-stage
emulsification [12] is the classical process legdin double emulsions. Highly uniform
emulsion droplets can also be generated by memiamadsification techniques [13] and
these have been applied to the production of doetalsions [14]. In recent years, there
have been intensive studies of microfluidic teche®|to produce droplets of highly uniform
size [15], [16], [17] For this specific application, double emulsions ¢& produced using
either a two steps drop break-up method with a reeceession of two T junctions [18], [19],
or a single step process with parallel co-flowingeams [20], [21]. In this PhD work, a
droplet generator with parallel co-flowing streanssused to obtain a W/O/W double

emulsion. This droplet generator is described énfist chapter.
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[1.1.2.3. Destabilization pathways for double emulsions

Double emulsions are highly metastable systems thétpresence of two thermodynamically
unstable interfaces. In general, two different atidnts of opposite solubility are used for
their stabilization. One low HLB surfactant stab#ié the internal interface (W/O) and one
high HLB surfactant stabilizes the external inteef@W/O). Compared with simple emulsions,
double emulsions present much more destabilizghimtesses to take into consideration,
such as the release of encapsulated internal giasehe internal droplet to the continuous
phase. The several destabilization pathways whah lappen with double emulsions are
listed below as Schmidtst al. [22], Florenceet al. [23], and Leal-Calderoret al. [24]
explained it:
- coalescence of the internal droplets
- coalescence of the globules
- coalescence of the thin liquid film separating itmernal droplets and the globule
surface, leading to the loss of the internal drigphgth film rupturing
- “compositional ripening” leading to the loss of timernal droplets without film
rupturing
Compositional ripening occurs either by diffusion lwy permeation of the encapsulated
molecules through the globule. Besides, diffusibthe active material can take place either

by a solubility process or an inverse micelle pssce

[1.1.2.4. Stabilization improvements for double emulsions
[1.1.2.4.1.Polymeric stabilizers

Since short surfactants are not able to ensure-temng stability of double emulsions,
experiments have been carried out to incorporatgnpmic stabilizers [25]. Polymeric
stabilizers improve the stability of double emutsicand also delay the release of molecules
through interfaces since they form thick films arashnot form inverse micelles [26]. Michaut
et al.[27] have shown that using Span 80 (short surféicfan the internal interface (O/W)
and an amphiphilic polymer for the external inteelgW/O), let the interfaces asymmetric
without migration of the polymer through the oilgse. In addition “slow release rates and
remarkably long shelf life were obtained compamdypical double emulsions stabilized by

two commonly used surfactants” [28].
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[1.1.2.4.2.Polymerization of the oily or aqueous phases of the
emulsion

Another way to stabilize double emulsions is to @epolymerize the oily or aqueous phases
of the emulsion, as proposed by Floreetal.[23]. In our case, once the double emulsion is

formed, the organic phase of the globule is polyreek.
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II.2. GENERAL CHARACTER OF THE POLYMERIZATION
PROCESS

In order to polymerize the globule which contairige torganic phase, a free radical
polymerization process is used. Even if the polynagion process takes place within a
double emulsion, the radical polymerization of tiebule can be considered as a solution
polymerization and not as an emulsion polymerizatimdeed, the polymerization occurs
inside the organic phase layer containing the sw)vihe organosoluble initiator and the

monomer.

[1.2.1. Thermal free radical polymerization process

The radical polymerization is the most used indalsprolymerization process since more than
50% of the polymeric materials are obtained by ghecess. Among the polymer of everyday
use obtained by radical polymerization are: polyviahloride (PVC), polyethylene (PE),
polystyrene (PS), polytetrafluoroethylene (PTFEY gquoly(methyl methacrylate) (PMMA).
Radical polymerization reactions occur either irlkkbwsolution, dispersion, suspension or
emulsion, at moderate temperature, between 40 &®IClin general. However, it is
necessary to work without molecular oxygen duriadical polymerization reactions since it

is known to cause transfer reaction or even tdoihpiolymerization reactions.

Free radical polymerization consists of a sequearicthiree kinetics steps named initiation,
propagation and termination [29], [30], [31].

[1.2.1.1. Initiation Step

The initiation step is composed of two reactions:

- the decomposition of the initiatbwhich yields to a pair of radical®

kg

I — 28" (1)

- the initiation of the polymerization which consisifsthe addition of the radicét’

to a monomer univ
k.
R*+M — RM" (2

o
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kg is the decomposition rate constant of the initiatodk; is the initiation rate constant of the

primary radical. The most popular initiators areopéde and aliphatic azo compounds. For
example, the thermal decomposition of benzoyl pdexand azobisisobutyronitrile are

presented below:

Benzoyl peroxide:

Ol e Q= o e

CHs CHs CH;
CHy—C-N=N—C—CH; ——= 2CH;—C.  + N
Azobisisobutyronitrile: C=EN  CEN C=N

Thermal initiators are used within a specific tenapére interval which depends on their
kinetics of decomposition. In fact, only a parttbé radicals will initiate a polymeric chain.
Some of the radicals are lost in side reactionsh ss, for example, a recombination of the
azo compounds. The fraction of radicals which dbtuiaitiate a polymeric chain is called the
efficiency factorf. In most polymerization processes, the initiatreaction is much faster

than the decomposition reaction. The decomposdfdhe initiator is rate-determining in the

initiation step. The initiation step rate is therg,, = d[if.] =2f k(1]

In this polymerization process, the three stepfiation, propagation and termination, occur
as soon as the polymerization reaction begins. fhesns that since the polymerization
reaction starts, growing polymeric chains, deadnshand monomers coexist in the solution.

[1.2.1.2. Propagation step

The propagation consists of successive additiomaafomer units to the active extremity of

the growing polymeric chain:

Ky
RM"+ M — RM,

-
&

E

RM;+ M 5 RM;

[
RM,+M 5 RM_, (3)
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The macro-radicals created by the successive additf monomer have the same reactivity

even if their number of monomer units increasesisTht is assumed that the rate constants

for all the propagation reactions are the same. réke of propagation is the sum of many

_dba] _

individual propagation reactions and is expressgd &), = -

k, [M][M'] where

[M’] represents the concentration of radicals.

[1.2.1.3. Termination step

The termination step consists in annihilating thdical center of the growing polymeric chain.
The termination step can occur via two types ofdd@oular free radical reactions:
- by combination (coupling) of two growing chainsde® to one dead chain with
combined length of the two growing chains

Kic
RM, + RM; = RM, R (4)

ntp

- by disproportionation of two growing chains leadiogwo dead chains, one with

a saturated extremity and one with an unsaturatedraity
Kid
RM,, + RM; —> RM, + RM, (5)

ke and kg are the termination rate constants for combinataomd disproportionation,

respectively. The termination rate can be expressedr, = 2k, [M']* with k as the

termination rate constant. Because of these twierdifit termination processes which are

random, the polydispersity index of radical polyination is largely superior to one.

[1.2.1.4. Free radical polymerization kinetics

In order to determine the rate of polymerizatidre &amount of consumed monomer has to be
measured. The initiation and the propagation steps the two reactions consuming
monomers. For a polymerization process leadingigh molecular weight chains, far more
monomer molecules react during the propagatiorticeescthan during the initiation reaction.
Thus, the rate of initiation can be neglected dragolymerization rate is equivalent to the
rate of propagation:

R'po! = Rp = I‘:p [M][M.] [6:
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Since the concentration of free radicis] is very low, this valugannot be measured easily
and needs to be eliminated from equation (6). tteoto simplify equation (6), the steady-
state assumption is made that the concentratioadials remains constant during the course
of the polymerization. This implies that the rafenitiation R, and terminatiorr; are equal:

2fkyall1=2k, [M]° (7)

The rate of polymerization can then be deduced &qgoations (6) and (7):

—
4y t

(8)

11.2.1.5. Gel effect

Figure 11.4 plots the bulk monomer conversion darection of time for an ideal kinetics and
when a gel effect appears in the medium. The paligaigon rate is normally expected to fall
with time since the monomer and initiator concetidgres decrease with time. However, after
a certain conversion, the viscosity of the bulktsysincreases as conversion increases. The
increase viscosity has a slight impact on the diffo rate of the small monomer molecule, so
the polymerization rate does not drop, but the gmgwchains (which are big molecules)
cannot diffuse fast enough and the termination catestant decreases faster and faster,
thereby leading to the auto-acceleration of thgrperization rate (“gel effect” in Figure 11.4).
As a consequence, many free radical polymerizawascharacterized by a sudden increase
of the polymerization rate when a certain conversgreached. This phenomenon is called
the gel effect or Trommsdorff effect. In dilutedligeon the effect of viscosity is weak,
therefore the gel effect does not occur as illtstran Figure 11.5. In this PhD work, the

monomer concentration is around 10% so no gel effifes to be considered.

(a) Limiting conversion
S
@ | Gel effect T
g P " Ideal kinetics
3 -
Q
Time

Figure I1.4: Bulk monomer conversion as a functdtime [30]
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Figure I1.5: Autoacceleration in benzoil peroxidetinted polymerization of methyl
methacrylate in benzene at 50°C. The differentsplepresent various concentrations of
monomer in solvent. [29]

[1.2.1.6. Crosslinking

Mono-functional monomers lead to linear polymersevdas multifunctional monomers as
TMPTMA used in this work lead to quite differentlpmers concerning their structure. As
explained by Andrzejewska [32], multifunctional noomers are first incorporated within
polymer chains as units containing pendant bondsn Tfurther propagation follows different
pathways as illustrated in Figure I1.6:

- path (a): addition of the next monomer unit

- path (b): intramolecular attack of the radical ba pendant double bound

- path (c): intermolecular attack of the radical be pendant double bound

~ e« radical end

|1 divinyl monomer

Figure 11.6: Network formation [32]
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Once the number of intermolecular crosslinking tieacis high enough, a three-dimensional
network is obtained. The formation of a networkdgiced by the apparition of a gel inside
the solution. The “gel point” is the point at whiah infinite polymer network first appears.
Beyond the gel point, the reaction mixture is aypwr network of infinite viscosity.
Moreover, if the functionality of the monomer inases, the crosslink density and the
polymerization rate increase whereas the final emsion decreases. For monomers with
functionality higher than three it is difficult teach high conversion and the gel point cannot

be predicted.

The consequences of crosslinking reactions onhlgsip-chemical properties of the polymers
are very important. Crosslinking reactions leadatdoss of crystallinity, a loss of the
thermoplastic behavior and a loss of solubilityttd material which becomes mechanically

rigid and fragile.

[1.2.2. UV free radical polymerization process

Photoinitiation of the polymerization offers seveaglvantages. The polymerization can be
spatially directed and be turned on and off simphturning the UV light source on and off.

The process is solvent-free so the toxicity is t@di and the process is classified as
environmental-friendly. The reaction time and thging step are so fast that the fabrication
time and the energetic consumption are drasticlalyered compared to other thermal
polymerization process. These are the reasons Wwhippolymerization is a low-cost process.
However, the main drawback to photopolymerizat®ithie low penetration through thick or

charged materials, limiting uses to the surfacetgpplications. The main applications of
photopolymerization are the protective or decomsurface treatments of materials (wood,
metal, paper, plastics, glass...), the photolithogyapo produce integrated and printed

circuits, the anti-adhesive supports and the dengérials.

Photoinduced polymerization occurs when radicaés generated by a UV or visible light
source irradiating a reactive monomer. The diffeeebetween a thermal and a photoinduced
polymerization process is the initiation step. Rbe photopolymerization process, the

initiation step is a photochemical reactiwith a photoinitiatoPlI:

hv
Pl — PI* - PI"+PI' (9)
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The initiation rateRR) is given by: R, =&, I, (1— e™234) (10)

with: - & quantum vyield of initiation
- lo: incident light intensity

- ¢z transmitted light intensity

- A: absorbance, defined as = logj—"
t

The absorbance depends on the concentration phibteinitiator P1] and the path length

A = gl [PI] withe as the molar absorption coefficient

The initiation rate is controlled by the nature tbe photoinitiator. To be efficient, a
photoinitiator has to satisfy the following crit@fi33]:
- the photoinitiator should have a high absorptiothimi the emission spectrum of
the light source used
- the singlet and triplet excited states should hawshort life time to avoid their
guenching by @or the monomer
- the radicals coming from the excited states shéedoroduced with a quantum

yield as high as possible and be active towardsitveomer molecules

There are two types of processes to explain theoh@ms of radical photoinitiators, called
type | and type Il. In the type | process, the photiators, such as aromatic ketones, undergo
a homolysis by cleavage into two free radicals ur@eUV exposition (Norrish type |

reaction):

In the type Il process, the mecanism requires thegmce of a photosensitizer in the medium.
The photoinitiator undergoes homolysis by an intdenular hydrogen abstraction in the

presence of a hydrogen donor molecule (photoseesitinder a UV exposition:

OO w OO+~
0 OH
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The rate of UV polymerization can then be deducenhfequations (7) and (10):

P 1'|'|I|'_2 i

k I
R, =—— [M] Nllri’i Iy (1— E_E'EE:[PI]j (11)
In addition, as in thermal free radical polymeriaat a particular care has to be taken with
oxygen. The free radical polymerizations are slowedn when operated under oxygen. To
lessen the impact of oxygen, the dissolved oxygentb be removed from the solution by

degasification of the system and by polymerizinderminert atmosphere.
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11.3. PARAMETERS INFLUENCING THE AIMED CRITERIA

The following part presents the various parametérhe process influencing the diameter,
thickness, density, sphericity and non-concenyriaif the foam shells. For a better
understanding, the three different phases usegnthesize a shell, either with a W/O/W
emulsion or an O/W/O emulsion, are named interhalsp (IP), surrounding phase (SP) and

external phase (EP) as mentioned in Figure I1.7.

external
phase

surrounding
phase

Figure I1.7: Definition of the three phases

[1.3.1. Parameters influencing the diameter

The diameter is, to be more precise, the exterrmheter of the shell (Figure 11.8). The
diameter is mainly controlled by the use of a @&iplrifice droplet generator to synthesize
shells. In fact, the diameter is controlled by fllogv of the external phase which strips off the
shell from the generator ([34], [35], [36], [3784d], [39]) as illustrated in Figure 11.9. The use
of a droplet generator allows the synthesis of fadrells with a controlled diameter and
within a narrow range of distribution. Once thelklgesynthesized, the diameter of the shell
varies along the polymerization and drying stepgseskE steps induce a shrinkage of about
10% depending especially on the quality of the ridyystep. The diameter of the shell, in
humid and dry states, is measured with a teleeemptical microscope as exposed in

Chapter I.

Figure 11.8: External diameter of the shell
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— needlel

EP EP

Figure 11.9: lllustration of the external phase weinstrips off the shell formed at the tip of the
generator (IP: internal phase, SP: surroundinggHal: external phase)

[1.3.2. Parameters influencing the thickness

The thickness of the shell is illustrated in Figlit@0. The shell thickness is determined by
the ratio of the internal phase and the surroungingse flow rates ([34], [35], [36], [37],

[39]). Once the shell is synthesized, the thickreddhe shell varies along the polymerization
and drying steps as observed previously for thendiar. The thickness of a humid shell is
deduced from the measures of the inner and outeneters of the shell obtained with a
telecentric optical microscope. The thickness adrg shell is measured from the X-rays

images of the shell.

Figure 11.10: Thickness of the shell

[1.3.3. Parameters influencing the density

During the fabrication process, the density of #iell is controlled by the monomer
concentration in the surrounding phase ([37], [4®pwever, as for the diameter and
thickness, the density varies along the polymeomatind drying steps. Once again, the

influence of the drying step is predominant. Indeetdad control of the drying process is able
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to increase dramatically the density of the sfi@ie density of the dry shell is calculated from
the measure of the diameter, thickness and weigheary shell.

[1.3.4. Parameters influencing the sphericity

The sphericity is a measure of the roundness bfeetdimensional object. According to the
literature, several parameters influence the skplericity:

- the interfacial tension between the surroundingsplend the external phase

- the density of the different phases

- the viscosity of the external phase

- the stir rate

McQuillan et al. [41], [42], determined that for pokg{methylstyrene) (PAMS) shells the
density mismatch between the surrounding phasehendxternal phase had to be minimized
to obtain higher shells sphericity. In additiore ttirring rate also has to be optimized to get
better shells sphericity [41].

Cooket al.[43] and Takaget al.[44] demonstrated that an increase of the inteafdension
between the surrounding phase and the externaépbad to higher PAMS shells sphericity.
Moreover, they showed that the sphericity was $&gsio the density match of the external
phase to the compound droplet (internal phasequusunding phase).

Paguioet al.[45] established that both an increased interfderasion and a density matching
between the three phases lead to higher PAMS dphiricity.

One year later, Paguiet al. [46] showed that an increase of the interfaciakitam between
the surrounding phase and the external phase dsasveln increase of the external phase
viscosity lead to higher RF shells sphericity. Hoer the effects of interfacial tension and
viscosity on shells sphericity could not be distiistped separately.

[1.3.5. Parameters influencing the non-concentricity

The non-concentricity (NC) value has to be minirdize order to get shells with a uniform
wall thickness. Figure 11.11 illustrates the di#ace between a shell with a low NC and one
with a high NC. The non-concentricity is the hatdspecification to meet. The wall non-

uniformity adversely effects the implosions, so theam shells are required to have a non-
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concentricity lower than 1%. As explained in Chagdtethe non-concentricity of a humid
shell is measured with a telecentric optical micope, and the non-concentricity of a dry

shell is measured from the X-rays images of thél.she

lowvalue of NC highvalue of NC
C uniformwallthickness C wallthickness notuniform

Figure I1.11: Definition of the non-concentricity

The numerous parameters of the process havinglaenge on the NC are listed below.

[1.3.5.1. Influence of the density on the shells NC

From 1991 to 2003, [35], [47], [36], [48], the foling concepts can be found in the literature:
the density of the internal phase has to be equéhdé density of the surrounding phase in
order to obtain more concentric shells, and thesilgnmatching temperature is the
polymerization temperature at which the shell’'spghs set. Moreover, in order to eliminate
shell sagging caused by gravity and to keep thdlsslseispended in solution during
polymerization, the density of the external phasestrbe equal or slightly less than the
density of the compound drop (internal phase plusosinding phase), [36], [47], [44], [48].

In 2003, Streiet al.[37] studied the effect of density matching on tle&-concentricity (NC)

of divinyl benzene foam shells (DVB). It appeardthtt “the percent of NC would be
minimized with a room temperature density differerzetween 0.008 and 0.009 g&¥m
They also emphasize that “other production prosesgbles scatter the data in this range,
making it difficult to determine the effect of thensity difference”. Thus, in 2005, Strettal.
[49] concluded that “matching density beyond a foumgatch has not had a clear effect on
NC”. However, in 2005 and 2006, [50], [38], Pageibal. explained that a slight density
mismatch between the internal phase and the sufiogiphase (0.01 g.cfnat 70°C for low
density RF shells and 0.005 g:&ror high density RF shells) was one of the twddes that
helped to produce resorcinol-formaldehyde (RF)Isiveith good wall uniformity.
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Finally, the influence of density on the shell Nées1s to be a largely discussed criterion in
the literature. So, it seems interesting to stubg tnfluence of this criterion in the

continuation of this work.

11.3.5.1. Influence of the deformations on the shells NC

When a stress is applied, a W/O emulsion distedsfits originally spherical shape and a
core-centering force is generated and the watgulelronoves towards the center of the oil
droplet [51]. In 1999, Norimatset al. [52] showed that “non-uniform emulsion turns to be
uniform by repeating instantaneous deformationkWd with continuous rotation around
the horizontal axis”. Shells produced with flow rdigtions lead to shells with improved NC
[49]. In addition, according to Itet al.[53], there is an optimized rotation speed whicleg

shells with uniform thickness without breaking #raulsion.

[1.3.5.2. Influence of the polymerization kinetics on the shiéss NC

This parameter is directly linked to the evolutiminviscosity of the surrounding phase. The
gelation time has to be long enough to let thermaliephase center into the shell. Thus, it is
admitted that slowing down the gelation time im@®e\vhe shells NC [54], [39], [49], [50].
However, the rate of gelation has to be relatialst due to the intrinsic instability of the
double emulsion. Indeed, if the gelation time is tong the shells tend to agglomerate by
flocculation and to lose their internal phase fudion [37], [47].

[1.3.5.1. Influence of the viscosity on the shells NC

According to Norimatsiet al. [52], the internal phase drop moves toward thdereof the
emulsion depending on the viscosity of the surraugpdphase. The viscosity of the
surrounding phase is clearly a parameter whichctdféhe rate of centering of the internal
drop. If the centering of the internal drop is &low compare to the increase of viscosity in
the surrounding phase, non-concentric shell wilbb&ined. Paguiet al.[46], showed that
the viscosity changes of the external phase cabpeatompletely ruled out from having an
effect on the RF shells NC.

39



Chapter I Literature Review

11.3.5.2. Influence of the interfacial tension on the shell&iC

Cook et al. [43], Takagiet al. [44] and Paguicet al. [46], [45], [55], demonstrated that
increasing the interfacial tension between the osumding phase and the external phase
improves both the shells NC and the shells spher&s stated before. Figure 11.12 shows the
improvement of the yield of shells that meet the B{§&cification by the addition of SBS
block copolymer to the external phase of the emunlsThe addition of SBS to the external
phase increases the interfacial tension betweesutreunding phase and the external phase
and also increases the viscosity of the externas@h

ag NC of SDRF shells versus with and without SBS 20 NC of HDRF shells versus with and without SBS

15 25 NCS
3] gZU
Z10 NC Spec. o 15
: I =1
5 5
TUTYTIRTVT TP T VT

U.Illl l a1 1 i ! ;
YRR e e gy NTE PP ERRLFNRS
Shell Shell

= Std process (no SBS)

I - Vod. 4 (with SBS)

Figure 11.12: The two graphics present the NC DRE and HDRF shells fabricated with the
standard process (no SBS) and with the additiddB$8 in the external phase (Mod 4).
(SDRF: RF shells of low density, HDRF: RF shellwfh density, SBS: styrene-butadiene-

styrene block copolymer) [46]

To conclude, three of the aimed criteria, the di@mehickness and density, are relatively
easy to fulfill. The non-concentricity is the malfficult criteria to meet. According to the
literature, five principal parameters are influemcithe non-concentricity. However, the
viscosity and the interfacial tension do not seemhéave a direct impact on the non-
concentricity. Indeed, papers always study theuerfte of these two parameters on the
sphericity and show that there is also an impactthen shells non-concentricity, but no

straightforward study of their influence on the raomcentricity have been realized.
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II.4. STATE OF THE ART IN THE USA, JAPAN AND FRANCE

The aim of this part is to compare the progressnspand the technologic choices, about the
foam shell fabrication process, of major countireslved in fusion experiments until now,
i.e. the United States, Japan and France. Thetsdsuihd and summarized below come from

publications, internal progress reports and worRghr@sentations.

I1.4.1. American results

The results obtained by the United States on thenfehell synthesis from 1984 to 2011 are
summarized in Table Il.1. Before discussing abta tesults obtained by the American
researchers it seems important to detail the waytn-concentricity results are presented in
the literature. There are in fact two different wag express the NC results. The American
Laboratories either give the average NC of a batcdhells or the percentage of shells which

have a non-concentricity below the 5% specification
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Table II.1: Results obtained by the United Statesf1984 to 2011 on the foam shell
syntheses (PS: polystyrene, PAN: polyacrylonitfi¥Ac: polyvinyl acetate, TMPTMA:
trimethylolpropane trimethacrylate, RF: resorcifuvmaldehyde, DVB: divinyl benzene)

: Wall . .
Year | Composition Diameter thickness Den3|t_)§ Accessible dgtg on the non- Ref
(m) (um) (mg.cm®) concentricity (NC)
1984 PSP'VPA'?:‘N " | 50-400 5-25 - the NC was typically less than 5% ][56
1990 PS 100-700 2-7 - - [57]
1993| TMPTMA | 500-1500; 10-120 50 NC better than 2% 8] [5
1994 | TMPTMA - - - non-uniform wall thickness [34]
lowest average batch NC = 5%
1995 TMPTMA | 1000-2000 100 i lowest individual shell NC = 1% | 52!
. : [47]
1995 RF 2000 100 60 bad wall uniformity [36]
lowest average batch NC = 7%
2003 DVB 4000 300 100 1 owest individual shell NC = 3% | 1]
2004 RF 800-900 50-10¢ 100 average NC of 5-6% [B4]
lowest average batch NC = 3%
20041 DVB 4000 300 100 || owest individual shell NC = 296 | (29
2006 RF 800-900 50-10d 100 30-50% of the shelle IN® < 5%| [38]
2006 RF 800-900 80-120 180-250 10-20% of the sheNe NC < 5% [38]
2006 DVB 800-3500, 80-35(Q - 75% of the shells witd &5% [60]
2007 RF 800-900 50-10d 100 90% of the shells hawe<¥% [46]
2007 RF 800-900 80-120 180-250 5% of the shelle N®@ < 5% [46]
90% of the shells have NC < 5%
2007 DVB 4600 176 100 60% of the shells have NC < 3% [61]
2011 RF 1500-5000 100-200 100 50% of the shells have NC < 5%[55]
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11.4.1.1. Type of process

Until 1984, the USA used glass microballoons agets Then, in 1984, they started
development of low-atomic-number foam shells. Frd884 to 1993 the foam shells were
synthesized using a two-stage emulsification pmdeveloped by Kubet al. [62] in Japan,

which gave a W/O/W double emulsion as illustrate&igure 11.13.

{Polymer = 0

‘Waler

Palyrmer
Solution

Figure 11.13: lllustration of a two-stage emuls#tmn process to produce polymer shells [56]

In the period between 1984 [56] and 1990 [57], &mer was solubilized in the organic
phase which encapsulated a water droplet and therdavas driven off to produce the shell.
Since 1993 [58], the shells were produced by thepolymerization of a monomer in the
organic phase. The major issue of the two-stagels#ioation process was the broad
distribution of diameter and thickness in the spelbulation. So, in 199@verturfet al. [34]
started using a triple orifice droplet generatamilar to the one design by the Osaka
University, which gave a W/O/W double emulsion. TRdPTMA globules coming out of
the generator were delivered into a PVA solutiosida a flask heated by a water bath and
attached to a rotary evaporator set-up. The foaglisshroduced by this new system had a
narrow size distribution but had often non-unifomall thickness. Since 1994, the triple

orifice droplet generator has been systematicalgduo synthesize foam shells.

11.4.1.2. Nature of the foam

Until 1995, only TMPTMA foam shells were developétbwever, studies at the Lawrence
Livermore National Laboratory (LLNL) [35], showedhat TMPTMA foams were “too
opaqgue to allow optical characterization of thel fileat the required level of accuracy in
capsules with 100 pum thick foam walls”. “This opggads largely due to excessive scattering
of light by the relatively large, 1 to 3 um, cdlleture which is characteristic of methacrylate
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foams”. So, in 1995, the LLNL started developmemtsRF foam shells. RF aerogel has a cell
size on the order of 0.1 um and is significantlyenwansparent than the methacrylate foams.
RF foam shells were then synthesized using a topfece generator with a reverse O/W/O
double emulsion [47], [36].

TMPTMA and RF foam shells were produced for futurertial Confinement Fusion (ICF)

targets at the University of Rochester Laborataryjttte Omega Upgrade facility and for the
planned National Ignition Facility (NIF). In 2008ew target designs for the Inertial Fusion
Energy (IFE) needed foam shells only composed obara and hydrogen. The RF and
TMPTMA foam shells were not suitable anymore sitioey both contain oxygen in their
chemical structure. Thus, new foam shells madewafiyloenzene (DVB) were developed by
Streitet al.[37].

11.4.1.3. Studies on the NC control

In 1995, Schroeet al. [35] improved NC results of TMPTMA foam shells matching the
densities of the organic phase and the internabmplhase at polymerization temperature
(90°C). This led to TMPTMA foam shells with an azge non-concentricity as low as 5% for

shell batches and less than 1% for some individoells.

Concerning the DVB foam shells, Streit al. [59], in 2004, obtained better NC results by
upgrading the agitation system and by matchingdéresities. By using a half full cylindrical
horizontal flask instead of a full or two-third F@ngled pear shaped flask, the lowest average
batch non-concentricity was 3% and some individikalls non-concentricity was less than
2%.

In addition, Cook presented in Moscow [61] the $at©VB shells results obtained with the
optimization of the rotobeaker “curing” (Figure1ld). The rotobeaker “curing” process was
not detailed in this presentation. 90% of the shiedld a non-concentricity lower than 5%, and

60% of the shells had a non-concentricity lowentBg6.

Concerning the RF foam shells, Nikrebal.[54], in 2004, discovered that two main factors
improved the yield of shells: a gentle agitatiord an optimum gelation time. With these
optimized parameters, high yield (without furtheraqtification) of 100 mg.cthRF foam

shells were synthesized with an average non-concynof 5%-6%.
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Figure 11.14: Evolution of the yield (%) of DVB foashells as a function of their non-
concentricity (%) [61]

In 2006, Paguiet al. [38] produced shells with good wall uniformity bytroducing a slight
density mismatch between the organic phase an&Ehprecursor. For the 100 mg.¢RF
foam shells, approximately 30-50% of the shells thet non-concentricity specification of
less than 5%. For the 180-250 mg-tRF foam shells, it was only around 10-20% of the

shells.

Modifying the components of the external organiaggh(which modify the interfacial tension
and the viscosity) led to higher yield of shellsttwinon-concentricity below the 5%
specification as explained by Pagebal. [46] in 2007. With this modification, 90% of the
100 mg.cnt RF foam shells, and 25% of the 180-200 mg @ foam shells had a non-

concentricity lower than 5%.

In 2011, Paguiet al. [55], synthesized 100 mg.chRF foam shells with higher dimensions.
Increasing the interfacial tension resulted in Ishelth better wall uniformity, leading to 50%

of the RF shells which had a non-concentricity lothan 5%.

The density of the various phases appears to beyafactor over the control of non-
concentricity, however it is not sufficient. In afiloh, it can be noted that the non-
concentricity of RF foam shells is more difficuit ¢ontrol than for DVB and TMPTMA foam

shells.
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11.4.2. Japanese results

The results obtained by Japan on the foam shethegas from 1986 to 2006 are summarized
in Table II.2.

Table I1.2: Results obtained by Japan from 198B0@6 on the foam shell syntheses (PS:
polystyrene, MMA: methyl methacrylate, TMPTMA: trathylolpropane trimethacrylate, RF:
resorcinol formaldehyde)

Year | Composition Diarlnnc]e)ter thi(\(/:;{%:%:ss (ragr]csrir%) ACC%Z?:Efnz?égyO&@; NON- 1 Ref
1986 | deuterated PS 130 10 - - [63]
1986 polymer 110-120 3-5 - - [64]
1991 PS 500-1000  30-10¢ 40 10% of the shells h&ve8% | [65]
1991 MMA + 100-1500 10-120 90-130 NC better than 3% [40]
TMPTMA
1994 | TMPTMA | 300-1500 10-50 45 NC better than 2% 161
1994 | TMPTMA | 1500-1550 10-15 - - [51]
1998 PS 2000 - - 50% of the shells have NC <|2% ] [66
2006 RE 1400 i i average NC of 12% 53]

lowest shell NC is 2%

[1.4.2.1. Two-step emulsification process

In 1986, Japan started development of low-atomrmimer polymer shells. From 1986 to 1994,

foam shells were synthesized using a two-step eficakson process (Figure 11.13) developed
by Kuboet al.[67].

In 1986, Kuboet al. [63], solubilized deuterated polystyrene in thgamic phase which

encapsulated a water droplet and the organic solas driven off to produce the shell.
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Then, Takagiet al. [40] in 1991 used a two-step emulsification precesmbined with the
cross-linked copolymerization of methyl methacrglatith trimethylpropane trimethacrylate
in the oil phase of the emulsion. In addition, tlemsity of the organic phase was adjusted to
be equal to the density of the internal water phagseder to obtain a uniform wall. The non-

concentricity of the foam shells obtained was betian 3%.

In 1994, Norimatsuet al. [51] used a density matched emulsion method with
trimethylolpropane trimethacrylate as the only nmoeo in the oil phase. The shells were
produced by thermal polymerization of the monomethie organic phase. Foam shells, 300-
1500 um diameter, 10-50 pm wall thickness, 45 mg.aensity, were fabricated with
sphericity better than 98% and non-concentricitiydoghan 2%.

[1.4.2.2. Droplet generator

In 1986, R. Crawley [64] produced polymer foam Ehélithout any further information)

using a specific double nozzle technique in theoaphere. This double nozzle technique lays
on the use of a gas as the internal phase andtdeatbto the formation of an emulsion. This
system is described by the author as follow: “tiveer orifice injects bubbles of a desired gas
into the polymer solution droplet stream” and “tfteeam is agitated using a piezoelectric
diaphragm and produces uniformly sized hollow detgil In 1991, Cheet al. [65] used this

dual-nozzle droplet generator and a freeze-drynigcie to synthesize PS foam shells. 10% of

the foam shells had a non-concentricity lower th&

In 1994, Norimatsiet al. [51] at the Osaka University, produced shells gisndual-nozzle-

in-orifice droplet generator in liquid phase assltrated in Figure 11.15. The W/O/W emulsion
produced by this droplet generator was then stiwad a propeller and heated to 70°C to
polymerize the TMPTMA monomer in the organic pha&@% of the foam shells obtained
had a diameter ranging from 1500 to 1550 pm andlhtinckness ranging from 10 to 15 pum.
Thus, the droplet generator allow the synthesifoam shells with controlled diameter and

wall thickness in a narrow range as it can betilisd in Figure 11.16.
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Inner nozzle; Innet diameter, 150 um
Quter diameter, 300 pm

Outer nozzle; Inner diameter, 450 um
Quter diameter, 650 pm

QOrifice; Inner
diameter, 3 mm

7

Figure 11.15: Schematic diagram of a dual-nozzleiifice droplet generator [51]
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Figure 11.16: Distribution of diameter and wall ¢kness for foam shells made by the two step
emulsification process (hand-shake) and the duaieen-orifice droplet generator [51]

In 1998, Norimatsiet al. [66] synthesized polystyrene shells with a tripk#fice droplet
generator. The W/O/W emulsion was then stirred waithnverse pitch propeller and heated at
65°C to completely remove the solvent from thepbidse. Within the 2 mm diameter shells

produced, 50% had a non-concentricity lower than 2%
Ito et al. [53] studied the influence of vigorous agitatioonditions on the wall thickness

variation in 2006. They synthesized resorcinol-faltkehyde foam shells of 1.4 mm diameter

using a droplet generator. The optimized vigorogisadon conditions, illustrated in Figure
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[1.17, gave shells with an average non-concenyriot 12%. The best non-concentricity
reached was 2%.

120
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Figure 11.17: lllustration of the optimized vigoreagitation conditions (The drum was rotated
and its speed increased to 95 rpm within 15 min&esinutes later the rotation speed was
then increased to 120 rpm. The maximum rotatioedpeas maintained for 1 minute, and

then reduced to 95 rpm, which was maintained fom8@) [53]

Finally, the use of a droplet generator gives shelth narrower diameter and wall thickness
distributions than with a two-step emulsificatiom@ess. The agitation conditions seem to be

also an important parameter over the control ofcmmcentricity.
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I1.4.3. French results

Experiments at the CEA have started for about tearsy Until now, efforts have been

focused on TMPTMA and DVB foam shells. Detaileduteshave not been published by the
CEA during the past years. The results obtaine@rayce on the foam shell syntheses from
2002 to 2008 are summarized in Table I1.3.

Table 11.3: Results obtained by France from 2002G08 on the foam shell syntheses
(TMPTMA: trimethylolpropane trimethacrylate, DVBivihyl benzene)

Wall

Year | Composition Diameter thickness Density Accessible data on the non-
P (um) (um) (mg.cm®) concentricity (NC)
2002 | TMPTMA 1330 40-70 - NC higher than 50%
2002 | TMPTMA | 12000f i i NC higher than 50%
2500
2003| TMPTMA | 2300 100 250 average NC of 10%

lowest shell NC is 3%

2% of the shells have NC < 49

2005 | TMPTMA | 2000-230Q 105-175| 200-250 4% of the shells have NC < 2%

2006 TMPTMA - 100 100 24% of the shells have NC < 49
1700 or 30% of the shells have NC < 49
2007 DvB 2000 150 110 10% of the shells have NC < 2%
0, 0,
2008 DVB 2000 130 240 30% of the shellsave NC < 4%

6% of the shells have NC < 2%

The first foam shells were synthesized in 2002 gisirmethylolpropane trimethacrylate as a
monomer. The first process was based on a two-steplsification process which was
quickly dropped to use a triple orifice droplet geator known to give a narrower distribution
of the shells diameter and thickness. In additiorthe droplet generator, a fully original
circulation process, a wound tube of 17 meters,lavas developed to avoid flocculation and
inversion phase phenomena during the synthesis.

In 2003, the process was improved with the deggssirihe external water phase which led

to a better yield of shells. Another improvementswhe density matching of the internal
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water phase with the organic phase which led ttebeshells NC. TMPTMA foam shells,
2300 pm diameter, 100 um thickness, 250 mg.density, with an average NC of 10%, were

thus synthesized.

In 2004, a wound tube of 10 meters long was patiéi&]. In 2005, with this patented wound
tube heated at 90°C, 200-250 mgtmMPTMA foam shells were produced with 29% of the
shells having a non-concentricity lower than 4% at¥d of the shells having a non-

concentricity lower than 2%.

In 2006, with a wound tube twice longer (20 m) ahe use of a co-initiator, 100 mg.ém
TMPTMA foam shells were produced with 24% of theelh having a non-concentricity

lower than 4%.

Since 2006, the process used for TMPTMA foam shafisthesis has been transposed to
DVB foam shells synthesis with poor results. Themew process was developed using a
droplet generator followed by a tube with areasarfstriction and the organic phase was pre-
heated before injection. In 2007, 110 mg-ddVB foam shells were synthesized: 30% of the
shells had a non-concentricity lower than 4%, a@% bf the shells had a non-concentricity

lower than 2%.
In 2008, the same process was used to synthesizeng4nt’ DVB foam shells. After some

adjustment of the parameters, 30% of the shellsehadn-concentricity lower than 4% and

6% of the shells had a non-concentricity lower tBé#
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11.5. CONCLUSION

Shells are synthesized via a W/O/W double emulsimulsions can undergo several
destabilization pathways such as creaming, sedatient flocculation, phase inversion,
coalescence and Ostwald ripening. In addition ltthalse breakdown phenomena, the double
emulsions can also release the encapsulated ihtinoyaets, with or without film rupturing.

All these destabilization phenomena lead to beaddead of shells. To avoid these
destabilization phenomena, a polymeric stabilizer lbe used and/or one of the phases of the
emulsion can be polymerized. In our case, the giouls stabilized by a polymeric stabilizer,

the polyvinyl alcohol, and the organic phase is alslymerized.

Indeed, a free radical polymerization process ilutgm is used to polymerize the organic
phase. The free radical polymerization is a tlsteps process namely initiation, propagation
and termination steps, which all three occur asnsa® the polymerization reaction begins.
The polymerization reaction can be initiated eithgrthermal decomposition of the initiator
or by photochemical reaction of a photoinitiatoesiles, with a multifunctional monomer as
trimethylolpropane trimethacrylate with a functiétyaof six, intermolecular crosslinking
reactions occur leading to a three-dimensional a¢wr he time at which an infinite polymer
network appears is the gel point. For monomers Watictionality higher than three, the gel

point cannot be theoretically predicted which mehas experimental studies are necessary.

The aimed criteria for the shells, i.e. diametédickness, density, sphericity and non-
concentricity, are influenced by several parametiersng the synthesis process. During this
PhD, we focused on the non-concentricity whichhis most difficult specification to meet.

The non-concentricity is influenced by many pararetsuch as the density of the three
phases, the deformations of the shells along tbeegs, the kinetics of the polymerization,
the interfacial tensions and the viscosity of tirages. According to the literature, only the
first three parameters have a direct influencehenshells non-concentricity. However, the
parameter the most studied in the literature sdenhe the density gap between the internal
and surrounding phases. Thus, we decided to fustyshe influence of the densities on the
non-concentricity of the shells synthesized withr epecific process. The influence of the

deformations and the kinetics were studied aftedaar

52



Chapter I Literature Review

To finish, until now, three nations, the Unitest&$a Japan and France have been involved in
the fabrication process of foam shells. The US dayohn have been precursor in this field.
The US teams have worked on several kinds of moroimgt nowadays they focused their
researches on DVB and RF foam shells. The Japdeasts focused more on PS and RF
foam shells. Unlike the US and Japan, France dédimearry on with TMPTMA and DVB
foam shells. However, in all cases, a droplet geoelis used to synthesize shells since it give
shells with narrower diameter and wall thicknesstributions than with a two-step
emulsification process. The density of the variphases appears to be a key factor over the
control of non-concentricity, however it is not tient. The deformations applied to the
shells before gelation seem to be also an impon@nameter over the control of non-
concentricity. Moreover, in the literature, the n@glucibility of the synthesis process is poorly

described.

Since 2009, Chinese researchers have started thesyze DVB and trimethylpropane
triacrylate (TMPTA) foam shells. Today, little infoation is available in English language
(only abstracts). It seems that they synthesize TM®am shells (1.5-4 mm diameter) using
a triple orifice droplet generator and UV polymaetian. They synthesize DVB foam shells
using either a triple orifice droplet generatod(iam diameter and 90-360 pum thickness) or a
T-microchannel droplet generator (0.7-1.2 mm di@me60-100 pum thickness, 90-120

mg.cm?® density).
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Chapter Il Optimization of the shells NC

The density of the three phases of the double eomutseems to be one of the parameters the
most studied over the years within the literat@e.the influence of density gaps between the
internal water phase W1 and the organic phase Oth@rshells NC was carefully studied
during this PhD. However, despite several atterhptearious authors [1], [2], [3], there is no
complete theory of the physics affecting non-cotraty in the complicated synthesis
process used to make shells. In this chapterntheence of density gaps between W1 and O1
on the shells non-concentricity was studied fi&tce the reproducibility of the synthesis
process is an unexplored criterion, we decidednt@stigate it. Then the influence of the
centering of the droplet injector on the shells4goncentricity was also discussed. Finally,

the role of the interfacial tensions of the systeas also been studied briefly.

[1.L1. INFLUENCE OF DENSITY ON THE SHELLS NON-
CONCENTRICITY

111.1.1. Evolution of W2, W1 and O1 densities with temperatte

TMPTMA foam shells are synthesized using an inteweater phase (W1), an organic phase
(O1) and an external water phase (W2). Their cointipas are described in Chapter 1.
Previously to this PhD work, the ratio water/deated water in the internal water phase used
for CEA experiments was calculated to obtaipi & doi — 0.02 g.crif at room temperature.
The density evolutions of these three phases wesured with a DMA 5000 densitometer
presented in Chapter I. The evolution of the orggpihase density with temperature is
measured without the initiator in order to avoidlypmerization reactions inside the
densitometer tube. The density evolutions of W1,a0d W2 from 20 to 80°C are presented
in Figure 111.1.

As expected, when temperature increases, the gefsihe organic phase decreases with a
linear pattern whereas the densities of the wates@s decrease with a slight curve pattern.
The graphic in Figure 1ll.1 shows that at polymatian temperature (60°C) the density of
W1 is almost equal to the density of O1 (density geound 0.001 g.c) and the density of
W2 is also close to the density of O1 (differen€®.6023 g.cri¥). In this configuration, the
density of the shell at 60°C is slightly less tltlaa density of W2. It is the opposite of what is

suggested in the literature, as explained in Chdpte
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Figure Ill.1: Density evolution of the internal veafphase (W1), the organic phase (O1) and
the external water phase (W2) as a function of sxatpre

To study the influence of density on NC, TMPTMA fieoashells were synthesized with
varying density mismatch between the W1 and O1 gshabhe compositions of O1 and W2
are always the same to hold their density constEmrefore, several internal water phases
(W1) (mixture of water and deuterated water) areduwith different densities to find out
which density gap will lead to the lowest non-cartceity. Moreover, the density of W1 will
be either higher or lower than the density of Qlp@ymerization temperature, in order to
study the effect of a density mismatch between W2the shell (O1/W1). The density of the
internal water phase can vary from the densitywepvater (W1 (1)) to the density of pure
deuterated water (W1 (14)). Thus, the density efititernal water phase can be up to 10% of

the density of the organic phase.

Fourteen internal water phases have been preghmdcomposition are given in Table Ill.1.
W1(1) is pure water, then, for higher numbers,ah®unt of deuterated water increases and
the amount of water decreases, until W1(14) whglpure deuterated water. The internal
water phase used to make TMPTMA foam shells presloto this study is now called W1(3).
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Table I1.1: Composition of the 14 internal watérases prepared

Concentration (wt %)

H,O D,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

The results of the evolution of density with tengiare, for O1, W1 and W2 are illustrated in
Figure 111.2. The density of W1 (1), pure water|agver than the density of O1 at 60°C. If the
amount of deuterated water in the internal wate@sphincreases, the density of W1 increases
and becomes eventually higher than the densitlgeobtganic phase (W1 (4) to W1 (14)).

In addition, there is, as expected, a linear r@hsthip between the amount of deuterated water
added to the internal water phase and its density specific temperature. The plot of the
weight percent of deuterated water inside the matewater phase as a function of its density
at 60°C gave a straight line with the following atjan: y = 0.0011 x + 0.9819 and a linear

regression coefficientdequal to 0.9992.

The density difference between the agueous bath @N& the average density of the shell
formed (O1/W1) can also be interpreted from Figilit@. Considering a shell with a 2 mm
diameter and a 100 um thickness, the respectivammlof O1 and W1 can be easily
calculated. From this, it may be deduced that tresdly of the shell is made of 27.12% of the
organic phase density plus 72.88% of the interratewphase density. Thus, the calculated
shells densities at 20 and 60°C for each intermaémnphase are presentedable 1.2
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Figure III.2: Evolution of density with temperatuséthe 14 internal water phases (W1)
compared to the organic phase (O1) and the extestalr phase (W2). Results are presented
in the order of the growing density with W1 (1)}la¢ bottom and W1 (14) at the top.

Table III.2 : Calculated density of the shell atéi@l 60°C for each internal water phase used

calculated density of the| calculated density of the
shell at 20°C (g.ci) shell at 60°C (g.ci)
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

The density of the external water phase W2 is edqoal.011273 g.ci at 20°C and
0.995671 g.cii at 60°C. It is easy to see that the internal waterses W1 (1) and W1 (2)
lead to an average shell density lower than thesiteof the external water phase. The
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internal water phases, from W1 (4) to W1 (14), léacn average shell density higher than
the external water phase. The W1 (3) phase leads &wverage shell density slightly less than

the density of the aqueous bath as shown before.

[11.1.2. Shells syntheses with several density gaps

Fourteen internal water phases of different denfs#tye been used to synthesize TMPTMA
foam shells. The compositions of the 14 internatewahases are described in Table Ill.1.
The compositions of the external water phase aaaithanic phase are described in Chapter I.
Table 111.3 gives the density differences betweed #Whd O1 at 20°C and 60°C for each
internal water phase. The syntheses were realized) uhe tube with areas of constriction
described in Chapter I. During one experiment, aimam of six bottles of shells are

collected. For each bottle collected only one maémvater phase can be used, from W1 (1) to

W1 (14).

Table 111.3: Density gaps between W1 and O1 at 28A@ 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.cri) dW1 - dO1 (g.cr)
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

In order to study different density gaps between Wil O1, 38 bottles of shells were
collected from several sets of experiment. Fits¢lls were collected with density gaps close
to the equality of density (dW1 — dO1 at 60°C bemwe0.01 and 0.029 g.cH since the

literature showed that better NC results were olethiwith density matching. Then, as better
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NC results were obtained with higher density gdgatwith density matching, shells were
synthesized using higher and higher density gapél(d dO1 at 60°C between 0.029 and
0.097 g.crit).

Figure 111.3, illustrates the repartition of shelN€C as it is usually done in result reports at the
CEA. As it can be seen, the repartition of shelz il really wide for W1 (1) and W1 (3) and
become narrower with W1 (7), (11), (12) and (14)e harrowest repartition is obtained with
W1 (12), that is to say with a density differenetvireen W1 and O1 equal to 0.078 at 60°C.
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Figure I11.3: Representation of the repartitiorsbklls NC for six internal aqueous phases.
Each graph represents the frequency of shellsrirepeversus the shells NC.

Figure IIl.4 illustrates the average NC of the &habk a function of the density gap between
W1 and O1 at polymerization temperature for théd@88&les collected. The results obtained do
not show a straight line evolution of the average Wth the density mismatch between W1
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and O1. At first, when the density gap increasemfr0.01 to -0.001 g.cth the average NC
increases from 7.5% to 11.3%. Second, when theitgegap increases from -0.001 to
0.089 g.crit, the average NC decreases down to 2%. Then, eefuiricrease of the density
gap from 0.089 to 0.097 g.chincreases the average NC value to 3.9%. ThusheeeNC
results are obtained with both internal water peas(12) (dW1l — dO1 = 0.078 g.chat
60°C) and W1(13) (dW1 — dO1 = 0.089 gtmt 60°C) with an average NC of almost 2%.

The dispersion of the measures is studied in pa2tdf this chapter through a reproducibility
study.
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Figure II.4: Average shells NC as a function of tlensity gap between the internal water
phase and the organic phase at 60°C for the 3&batbllected.

In a second time, we focused on the amount of slslbwing the best NC values with a
criterion of NC lower than 4%. Classically, at tB&A, the criterion of NC lower than 4%

was used before this PhD work started. The foartissggecifications stipulate that the shell
non-concentricity has to be lower than 1%. Howeutewas specified that shells with non-

concentricity as high as 4% could be used for fiial shots. The percentage of shells with
NC < 4% as a function of the density gap betweenikernal water phase and the organic
phase at 60°C is illustrated on Figure III.5. Theletion of these results can be directly

related to the one presented on Figure Ill.4. Adtfiwhen the density gap increases from

65



Chapter llI Optimization of the shells NC

-0.01 to -0.001 g.ciy the percentage of shells with NC < 4% decreases 29% to 12%.
Second, when the density gap increases from -G®01089 g.cri, the percentage of shells
with NC < 4% increases up to 97%. Then, a furtherdase of the density gap from 0.089 to
0.097 g.cr? results in decreasing the percentage of shells W& < 4% to a final value of

57%. For the density gap of 0.097 gnthere is only one data, so the result might bie no

significant.
100
>
»
90 i $
. »
80 -
§ 70 4
v
= -
z 60 . .
= *
2
@ 50
2
= . +* o+
5 40
B .
+ 30 .
* *
*
20
"ot
* 10
0
-0,02 0 0,02 0,04 0,06 0,08 0,1
dw1 - do1 at 60°C (g.cm3)

Figure II.5: Percentage of shells with NC < 4%adsinction of the density gap between the
internal water phase and the organic phase at &°te 38 bottles collected.

The results described in Figure 111.4 and Figuteslshow that widen the density gap up to
0.089 g.crit (W1 (13)) will enhance the average NC and the greiame of shells with NC
lower than 4%. With a further increase, from 0.689.097 g.cr, lower results are obtained.
As stated above, the result obtained at 0.097 §might be not significant since it is the only
data for this density gap. All the results obtaia¢éxb show that better NC results are obtained

when the density of the shell is higher than thesdg of W2 at polymerization temperature.

Another way to present the results is to plot taecpntage of shells as a function of the shells
non-concentricity as illustrated in Figure 1l.6hi§ graphic shows the percentage of shells
reaching certain NC values as a function of thesitigigaps between W1 and O1. Figure III.6

emphasizes the previous analyzes of the resuligisgdhat when the density gap increases,
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from W1(4) to W1(12) and W1(13), the percentageslwdlls with a better non-concentricity
value increases. In addition, it can be noticednfrine graphic that even though the NC
results are better with W1(12) and W1(13), the ltesabtained with W1(11) are very close to
the best values. Furthermore, two different evohaiof the NC results can be noticed. For
the internal water phases from W1(1) to W1(6) thel&ions of the NC results are more
chaotic than for those obtained with the internatew phases from W1(7) to W1(14) which
are more straightforward. A kind of gap in the s wf the non-concentricity reached can be
noticed between these two groups of internal wakerses. This gap might be explained by
the density difference between the external wabtasp W2 and the shell (Table 111.3). When
the shell’s density is lower, equal or slightly g than the density of W2, worse results of
non-concentricity are obtained than when the shelénsity is really higher than the density
of W2.
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Figure II1.6: Plots of the percentage of shell@adsnction of the shells non-concentricity for
the 14 different internal water phases
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[11.1.3. Yields of the synthesis

In addition to the NC study, the yields of the vas syntheses were investigated. In each
bottle of collected shells, reversible flocculatiand irreversible phase inversion occur more
or less, leading to the formation of beads insteadhells. The flocculation is a reversible
phenomenon because the shells may flocculate ddainegvater washes but they separate
from each other in alcohol. Figure 111.7 shows thiference between two collected bottles,
one with a high yield of shells and one with a vieny yield of shells.

High yield of shells: 95% Low yield of shells: 24%

Figure III.7: Pictures of the final products ob&dhwithin two different bottles with different

experimental parameters. On the left picture yousee a descent amount of shells with few

beads (the beads are the white spheres of low te@m@n the right picture you can see just
a few shells with a lot of beads.

The vyield is calculated with the number of sheltgained in each bottle at the end of the
syntheses, after the alcohol exchanges, compar28Qahells (the maximum of shells that
can be obtained with an untroubled experimenthal$ to be emphasized that during the
synthesis, the number of shells collected withia battle can vary from one bottle to another.
The bottle is filled horizontally until the neck tie bottle is reached by the external water
phase, but the shells collected are not countednugddition, during the shell’s cleaning and
alcohol exchanges, few shells can be randomly Meteover, shells are collected after five
minutes of stabilization of the system and if aafjdisruption happens in the droplet injector,

the collected shells are thrown away and new shefiollected again.

The vyield of shells as a function of the densitp ¢getween W1 and O1 at polymerization
temperature is presented in Figure 111.8. For edehsity gap, the reported point is the
average of the yields obtained for different battl®verall, the curve shows a bell-shaped
profile with yield values higher than 50% for depsjaps between -0.008 and 0.078 g°cm

(from W1 (2) to W1 (12)). However, the yields amrylow for extreme values of the density
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gap: -0.01, 0.089 and 0.097 g:&fwW1 (1), (13) and (14)). As mentionkdfore, the best NC
results are obtained for both a density gap of ®&7d 0.089 g.cth However, the yield of
shells for a density gap of 0.078 g:tris 58% whereas it falls to 26% for a density gép o
0.089 g.crt. A hypothesis could be that heavy W1 phases (W1ét@ W1(14)), while
moving inside the O1 globule, create film ruptudsthe organic layer leading to beads
instead of shells.

A compromise has thus to be made between good Bi@tseand a high yield of shells. This
is the reason why the internal water phase W1({d2J1(— dO1 = 0.078 g.cthat 60°C) has
been used for further experiments.
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Figure 111.8: Yield of shells obtained as a functiof the density gap between the internal
water phase and the organic phase at 60°C.

[11.1.4. Comparison of NC results and sphericity results
[11.1.4.1. Comparison of previous and optimized NC results

Table 1.4 presents the percentage of shellsliulfj the non-concentricity criteria (10, 8, 6, 4,
and 2%) for the shells synthesized before this Rt@&ted using W1(3) and the ones
synthesized in this chapter using W1(12). Almoktra shells (99%) synthesized with W1(12)
have a non-concentricity lower than 6%. In additi®@®% of the shells have a non-
concentricity lower than 4% and 44% of the shedigena non-concentricity lower than 2%. A
huge improvement on the shells non-concentricity i@en made by increasing the density

gap between the internal water phase and the arghiase.
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However, major process parameters have changedbetthe shells synthesized before this
PhD started and the ones synthesized in this ch&aéore, the shells were synthesized using
a short wound tube heated at 90°C and the coltpdi@sk was placed inside a water bath at
ambient temperature. In this chapter, the shellssgnthesized using a tube with areas of
constriction at ambient temperature and the flagaced inside a water bath at 60°C. Before
this PhD started, DVB shells synthesized at 60° witube with areas of constriction gave
better results than TMPTMA shells synthesized &CO@ith a short wound tube. Then, since
the beginning of this PhD, TMPTMA shells are sysihed using the DVB process. In
addition, the ratio water/deuterated water in theernal water phase used before was
calculated to obtainyl = do; — 0.02 g.crif at room temperature (W1(3)). In this chapter,
W1(12) was used as the internal water phage £tb: + 0.059 g.cni at room temperature).
The circulation process used may also have aneinfle on the improvement of the non-
concentricity results. Thus, the influence of thecuation process on the shell non-

concentricity will be studied in the following Chap IV.

Table IIl.4: Percentage of shells fulfilling the N@teria for the experiments realized before
this PhD while using W1(3) as the internal wateag#h
and for the experiments realized in this chapteteanising 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%

[11.1.4.2. Sphericity results

It was important to check that a density gap betwtbe internal water phase and the organic
phase does not critically damage the sphericitythef shells while increasing their non-

concentricity. Figure 111.9 presents the averagellshsphericity as a function of the density
gap between the internal water phase and the argamase at 60°C for the 38 bottles
collected. No patterns emerge from the resultsigarié 111.9, so it can be concluded that the

density mismatch between W1 and O1 has no influendbe shells sphericity.
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The average sphericity obtained before this PhRestavas 99.55%. The average sphericity
for the 14 bottles collected in this chapter is389%. So, the sphericity was not degraded and
has even slightly improved between the two processed before and during this PhD.
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Figure I11.9: Average shells sphericity as a fuontdf the density gap between the internal
water phase and the organic phase at 60°C for@Hmiles collected.

[1.2. REPRODUCIBILITY OF THE PROCESS

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

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

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

1 N 1 N
o= h—,Z(Ié—#)E, where p = ﬁ—,;xi

i=1

with p as the average, N as the number of samples;awithe value of the different samples.
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Table I11.5: Average non-concentricity (NC) of thé& bottles collected while using W1(12) as
the internal water phase

bottle average NC (%)

2.04
2.40
2.48
2.24
2.30
2.98
2.53
2.38
1.99
2.79
2.30

=

OO IN|O|O|h~[WIN

=
o

=
[N

With a standard deviation of 0.29, there is a vmmaof the NC values of 12% around the

average NC of 2.4%.

Figure 111.10 presents the percentage of shelks fasction of the shells non-concentricity for
the 11 bottles collected while using the same makewater phase W1(12). The evolution of
the results show the same trend for each bottlaé slight differences in the NC values
obtained. Even so, the graphic in Figure Ill.10vgfdhat the results are homogeneous for
these 11 collected bottles and taking into accthmtechnological issues, the process can be

considered as reproducible.

To emphasize this analyses the Figure 111.11 glutspercentage of shells as a function of the
shells non-concentricity for the 11 bottles cokettvhile using W1(12) as the internal water
phase (as in Figure 111.10), and for the 14 différmternal water phases used before (black
dotted curves). The curves with the internal watleases from W1(1) to W1(10) are well
separated from the 11 curves using W1(12) as iakevater phase. The curves using W1(11)
and W1(13) are mixed inside the 11 curves using M) (which is legitimate since their
average NC results are really close (the densifferdnce between W1(11), W1(12) and
W1(13) is really slight).
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Figure 111.10: Plots of the percentage of shelladsnction of the shells non-concentricity for
the 11 bottles collected while using W1(12) asititernal water phase
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Figure Ill.11: Plots of the percentage of shelladsnction of the shells non-concentricity for
the 11 bottles collected while using W1(12) asititernal water phase (curves in color) and
for the 14 different internal water phases (blacket curves)
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The slight variation in the results obtained maydoe to the fact that this synthesis is a
complicated and heavy process where the least fitist or air bubble can destabilize the
whole injection process. Moreover, the only manuabt parameter is the centering of the
needle 1 inside the center of the needle 2. Alldther parameters that are controllable are set
automatically. So, at this point, we wonder if #entering of the droplet generator had an

impact on the NC values obtained, which will becdssed in the following part.

[11.3. INFLUENCE OF THE CENTERING OF THE DROPLET
INJECTOR ON THE SHELLS NON-CONCENTRICITY

As it is explained in Chapter I, the droplet getarés taken apart after each injection to clean
every piece. When the droplet generator is reaseeintne centering of the needle 1 into the
needle 2 is checked with a binocular. However, dbitering is not measured and is only
checked with the naked eye. Thus, a synthesis laasi@d with two different droplet injector

configurations: one with the needle 1 centeredess &s it is possible and one with the needle
1 intentionally moved off center. For this expemteahe centering of the needle 1 inside the

needle 2 was measured precisely using a microscope.

The image obtained for the needle 1 centered atdbpsesented in Figure 111.12. The moving
off centre is measured on x and y axis. In Figliréd, the moving off centre along x is equal
to 2.5 um and the moving off centre along y is ¢god..2 um. It can also be noticed from
the picture that the needle 2 is more oval thacutar and the needle 1 is not a perfect circle
either.

needle 2

needle 1

Figure I11.12: Image of the droplet injector whdretneedle 1 is centered as best as it is
possible (scale: 7 mm on the picture representu200
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The needle 1 can be moved off center but not tochnmecause there still need to be a space
between the walls off the needles for the orgamasp to flow through. Otherwise, if the
needle is moved too much off centre, it won't begible to form the shell (the internal water
phase will run away from the organic phase and thidynever mix) and only beads will be
synthesized. The image obtained when the needtenbti centered is presented in Figure
[11.13. The moving off centre of the needle 1 isiBaseen in the picture compared to the
previous one. The moving off centre measured iniféidll.13 is in x equal to 46.1 pm and in

y equal to 8.7 um.

Figure 111.13: Image of the droplet injector whepfiurpose the needle 1 is not centered
(scale: 7 mm on the picture represents 200 um)

Thus, two bottles were collected with the needleebtered and two other bottles were
collected with the needle 1 not centered. For tlsys¢heses the same process as earlier was
used and the internal water phase used was WI{h&)four bottles were collected the same
day and the only difference between both coupleatiies collected was the centering of the

droplet injector.

The average non-concentricity obtained for the twaples of bottle collected are presented
in Table 111.6. Better values of the average nonemmtricity are obtained when the needle 1
is not centered by comparison with the needle leced. This observation means that the

centering of the two needles in the droplet injedaot a key factor governing the shells NC.

Table 111.6: Average non-concentricity obtained foe two bottles collected with the needle 1
centered and the two bottles collected with thellee# not centered

average NC (%)
Bl 2.8
dle 1 tered
needle 1 centere 55 >3
needle 1 not centered B3 2.2
B4 1.9
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However, we wondered if the moving off centre hadrapact on the reproducibility of the
results. Figure IIl.14 presents the percentage hafls as a function of the shells non-
concentricity for the 4 bottles collected and akeo the 11 bottles collected for the
reproducibility process presented before. As fag thsults presented in Table 1.6, the
graphic shows that better results of non-concatyrigre obtained with the needle 1 not
centered. However, the evolutions of the NC redaitshe 4 bottles collected fit inside the
curves of the 11 bottles collected with the santerival water phase W1(12). The 11 bottles
were collected with the needle 1 more or less cedténside the needle 2. So the slight
variation in the reproducibility results obtainedyrbe partly explained by the centering of

the needle 1 inside the needle 2.
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Figure Il.14: Plots of the percentage of shelladsnction of the shells non-concentricity for
the four bottles collected (B1 and B2 are the bsttollected with the needle 1 centered and
B3 and B4 with the one not centered). In addittbe, results obtained with the 11 bottles
collected for the reproducibility process are pnésé in the graphic by the doted black lines.

When the centering of the needle 1 within the reédis not perfect (which is impossible

anyway), the internal water phase has to centelf itsthin the organic phase to obtain shells
with a good NC. Paguiet al. [4] explained that a slight density mismatch maybeneficial

as it allows the internal water phase to move arder inside the organic phase. This could
explain why better NC results are obtained with amt@nt density mismatch for TMPTMA
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foam shells. The movements of the internal wateasphinside the organic phase will be
studied in Chapter IV.

[1.4. INFLUENCE OF INTERFACIAL TENSION ON THE
SHELLS NON-CONCENTRICITY

The interfacial tension is the surface tensionhat interface of two liquids. The surface
tension is a measurement of the cohesive energgmi®at an interface. The surface tension
is the energy required to increase the surfacearadiquid by a unit of area. The unit of the
surface tension or interfacial tension is Newton peeter (N.rif) in SI units or dyne per
centimeter (dyn.ci). It can also be considered in terms of work pet area, the Sl unit in
that case is joule per square meter €).m

In a liquid, the molecules attract each other. iftteractions between molecules in a liquid
bulk are balanced by an equal attractive forcdlidigections. Molecules on the surface of a
liquid experience an imbalance of forces. This mg®aome internal pressure and forces liquid
surfaces to contract to the minimal area. The sartansion is responsible for the shape of
liquid droplets. Although easily deformed, dropletfsall liquids tend to be pulled into a
spherical shape by the cohesive forces of the said@yer. In the absence of other forces,
including gravity, drops of all liquids would berfectly spherical.

Therefore, the surface tension tries to minimize ghrface area, resulting in liquids forming
spherical droplets. So, the shell's sphericityimked to the interfacial tension between the
organic phase O1 and the surrounding phase W2xplaieed in Chapter Il, Cooét al.[5],
Takagiet al.[6] and Paguicet al.[7], [8], demonstrated that increasing the interfac@akton
between the surrounding phase and the externakphgsoves both the shells NC and the
shells sphericity. The interfacial tension betwélea organic phase and the external water
phase is fixed by both their composition that wiemtionally kept constant. However, none of
the paper talks about the influence of the intéalaension between the internal water phase
and the organic phase on the shell non-concentritiius, at the sight of the NC results
obtained with the various density gaps, we wonddradile using internal water phases of
different density the interfacial tension also dajesh So, the idea was to measure the
interfacial tension between the internal water phasd the organic phase at polymerization

temperature 60°C.
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Chapter Il Optimization of the shells NC

The interfacial tension between the two phasesmeaasured using a pendant drop apparatus.
The pendant drop method is based on the studyedtlthpe of a drop of a first liquid hanging
from a capillary tip inside a glass container @lleith a second liquid. In that configuration,
the first liquid shows a higher density than theosel liquid. The pendant drop is symmetric
about a central vertical axis. The balance betwhbeninterfacial tension and the buoyancy
forces (Archimedes’ principle) controls the dro@gé. The interfacial tension tends to make
the drop spherical whereas the gravity tends togsite it.

The interfacial tensiow is determined by the method of Andreas, Hauser Taraker [9]
using the equation (1). The equations are basethe@rbalance between gravitational and
buoyancy forces between the liquid drop and theesuding medium. The interfacial tension
is determined from the equilibrium shape of thepdprofile and the density difference
between the two components at relevant temperaltie shape of the drop can be described
as the ratio in equation (2). TablesS¥alues as a function ¢f values had been empirically
evaluated from water pendant drops [9].

(py —p;)g d;

g = = (1)
d, O X
5= 4 (2)
dE
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fi=—" (3) L

with ¢ interfacial tension
g: acceleration of gravity
p1 andp.: density of the drop and the medium
de: diameter at the equator of the drop
ds: diameter at a distanck from the bottom of the drop

H: shape factor

The evolutions of the interfacial tension betweka internal water phase and the organic
phase were measured between 20 and 70°C, each WatCfour different internal water

phases: W1(3), W1(7), W1(11) and W1(12). During &x@eriments, the organic phase did
not contain initiator to avoid polymerization. Tliensities of the phases used for the

measures have to be known precisely for each maasmt temperature. The evolutions of
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Chapter llI Optimization of the shells NC

density with temperature of the four internal wapklases and the organic phase used are
illustrated in Figure 111.15. The graphic showedaithhe measurements with W1(7), W1(11)
and W1(12) are made with the internal water phastha drop and the organic phase as the
suspending medium, whereas the measurements witf3)\dte made with the opposite
configuration. These two systems are necessaryubeacaith the pendant drop configuration,
the drop must always show a higher density thansttgpending medium. The results that
could be obtained before the apparatus was outdef @re presented in Figure 111.16.
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Figure I11.15: Evolution of the density of the founternal water phases (W1(3), W1(7),
W1(11) and W1(12)) and the organic phase (O1) thightemperature from 20 to 80°C

A major issue appeared during the measures whitg) W1(3), the drops obtained at 40 and
50°C were so big that they almost did not fit anyenioside the camera field. At 60 and 70°C
there were too huge to allow any measurement. @dmsbe attributed to a density difference
between the two phases that is almost equal to Fefact, Xinget al.[10], maintain that the
density difference between two polymer blends sthdnal larger than 4 to 5% for the drop to
reach equilibrium and determine the interfacialsien. In addition, Raverat al. [11] said
that the only limitation of the drop shape methodthe study of liquid-liquid interface is set
by very low density contrast couples of liquidsodH et al. [12] measured the interfacial
tension between heavy crude oil and water. The oasitistated that “the pendent drop

technique cannot be used to measure interfacisicles when the density difference between
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Chapter llI Optimization of the shells NC

the two fluids is less than 0.01 g.émHowever, the lowest density gap that the authwsed

to measure the interfacial tension was 0.04 g.cfine internal water phase and the organic
phase used in our case have really low viscosttespared to polymer blends, so the time to
reach equilibrium for the drop is much faster. Hoere we can wonder until which minimal
value of the density difference we will obtain adlie results. Table 1ll.7 gives the density
differences between the internal water phase aedotiganic phase at the measurement
temperatures. The density differences between QIL V&4 (3) or W1(7) lie respectively
between 0 and 2% or between 1 and 3%. The denfiigyethce between O1 and W1(11) or
W1(12) are markedly higher since they lie betweeand 8%. The interfacial tension results
obtained at the interface between O1 and W1(3)ufEidll.16) should certainly not be taken
into consideration particularly since these restidtsiot seem interpretable.

—~—01WA(3) —-=-WA(7)0O1 —=WA(11)I01 —=—W1(12)/01

Interfacial Tension {(mN.m")

20 30 40 50 60 70
T(°C)

Figure I11.16: Evolution of the interfacial tensitwetween the organic phase O1 and the four
internal water phases (W1(3), W1(7), W1(11) and ¥2)X with the temperature from 20 to
70°C

Figure I11.16 illustrates the evolution of the irfecial tension as a function of the temperature.
In an astonishing way, the interfacial tension éases when the temperature increases
whereas classically the interfacial tension de@gawith temperature. This unexpected
behavior is not the only example in the literatuneleed, in the field of petroleum extraction,

Flock et al. [12] also mention that for one heavy oil the ifderal tension increased with
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temperature and for two heavy oils the interfatealsion initially decreased then increased
with temperature. The authors stated that “no gxgtlanation for the increasing interfacial
tension was established”.

The results on Figure 111.16 show that the evoluiid the interfacial tension with temperature
for W1(11) and W1(12) are the same with almoshidal values of interfacial tension. The
internal water phase W1(7) shows also the samd trethe interfacial tension evolution with
temperature. However, the values of interfaciatiem for W1(7) are lower than the one for
W1(11) and W1(12). At 60°C, the polymerization teargiure process, the interfacial tension
at the interface W1(7)/O1 is equal to 6.5 mN.mnd for the interfaces W1(11)/0O1 and
W1(12)/01 the interfacial tension is equal to 8Mi&7 mN.m' respectively. So, the higher
values of interfacial tension obtained with W1(&hd W1(12), could explain the better NC
results obtained with these internal water phasas with W1(7).

Table III.7: Density differences between the intgnvater phase and the organic phase at
specific temperatures

Temperature | dW1(3) - dO1 | dW1(7)-dO1 | dW1(11) - dO1] dW1(12) - dO1

(°C) (g.cm”) (g.cm”) (g.cm”) (g.cm”)

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

In addition to these measurements, the interfderaion between the organic phase O1 and
the external water phase W2 was measured at 20R€.dEnsity difference between the
organic phase and the external water phase is éguaD17 g.cri which is very low. The
interfacial tension at this interface was then égo@.4 mN.m". According to Paguiet al.

[13] (RF shells with a O1/W1/02 system) a high eabf the interfacial tension between the
aqueous phase W1 and the external organic phage ©2.3 mN.m") leads to shells with
better wall uniformity. The interfacial tension uel at the external interface O1/W2 of our
shell is very low compared to Paguio’s one. Therefthe influence of the interfacial tension
of the external interface on shells NC could belisth later on by varying the nature and

concentration of the surfactant dissolved in thiemal water phase.
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111.5. CONCLUSION

When the density gap between the internal wateseh&1 and the organic phase O1
increases, the TMPTMA shells non-concentricity ioy@s. The curve of the yield of shells as
a function of the density gap shows a bell-shapedil@, with yield values higher than 50%
for density gaps between -0.008 and 0.078 §.am60°C. A density gap of 0.078 g.¢mt
60°C (using W1(12)), leads to an average non-cdricéy of 2.4% with a yield of 58%.
Besides, a density gap of 0.089 gtmt 60°C (using W1(13)), leads to an average non-
concentricity even better of 2.1%. However, whisgng W1(13), the yield falls down to 26%.
A compromise has thus to be made between good oracentricity results and a high yield of
shells. This is the reason why the internal waterse W1(12) (dW1 — dO1 = 0.078 gt

60°C) has been used for further experiments.

An experiment of reproducibility realized with 1bthles collected in the same conditions, at
different times over a year, shows that the prooassbe considered as reproducible. The
slight variation in the reproducibility results abted may be partly explained by the
centering of the needle 1 inside the needle 2.eBetilues of the average non-concentricity
are obtained when the needle 1 is not centeredhwinieans that the centering of the two

needles is not a key factor governing the shelisecancentricity.

The better non-concentricity results obtained wah important density mismatch for
TMPTMA foam shells could be explained by the movetaeof the internal water phase
inside the organic phase which will be studiedha hext Chapter IV. Besides, the higher
values of interfacial tension obtained at the iaise W1(11)/O1 and W1(12)/O1 than at the
interface W1(7)/O1 may also be linked to the belté results obtained, even if the results

obtained are not entirely trustworthy.
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Chapter IV Circulation and polymerization processe

As explained in the previous Chapter lll, bettentooncentricity results are obtained when
the density gap between the internal water phas@afdlthe organic phase O1 is high, which
means equal to 0.078 g.¢mat 60°C (W1(12)). However, the density gap alomenot
explain why better non-concentricity results aréaoted. The results presented in Chapter Il
were obtained with a circulation of the shells itube with areas of constriction. Two other
circulation systems are available at the CEA andmwsadered if differences or similarities
could be found between these three systems. Irchi@pter we focused our attention on the
influence of the deformations applied to the shehen circulating in the system, on the non-
concentricity. These deformations may be respoadin the centering of W1 inside O1 and
thus govern the final non-concentricity. This meé#mst we studied the circulation process
with the different tube systems available and thlymerization process to know when and

where the shells polymerize during the syntheisgss.

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 t@nused to synthesize foam shells, as
illustrated in Figure IV.1. These circulation systeare placed between the droplet injector
and the collecting flask. The first system usesaght tube, the second one a tube with areas
of constriction and the third one a short woundetdh]. These circulation systems are

described in details in Chapter I. In this partdescribed shortly all the phenomena occurring

in these three circulation systems and which asibh to the naked eye.
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droplet generator

straight
tube

tube with
constrictions

coHcting flask .

Figure IV.1: lllustration of the three differentculation systems available to synthesize foam
shells

IV.1.1.1. Circulation of the shells in a straight tube

The straight tube is a short circulation systemdtk = 50 cm) whose function is only to lead
the shells from the extremity of the droplet getmrao the collecting flask. In this kind of
system, the gravity and the velocity gradient asponsible for the stress applied to the shell
during its circulation. Moreover, an experimentliesd with shells marked with a black dot

revealed that the shells turn round on themselelewyoing down along the tube.

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

Different tubes are available with constrictionsrenor less pronounced. These constrictions
can have a mechanical effect on the shell dursgirculation by squeezing it. Only one of
the tubes available is used in this PhD work, butauld be interesting to study all the other
tubes. The tube with areas of constriction usee ksaows constrictions of 4 mm diameter.
Since the shells are 2 mm in diameter, they doundergo mechanical effect caused by the
constrictions. So, in this particular tube withagef constriction, it seems that the shells are
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Chapter IV Circulation and polymerization processe

only subject to the gravity and the velocity gradiéds 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 expadiedof the wound tube is to avoid the
agglomeration of the shells during their circulatidhe underlying idea of the utilization of
this system by the CEA is the fact that the polyration occurs during the shells circulation
in the wound tube. This fact will be checked durthgg work. In this system the shells are
subjectto the gravity and the velocity gradient and turn athemselves as the other two
circulation systems. The shells usually travel widtlially inside the wound tube with space
between each other. However, from the first quastethe wound tube the shells travel
sometimes in a close pack of shells, with 1 to iélls one after another, forming a sort of

shell train.

IV.1.2. Synthesis of shells with three circulation systemand three
density gaps

To study the influence of the circulation processsbells non-concentricity, foam shells were
synthesized with the three following circulatiorsms: the straight tube, the tube with areas
of constriction (system used in Chapter Ill) and #hort wound tube. In addition, for each
circulation system, three density gaps betweenntieenal water phase and the organic phase
have been tested by using the internal water phad48), W1(7) and W1(12). However, for
the wound tube, the internal water phase W1(11) weasl instead of W1(12). The average
non-concentricity results obtained for each expentare presented in Table IV.1.
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Table IV.1: Results of the average non-concenyriditC) obtained for the three different
circulation systems while using three differenemtal water phases

circulation system de;ts géc,%?(%ivr\:%dm' m;ﬁg];: \Lvsézr average NC (%)
-0.001 W1(3) 11
straight tube 0.029 W1(7) 4.3
0.078 W1(12) 1.8
_ -0.001 W1(3) 9
tube Wlth_ areas of 0.029 W1(7) 3
constriction
0.078 W1(12) 2
-0.001 W1(3) 7.7
wound tube 0.029 W1(7) 4
0.065 W1(11) 25

On the one hand, the results obtained in Table $¥idw that for each circulation system the
average non-concentricity decreases when the geayegit at 60°C between the internal water
phase W1 and the organic phase O1 increases. Whaggver circulation system used, better
non-concentricity results are obtained when thesitigigap between the internal water phase
and the organic phase is high, which means equalo8 or 0.065 g.cthat 60°C (W1(12)
and W1(11)). On the other hand, the values of trexage non-concentricity obtained with
each density gap are about the same order forhitee tcirculation systems. This can be
considered as a surprising result since the thyseerms are very different both in their

dimension and shape.

In Figure 1V.2, the percentages of shells as atfanof the shells non-concentricity for the
three different circulation systems while usingethrdifferent internal water phases are
plotted. Three different behaviors can be disceiineitie evolution of the non-concentricity
results. Each behavior corresponds to one of ttee timternal water phases used. Besides, the
results obtained with W1(12) while using the sthaituibe fit the results obtained for the 11
bottles collected with W1(12) while using the tukigh areas of constriction. The same fit is
observed for the results obtained with W1(11) whi#eng the wound tube.

So it can be concluded that the straight tube @mtbund tube give as good NC results as the

tube with areas of constriction while using a dgngap of 0.078 g.ciat 60°C. However,

the shell lives are not similar in these threeutation systems.
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Figure IV.2: Plots of the percentage of shells &mation of the shells non-concentricity for
the three different circulation systems while udimigge different internal water phases. The
black doted lines represent the results obtaineth®o11 bottles collected while using
W1(12) as the internal water phase with the tulib wieas of constriction as presented in

Chapter III.

IVV.1.3. Hypothesis to explain the shell’s motion in the caoulation
systems

When the shell is striped off from the droplet gater, its shape appears as illustrated in
Figure IV.3. At first, the shell is not sphericalcathe internal water droplet is not centered
inside the oil globule. Then, at the end of thecpss, the shell has became round and
centered. The non-concentricity results obtaineth vihe three circulation systems are

equivalent. So, we wondered if the circulation gsxand/or the agitation of the shells inside
the flask had an influence on the shells shapédhaim, we tried to understand the motion

of the shells in the three circulation systems tanelvaluate the kinetics of polymerization.
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synthesis

process

initial state final state

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

As explained in Chapter II, the literature, [2]],[84], [5], specified that when a W1/01
emulsion distorts from its originally spherical pbaa core-centering force is generated and
the W1 droplet moves to the center of the O1 ditoler a system submitted to acoustic
oscillations, with a configuration where the caeigas and the shell is an inviscid liquid, the
core-centering forces come from hydrodynamic ford€, [7]. Nevertheless, the
understanding of the centering of the shells, witonfiguration where both the core and the
shell are immiscible liquids, is still not complgteinderstood. As yet, no physical model
explains the core-centering phenomenon resultimgnfrthe shell’'s deformation. The
following explanations of the core-centering pheeaon observed in our systems are only

hypothesis.

First, we compared the straight tube and the tulib areas of constriction which are
equivalent except for the areas of constrictiont Both tubes, the shells turn round on
themselves while going down along the tube. Howetves phenomenon is not visible to the
naked eye during the synthesis. Thus, shells ajregathesized were marked accurately with
a black dot and introduced with a water flow inside tubes in order to measure the rotation
speed of the shells on themselves. In this aim,i@sowere made with an ultra fast frame
grabber camera. Figure 1V.4 illustrates the shealising around on themselves along the tube
from pictures made with the ultra fast frame grabb@mera. With the straight tube, the
shell’s rotation speed is 88.6 rpm, so the shelis122.2 times on itself along the tube. With
the tube with areas of constriction, the shell'wation speed is 93.7 rpm, so the shell turns
23.4 times on itself along the tube. The rotatipaesl is greater with the tube with areas of
constriction than with the straight tube, but tiiféedence is really slight.
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Figure IV.4: lllustration of a shell going down thébe with areas of constriction and turning
round on itself. The pictures come from the movedmwith an ultra fast frame grabber
camera.

Inside the tube with areas of constriction, thdlstere not distorted by the inside wall of the
glass tube within the constrictions as explainediezalndeed, the diameter of the areas of
constriction, 4 mm, is wider than the diameterha shell, 2 mm. Besides, the calculation of
the Reynolds number (Rgives an idea of the nature of the flow regimaha tubes. This
dimensionless number can thus be used to deterdyin@mic similitude between different
experimental cases. The Reynolds number is cakifadm the following formula:

VL

v

with: R reynold’s number
V: characteristic velocity
L: characteristic dimension (here the diameter efttibe or the constriction)

v: kinematic viscosity

In the domain of fluid mechanics, different flongmmes are established towards Re values.
When Re is lower than 2300, viscous forces are dantiand a laminar flow takes place in
the system. This regime is characterized by a smaminstant fluid motion. When Re is
higher than 4000, inertial forces are dominant anirbulent flow occurs. This regime is
characterized by the production of various flomahdities. Since Rvalues are close to 40,
the flow is laminar through all the tube even witithe areas of constriction. The only
consequence of the presence of areas of congtristibie increase of the external water phase

flow rate inside the constriction. So, the areasaifstriction inside the tube only slightly
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accelerate the rotation speed of the shells ondbkmes but do not have any other effect on

the shells.

Using W1(12) as the internal water phase, a tdt#iree bottles have been collected with the
straight tube and 11 with the tube with areas ostiiction (already presented in Chapter Il1).

As illustrated in Figure 1V.5, the same NC resalts obtained using either a straight tube or a
tube with areas of constriction while using W1(&8)the internal water phase. The effects of
both tubes on the shells are similar, as for therd&tilts obtained, therefore these two tubes

can be consider as equivalent.

—a—W1(12) straight tube, bottle n"1 —i—W1(12) straight tube, bottle n°2
—=—W1(12) straight tube, bottlen®s several W1(12) tube with constrictions

Shells percentage (%)

0 1 2 3 4 5 & 7 3 9 10
% NC

Figure IV.5: Plots of the percentage of shells &mation of the shells non-concentricity for
the straight tube (colored curves: green, red &ne) land for the tube with areas of
constriction (black doted curves) while using W1(&8& the internal water phase

In the first part of the wound tube, it can be obed that the shells touch the bottom of the
tube (because they are heavier than W2) so theyrawund on themselves because of the
parabolicvelocity gradient inside the tube. An experimenttma shell with a black dot has
also been realized inside the wound tube but wadilneed. However, it was visible to the

naked eye too that the shells turn around on thieesas stated earlier.
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From all these observations, we can say that intlinee circulation systems, the shells
undergo gravity forces and turn around on themsel@entering forces due to gravity should
be much more efficient with a high density gap lestw the internal water phase and the
organic phase than with the equality. Indeed, whatensity mismatch exists between W1
and O1, the internal water phase W1 centers iteeleach an equilibrium position. Thus, a
significant density mismatch (as with W1 (12)) wijenerate a core-centering force.
Conversely, a density match (as with W1 (3)) wok generate any force to help center the
shell. The shells turning around on themselvesaatimat the centering does not occur only

toward one privileged direction.

Moreover, the time spent by the shells in eacthe$¢ circulation processes is different. With
an external water flow of 40 mL.miifnthe shells go through the straight tube or tibe twith
areas of constriction (50 cm long with a 5 mm in&édrdiameter) in approximately 15
seconds. Whereas, the shells need around 5 mitmuggsthrough the wound tube (11 meters

long with a 5 mm internal diameter).

The shaping of the shell has to occur before thgpgmt while the polymer is still able to
flow. Thus, centering forces can occur inside thellsuntil the organic phase viscosity is too
high. So, it is important to determine the needetk tto polymerize completely the organic

phase and to measure the evolution of the orgdra@sepviscosity.

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

I\VV.2.1. Polymerization process

To be able to compare the three circulation systdms necessary to know when the
gelification starts, when the shell is completeblymerized and where the shell is located
when the gelification occurs. It would be interegtio measure the extent of reaction at the

gel point. The extent of reaction (p) is defined as

number of reacting groups which reacted

P~ umber o f groups which are liable to react
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However, no absolute method exists to quantifyekient of reaction, especially for highly
functionalized monomers such as TMPTMA. At the be@g of this study, we tried by
NMR *H to quantify the amount of residual monomers basethe vinyl double bond signals
at 5.58 and 6.09 ppm. However, once the polymeoizaiccurs, the spectra obtained reveal
the overlaying of the peaks attributed to the nesidnonomer and the partially reacted
monomer incorporated inside the polymeric chainkis Tmethod was dropped since no
straightforward quantification was possible.

In this work, the reacting monomer has been follblwg analyzing its residual amount with
gas chromatography along the synthesis. Secondintleeto form a crosslinked polymesas
measured by rheology measurements. At last, theutsmo 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 theaitguahresidual monomer for lack of

straightforward methods measuring the extent oftrea Gas chromatography allows us to
guantify the residual monomers in solution butoes not quantify the residual monomers
trap inside the tri-dimensional network. Besidess ghromatography does not quantify the
functional groups. This means that the functiorraugs which did not react on a monomer
that have already reacted are not quantifiable itf8® method underestimates the quantity of

monomer and even more the quantity of double baunds

The organic phase composition is described in @naptThe polymerization reaction was
realized inside a balloon flask filled with the argc phase and surmounted by a refrigerant,
under a nitrogen atmosphere. The organic phasepofgmerized following the time and
temperature steps of the synthesis process aslsstere:

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

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

- 25 minutes at 60°C (shell going through the wourtzetand/or within the collecting

flask)
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Samples were taken along the synthesis with agg@amd diluted in a mixture of acetone and
hydroquinone to stop the polymerization reactiohe Bamples were then analyzed by gas
chromatography to follow the percentage of residuahomer. Quantitative measurements
were realized using the internal standard methoth wiethyl phthalate as the internal

standard. Hence the consumption of the monoméreimtganic phase could be followed.

The measures of the percentage of residual monomitie organic phase as a function of
time along the synthesis are presented in Figuré. I\t seems that only a really slight
conversion of the TMPTMA is detected before 15 rntesuat 60°C. In the balloon flask, the
formation of a gel was identified after 20 minueds60°C (area hatched in grey in Figure
IV.6). The amount of residual monomer after 20 nasuat 60°C is not necessarily
representative since the reaction medium is heter@gus, some parts being liquid and others
being solid. Then, after 25 minutes at 60°C, thgaonic phase appeared as a swollen gel,
without any liquid part, prohibiting any samplingtkva syringe. Thus, the fast decrease of the
percentage of residual monomer to 65% correspandiset gel point. So, according to these

measurements, the shells present a three-dimehsietweork after 20 to 25 minutes at 60°C.

The measurements of residual monomer with thisge®ao not lead to accurate results.
Indeed, when the percentage of residual monomess stanstant, the measured values
oscillate between 96.5 and 104%. Since the meastir¢ghe gel point by this gas

chromatography technique is not really preciseéhfirmeasurements were done by rheology.
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Figure IV.6: Evolution of the percentage of residmanomer as a function of time for the
organic phase during the synthesis process

IV.2.1.2. Polymerization kinetics followed by rheology

The centering of the internal water phase W1 indide organic phase O1 droplet is
impossible if the organic phase becomes solid aoimes too viscous to be able to flow.
Rheology measurements allow the detection of tlwssaver between the shear storage
modulus G’ and the shear loss modulus G”. The onessof G' and G” means that the

sample passes from a liquid viscolbishavior to a solid elastic behavior.

A rheometer equipped with a plate/plate measurysgesn was used to determine the shear
storage modulus G’ and the shear loss modulus Gthasorganic solution polymerized.
Classically, at the beginning of the experimeng #hear loss modulus G” is orders of
magnitude larger than the shear storage moduluar@ ,at completion of reaction, this order
is reversed. The transition from a liquid-like teaid-like behavior is defined as gelation in
non-linear polymerization. The crossover of therage and loss moduli measured during
isothermal curing may be defined as the gel pd@pt[P], [10], [11], [12]. The gel point is the
transition from a state with chains in solutioratthree-dimensional network (chains linked to
each others), image (d) and (e) respectively ofifeidV.7 [13].
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Figure IV.7: Schematization of the successive sté@scrosslinking reaction: (a) mixture of
monomers, (b), (c) and (d): intermediary stepsfi(@l network [13]

The evolution of the shear loss modulus G” andstiear storage modulus G’ of the organic

phase along the synthesis at 60°C are illustratdelgure 1V.8. The rheology measurements

have been realized three times. The values of @hfd to 20 minutes are noisy since for a

liquid sample the signal is really low. The curfesG’ and G” cross at 23 minutes. The fast

increase of G” values is an indicator of the fororatof the network, which corresponds to

the transition from state (d) to state (e) in Fegiv.7. Therefore, the structure of a shell is

constituted of a tridimensional network after 2uates at 60°C, according to the rheology

measurements. After around 26 minutes, due todhding imposed to the sample by the

rheometer during the analysis, the gel is brokehtha measurements are not reliable.
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Figure IV.8: Evolution of shear loss modulus G’dasf shear storage modulus G’, as a

function of reaction time, for the organic phasé@iC
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The polymerization kinetics results obtained by gasomatography and by rheology are in
good agreement. These two methods show that this staee a three-dimensional network
structure around 20-25 minutes. This means thashk#s shape is fixed when they are inside

the rotating flask, whichever the circulation systesed before.

However, both of these methods are not able to sklo@n the viscosity of the organic phase
actually starts increasing. Thus, the evolution tbé organic phase viscosity during

polymerization was measured by kinematic viscasigasurements.

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

The organic phase was polymerized at 60°C undédragen atmosphere. The polymerization
reaction was brutally stopped by, at the same tiageling hydroquinone to the solution,
flowing air inside the solution and putting the gaalloon in ice. The solution was then put
inside a Hubbelohde tube and its kinematic visgosds measured at 60°C. The measures of
viscosity were done every minute until 7 minutesl &0 seconds. After 7 minutes and
30 seconds the viscosity of the solution was tgh o perform any measurement. The results
obtained are presented in Figure IV.9. The visgositthe organic phase is almost constant
between 0 and 4 minutes. Then, the viscosity isagareally slightly between 4 and
6 minutes, from 4.8 to 9.4 nfis’. After 6 minutes, the viscosity shoots up from @4
567 mni.s* in less than 90 seconds. The increase of viscoaitybe attributed to the increase

of the polymeric chain length in the solution, lasstrated in images (a) to (d) of Figure IV.7.
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Figure IV.9: Evolution of the kinematic viscositythe organic phase along the synthesis at
60°C

In conclusion, according to the rheology, gas clatmgraphy and kinematic viscosity
measurements, at 60°C, the organic phase O1 shtilkepasses through the following states:
- from 0 to 6 min: liquid state, same viscosity as tmonomer solution
- from 6 to 7.5 min: liquid state with enhanced vty the polymeric chains start
growing
- from 7.5 to 20 min: the polymeric chains are grayyipossibly with microgels
formation
- from 20 to 25 min: crosslinking of the polymericaafis, the gel point is reached and
the shell’s structure is fixed

- after 25 min: densification of the three-dimensilametwork

Therefore, for the three circulation systems, veitbirculation time under 5 minutes (straight
tube, tube with areas of constriction and shortnabube), the polymeric chains start to grow
and crosslink once the shells are collected ingiddlask. The time required to fix the shell's

shape is thus at least 20 minutes with this polyragon process.

Then, at this stage of the reflection, it seemsltlo¢éh the straight tube and the tube with areas

of constriction have no influence over the shellm-goncentricity since the shells spend
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much more time inside the flask (6 to 7 min) thaside the tubes (15 s) before the polymeric
chains start growing. Besides, the shell's shapetisfter 20 to 25 minutes inside the rotating
flask. Thus, the movements inside the collectimgklseem to be particularly important for
the core centering of the shell while using boté straight tube and the tube with areas of

constriction.

However, it is still difficult to differentiate thanfluence of the wound tube from the rotating
flask on the shells non-concentricity. Since tmeetispent inside the wound tube is close to
the time wherthe viscosity of the organic phase increases, wedexed if a longer wound

tube would allow us to differentiate the influerafdhe wound tube versus the agitated flask.

I\VV.2.2. Study of the shells location versus their viscogit

The challenge was now to test a new circulatiotesysvhich allows the shells viscosity to
increase before the collecting flask. When the Ishakcosity is high, none of the forces
applied to the shells inside the different tubefiagk will be able to generate a core-centering
force, the shells shape is then definitely set. iflea is that if the shells viscosity at the efit o
the long wound tube is high enough to set the sistlape, the influence of the long wound
tube system on the shells non-concentricity coeldhiois determined.

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

In this aim, we synthesized foam shells using @ ound tube instead of the three previous
circulation systems. The long wound tube is 20 nseleng, so the shells need around 10
minutes to go through it. Thus, according to thecesity results in Figure 1V.9, the shells

viscosity should start increasing inside the loraund tube. Shells were synthesised with the

long wound tube while using W1(12) as the intemaler phase.

In Figure V.10, the percentages of shells as atfan of the shells non-concentricity for
three bottles collected while using the long wounde are plotted (red, orange and blue
curves), as well as for the 11 bottles collectedemirsing the tube with areas of constriction

(black dotted lines). The non-concentricity reswalkgained with the long wound tube are as
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good (red and orange curves) or slightly lower €boturve) than the results obtained with the

tube with areas of constrictions.

In conclusion, the non-concentricity results olbgdinvhile using W1(12) as the internal water
phase, with either the straight tube, the tube artas of constriction, the short wound tube
or the long wound tube, are equivalent. This meéaatswhichever the time spent by the shells
in the circulation systems (from 15 seconds to 1Quies), the non-concentricity results are

the same.

W1(12) long wound tube, bottle n°1 —&— W1(12) long wound tube, bottle n"2
—s— W1(12) long wound tube, bottlen"3  -—x several W1(12) tube with constrictions

Shells percentage (%)

0 1 2 3 4 5 6 7 8 9 10
% NC

Figure IV.10: Plots of the percentage of shella &snction of the shells non-concentricity for
the long wound tube (colored curves: red, orangeldue) and for the tube with areas of
constriction (black doted curves) while using W1(&8 the internal water phase

This result may imply that the non-concentricityset inside the rotating flask and not inside
the long wound tube. As long as the shells arevisobus enough, they do not keep the exact
same shape since they are subjected to many ddéfonniaindeed, we collected shells one by
one at the exit of the long wound tube and put thesde haemolyse tubes. The shells
underwent phase inversion and became beads in adeands after collection. This meant
that the shells, at the exit of the long wound fukere not viscous enough to set their shape

definitely and were still inclined to destabilizatiphenomenon.
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When the shells are collected inside the flask,abigation of the shells is quite energetic.
According to the non-concentricity results obtaied to the shell’'s motions observed along
the process, the shells non-concentricity seentgetmiuch more influenced by the rotating
flask than by the long wound tube. In order to &hthes hypothesis, it would be interesting to

set the three-dimensional network before collecitiside the flask.

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

For this purpose, a wound tube of at least 40 mdtarg should be used but we do not
possess such a wound tube. We thought about bauridgether the short and the long
wound tubes but that would still have not been lengugh. The last solution was to extend
the time spent by the shells inside the long wotuhé from 10 minutes to 20-25 minutes by
decreasing the external water phase W2 flow. Hetheegxternal water phase flow should be
decreased from 40 mL.nifrto at least 20 mL.mih A limiting factor was that the pump used
for the external water phase could only go dowhSanL.miri*.

If the external water phase W2 flow is decreadael jniternal water phase W1 and the organic
phase O1 flows have to be lowered proportionally adjusted to keep shells of the same size
and thickness. Indeed, we tried to synthesize shwaih an external water phase flow of
20 mL.min® or less, but the diameter of the shells generai@sl too large, as presented in
Table 1V.2. Decreasing proportionally all the flowgsnot sufficient to keep the same shell
size because the shell is stripped off by a dynaystem, the W2 flow, which should not be
too weak.With a flow of 20 mL.mift, shells with a 2.32 mm diameter are obtained, whic
gives an error of 16% on the diameter. This erroth@ diameter is not acceptable. Moreover,
to be able to compare the non-concentricity restitts shells diameters have to be of the
same order. In addition, if the W2 flow is decrehgbe shell's rotation speed on itself will
change since it is linked to the velocity gradieside the tube. Thus, while changing the W2
flow, the influence of the wound tube on the shatim-concentricity could not be compared

with the previous results because the shells morewell be different.
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Table IV.2: Diameter of the shell at the exit o tiroplet generator as a function of the flow
of the external water phase W2, the organic phdsar@ the internal water phase W1

W2 flow W1 flow 01 flow diameter of the shell at the
(mL.min?) (mL.hY) (mL.h) exit of the droplet generatqr
(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

Due to all these dead ends and the lack of timeaudd not go further on the study of the
influence of the deformations on the shells noneeattricity. The next experiments to realize
should carry on the influence of the flask rotatepeed on the shells non-concentricity.
Indeed, according to Nagei al.[5], there should be an optimized rotation speéatvgives

shells with a uniform wall thickness without desirg the emulsion. These authors
optimized vigorous agitation conditions and finattithe best non-concentricity results were

obtained by following the rotation speed illustchte Figure 1V.11.
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Figure IV.11: Optimized rotation speed versus fotatime

IV.2.2.3. Influence of the level of W2 inside the flask on th shells non-
concentricity

As stated in Chapter |, when the collection stdhis,flask is filled with about ten milliliters of
W2, whereas at the end of collection the flask amstaround 220 mL of W2. Indeed, a shell
collected at the beginning, when the flask is alnewspty, does not have the same life that a
shell collected at the end of the collection whas flask is one third full. Thus, we wondered

if the level of external water phase W2 inside flask had an effect on the shells non-

concentricity.
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In this purpose, two bottles of shells were coléctvhile using flasks already filled with
140 mL of external water phase. The non-concehtrigsults obtained with these two pre-
filled bottles are illustrated in Figure IV.12. Tharves plotted in Figure 1V.12 show that
equivalent non-concentricity results are obtainéith wmpty flasks and with pre-filled flasks.
Then, the filling level of the external water phasside the collecting flask has no influence

on the shells non-concentricity.

—e— W1(12) tube with constriction, bottle filled n"1 —— W1(12) tube with constriction, bottle filled n°2

--------- several W1(12) tube with constrictions

100

20

80 +

Shells percentage (%)
8 2 3 =

w
=

20

10 +

0 1 2 3 4 5 6 7 8 9 10
% NC

Figure IV.12: Plots of the percentage of shella &snction of the shells non-concentricity for
the tube with areas of constriction while using \M2)(as the internal water phase with
collecting flasks empty (black doted curves) anth\iflasks filled before collection

IV.3. CONCLUSION

Whichever circulation system used (straight tuldetwith areas of constriction or short
wound tube), better non-concentricity results as&aimed when the density gap between the
internal water phase and the organic phase in@ged$e straight tube and the wound tube
presented in this chapter, lead to non-concentrigisults equivalent to those obtained with
the tube with areas of constriction while using ensity gap of 0.078 g.crhat 60°C
(W1(12)).
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Inside the three circulation systems, the shelldeuyo gravity forces and turn around on
themselves. Centering forces due to gravity shbaldhuch more efficient with a high density
gap between the internal water phase and the argduaise than with the equality. The shells

turning around on themselves allow a multidireciilocentering of W1.

The rheology, gas chromatography and kinematicogisg measurements showed that at
60°C, the polymeric chains of the organic phase sg@wing after 6 to 7.5 min, then the

polymeric chains start crosslinking after 20 tor@®. So, the polymeric chains start to grow
and crosslink once the shells are collected intiéeflask for the three circulation systems.

The time required to fix the shell’'s shape is ast€20 minutes.

It seems that both the straight tube and the tulte aveas of constriction have no influence
over the shells non-concentricity. For both theseutation systems, the time spent by the
shells inside the rotating flask allows the cemtgrof the internal water phase inside the
organic phase.

Moreover, while using both the short and long wouules, the shells non-concentricity
seems to be much more influenced by the rotatasgkfthan by the wound tube even if this
hypothesis could not be demonstrated by the expgatsnrealized. The filling level of the
external water phase inside the collecting flasls m@ influence on the shells non-

concentricity.
The next step of this study of the influence of deéormations on the shells non-concentricity

could be to focus on the agitation of the shelks thie rotation speed, the flask shape and

dimensions.
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Chapter V Increased polymerization rate

In this last chapter, we studied the influence whhpolymerization rates on the shells
characteristics. The first idea was to increasepblgmerization temperature. Then, shells
were synthesized either with the wound tube at 96f@he tube with areas of constriction
with the water bath set at different temperaturébe second idea was to induce
polymerization by photoinitiation instead of theifmiaitiation. The influence of UV

polymerization on the shells characteristics wadist 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 reactisad to synthesize shells takes place at
60°C. The shells structure appears as a startidgngnsional network after 23 minutes at
60°C, according to the rheology measurements pteden Chapter IV. To increase the
polymerization rate, the first obvious solutiortasincrease the temperature of the process. In
this aim, kinetics measurements by rheometry werfopmed to know in which range of
time the polymerization rate increases when thep&zaiure increases. The polymerization
rate could also have been increased by either asurg the initiator concentration in the
organic phase or changing the initiator used. énssd difficult to have a higher initiator
concentration since it is already difficult to coetply dissolve the actual quantity of initiator
inside the organic phase. Changing the AIBN to ratiator that decomposes near ambient
temperature involves that the organic phase walitghe polymerization process inside the

syringe which is unacceptable.

Thus, a rheometer equipped with a plate/plate meassystem was used to determine the
shear storage modulus G’ and the shear loss mo@il&s the organic phase polymerized at
various temperature. The crossover of the storagg lass moduli measured during

isothermal curing may be defined as the gel pa@réxgplained in Chapter IV.

The evolutions of the shear loss modulus G” andstiear storage modulus G’ of the organic
phase along the synthesis at 60, 70, 80 and 9@ @lwastrated in Figure V.1. Then, the times

to reach a tridimensional network of the organiagghfor temperatures varying from 40 to
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90°C are presented in Table V.1. It is easy totsaewhen the temperature increases from
60°C to 90°C, the time to form a tridimensionalwetk decreases exponentially. The results
obtained at 40 and 50°C are not plotted in Figurk because the times of reaction are way

too long to fit in the graphic.

The AIBN is used as a thermal initiator here. Tiheetfor the thermal initiator to decompose
depends on the temperature. Indeed, the deconpuosiie constanky of the AIBN in
toluene is equal to 9.15.2G* at 60°C and equal to 4.86:1@" at 90°C. The half life time
ty2 Of the initiator is the time necessary for halftloé initiator introduced to be decomposed.

The half life time is calculated from the followifigrmula:
ty, = 0.693 / k;

For example, in toluene, the AIBN showsaéqual to 21 hours at 60°C and 24 min at 90°C.
The times to reach a tridimensional network of dnganic phase at 50 and 40°C are really
long, one hour and a half and eight hours respagtivThese long times to reach a
tridimensional network are linked to the slow deposition of the initiator at low

temperature. On the opposite, when the temperaumnereased up to 90°C, the time to reach

a tridimensional network goes down to 80 secon@)t.
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Figure V.1: Evolution of shear loss modulus G”, afidhear storage modulus G’, as a

function of reaction time, for the organic phasé@t70, 80 and 90°C
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Table V.1: Times to reach a tridimensional netwiorkthe organic phase at various

temperatures
Temperature Time to reach a
(°C) tridimensional network
40 8h
50 1h 26 min
60 23 min
70 7 min
80 2min40s
90 1min20s

The rate constark of a chemical reaction can be expressed towamg\thhenius equation.
This relation describes the dependence of the catestant with the temperatuie and

activation energ¥, as shown below:
k=Aexp = 1
exp ( RTj (1)

with A as the pre-exponential factor aRdhe gas constant. Taking the natural logarithm of

the Arrhenius equation (1) yields to the equat@nbglow.

E_1
In(k) = In(4) — Eﬂ T (2)

So, when a reaction has a rate constant that dbheyArrhenius equation, the plot lof (k)
versusl/T gives a straight line, whose slope and intercapthe used to determinég andA

respectively.

The rate of polymerization as the equation (8) a@er Il can be expressed as follow:

] _ (ke ]

Mk

— dt (3)
with: [M] : monomer concentration
[I] : initiator concentration
Ko, k, k: propagation, decomposition and termination ratestants
t: time
f . efficiency factor

Then, the equation (3) corresponds to the follovaggation:

Ml, _, [fkelX]
nh = ke \|| i (4)

1
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It is thought that the three-dimensional netwonkagls forms for a same extent of reaction
whichever polymerization temperature. Then, at tinee at which a three-dimensional
network is reached, the ter%%’ is constant, sdin% is constant. Besides, the Arrhenius

equation of the polymerization reaction can betemitas a combination of the three separate

Arrhenius-type equations of the propagation, deamsitipn and termination steps:

1 1 E, E,
In |k (—kd)ﬁ = In|4 (A—‘*)E B+ 75— ] (5)
B = B -
k. A, RT

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

[ + 55— 55

Efd
In(t) = cste +
n(t) =cs o7

(6)

with: A, A4, A: propagation, decomposition and termination pnege@ential factors

Eap, Ead, Eat: propagation, decomposition and termination attvieenergy

So, when a polymerization reaction obeys the Andseaquation, the plot dh (t) versusl/T

gives a straight line, whose slope and interceptbeaused to determirts - E,,, + ﬁ - B

-
o

From the results obtained in Table V.1, we can lpldt) as a function ol/T as illustrated in
Figure V.2. The linear regression coefficiedtd® the line obtained is equal to 0.9896. So, we
can consider that the polymerization reaction fefiathe Arrhenius equation. Besides, the

activation energy of the polymerization reactiyis equal to 111 kJ.mdl

According to G. Odian [1], the decomposition adiiva energyE,qis in the range of 120-

150 kJ.mot for the most common initiator&, andEy values for common monomers are in
the ranges of 20-40 kJ.mband 8-20 kJ.mdl, respectively. Then, the value found for the
activation energy of the polymerization reacti&ncorresponds to the classical value within

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

Thus, shells will be synthesized at 90°C to studyibfluence of high polymerization rate on

the shells non-concentricity.

V.1.2. Shells synthesized at higher polymerization tempature

Shells were synthesized and polymerized at 90°@duyg either the wound tube heated at
90°C or the tube with areas of constriction followey the flask heated at 90°C once the
shells are collected. The shells were synthesizaaguV1(12) as the internal water phase.
One major issue that appears with the synthesisigailace at 90°C is that the double
emulsion is not stable anymore at 90°C. The doebhielsion is quite stable at 60°C even
though the phenomenon of phase inversion alreadyrsdeading to the formation of beads
instead of shells as illustrated in Chapter lll.fact, when the temperature applied to the

double emulsion increases, more and more destatidizphenomena occur.

The contents of a bottle collected with the tubéhvareas of constriction followed by the
flask heated at 90°C once the shells are colledegresented in Figure V.3. The bottle
contains only about ten shells, many beads andaggéomerate. The few shells obtained
cannot be characterized because of their opaaityatS90°C with this process, the inversion
phase phenomenon is really significant. The stadll80°C are supposed to polymerize in

80 seconds but the phase inversion phenomenostées than the polymerization.
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Figure V.3: Contents of a bottle collected with thbe with areas of constrictions followed
by the flask heated at 90°C

When shells are synthesized with the wound tubé&ebest 90°C, it is visible to the naked eye
that the shells inside the wound tube are not aanice Once the shells are collected inside
the flask, they quickly become half shells and tflenculate all together. In that specific
case, the flocculation is not reversible becauser¢maining double bounds of the monomer
react to give huge agglomerates as illustratedgarg V.4.

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

Exploring processes at lower temperature, a traaiede CEA synthesized shells with the
tube with areas of constriction and the flask héateeither 70 or 80°C once the shells are
collected. The results obtained by the trainee @aresented in Table V.2. At these

temperatures, the yield is also really low becaulsase inversion phenomena already took
place at 70°C. Moreover, the non-concentricity bé tfew shells obtained is severely

increased compare to the non-concentricity valingioed at 60°C.
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Table V.2: Results of shells synthesis realizefOaaind 80°C

Temperature Yield of shells | % of shells with
°C) (%) NC < 4% Photos
70 12 4
80 5 0

Therefore, at 70, 80 and 90°C the destabilizatibenpmena of the double emulsion are
quicker than the time required to polymerize thgaoic phase in order to have stable shells.
Indeed, as stated by Chest al. [2], both the destabilization phenomena and the
polymerization rate are temperature dependent, thén necessary to balance these two

effects.

However, we wondered if the destabilization of #dmsulsion was due to the degradation of
the surfactant since Coo#t al. [3] stated that “when the foam is heated to 50°Che

presence of water during the polymerization sty sorbitan monooleate (Span 80)
hydrolyzes to form oleic acid and sorbitol”. Indedéde degradation of the surfactant would

modify the interfacial tension and then lead todkstabilization of the emulsion.

In order to check this hypothesis, we put a mixtofe&Span 80 and water at 90°C during
30 minutes. Inside water, the Span 80 seems tapgete and change of color (whitening)

and texture. After the thermal aging step, the migaroduct which appears as a white solid
at the surface of water is retrieved by adding ldidmethane to the mixture. The remaining
water is eliminated from the organic solution bydiad magnesium sulfate. The organic
solution is then filtered and the dichloromethaseevaporated using a rotary evaporator.
After all these steps, the retrieve product lodks the initial Span 80. However, the retrieved

product was analyzed by infrared (IR) spectroscopy.
Pure Span 80 and pure oleic acid IR spectra shoartzonyl absorption at 1739 &nfester

function) and 1710 cth (carboxylic acid function) respectively. We chedkiat the shift

between these two absorptions was enough to spbt two peaks. In this goal the IR
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spectrum of a mixture of Span 80 and oleic acid rgasized. Figure V.5 shows that the two
peaks are effectively divided, so it is possiblaifferentiate the carbonyl function from the
Span 80 and from the oleic acid.
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Figure V.5: IR spectrum of a mixture of Span 80 ateic acid

The IR spectra of the retrieved product, Span 80 wwiih water at 90°C during 30 minutes

(red spectrum), and the IR spectra of pure Spa(bB@ spectrum), are illustrated in Figure
V.6. From the spectra obtained, we can see thae tisea unique absorption peak at 1739
cm™. Therefore, no hydrolysis of the Span 80 can levshin our case and the destabilization
of the emulsion is not due the degradation of théastant.
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Figure V.6: Spectra of pure Span 80 (blue spectamd)of Span 80 mix with water at 90°C
during 30 minutes (red spectrum)

Then, the influence of high polymerization rate the shells characteristics could not be
studied by increasing the polymerization tempemattihis is the reason why we focused our

study on the use of UV polymerization in order &b higher polymerization rates.

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

As stated in Chapter I, UV polymerization is a ineay to reach high level of monomer
conversion in a very short time near room tempeeaflhe Americans have never published
about the UV polymerization of shells and only diag@anese abstract can be found on this
topic [4]. In this abstract, the authors stated ttiee yield for uniform hollow foam shells was
greatly improved” using polymerization by photoiaiton with a UV light. In 1995, Takagit

al. [5], said that “a fabrication technique of foamek$ using UV-photo polymerization”,
mentioned in reference [4], “showed excellent penfance in view point of «shell
fabrication»”.

However, the photopolymerization of multifunction@heth)acrylate monomers is used in
various fields such as optical lenses, dental egptins [6], surface coating, printed circuit

board, information storage system [7] and micraliwi[8], [9], [10], [11]. Xu et al. [8]
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photopolymerized microspheres made with a micrditudroplet generator, with diameters
ranging from 20 to 200 pum. Nisisaket al. [9] photo-polymerized droplets of acrylic
monomer prepared in a T-shaped microchannel, viith2D pum diameters. Utadsd al. [10]
fabricated a rigid spherical shell by photo-polyrmieg a polymer in the middle fluid of a
W/O/W double emulsion. Niet al. [11] carried out fast throughput photopolymeriaatof
monomeric shells and obtained spherical polymératls. All these successful works in this

various fields reinforced our idea to use photopwyization 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 isenessary to find a wavelength at which the
different phases used in the synthesis processotd@lysorb, except for the photoinitiator.
First, the absorbance of all the phases used waasured using a UV-visible
spectrophotometer. The absorbance of the exterat@rywhase W2 and the organic phase O1
was measured in the UV wavelength domain, fromtd3@0 nm. The absorbance spectra for
01 and W2 are presented in Figure V.7. The organitexternal water phases do not absorb
UV light between 350 and 400 nm. Then, a UV lampttamy at 365 nm can be used to
polymerize the acrylic shells.
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Figure V.7: Absorbance spectrum in the UV domantfie@ organic phase O1 and the external
water phase W2

Two different kinds of UV lamps were available hetlaboratory at the CEA. The first one is
a UV lamp with two black neons. Its wavelength \8&& nm, with a power of 120 W. The
second one is a UV spot emitting at 365 nm witlowgr of 1000 W. The two different kinds

of lamp used are illustrated in Figure V.8.

’

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

V.2.1.2.Choice of the photoinitiator

The photoinitiator has to fulfill several requirem& First, the photoinitiator should be
composed of only oxygen, carbon and hydrogen, &s diganic phase. Second, the
photoinitiator should absorb at the same wavelemgthkhich the UV lamp is emitting. Thus,
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at this step, we selected four common photoiniteatesed in the literature for wavelength
ranging between 350 and 380 nm:

- Irgacure 184: 1-hydroxycyclohexylphenyl ketone [8]1]

- Darocur 1173 : 2-hydroxy-2-methyl-1-phenyl-propao+ie [9]

- DMPA: 2,2-dimethoxy-2-phenylacetophenone [6], [1R]

- BEE: benzoin ethyl ether [12]
Their four absorption spectra are presented belowigure V.9. The four photoinitiators

absorb UV light at 365 nm.
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Figure V.9: Absorption spectra of the four seldgdeotoinitiators (Irgacure 184 = 1-
hydroxycyclohexylphenylketone, Darocur 1173 = 24lopy-2-methyl-1-phenyl-propan-1-
one, DMPA = 2,2-dimethoxy-2-phenylacetophenone, BHienzoin ethyl ether)
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Third, the photoinitiator should not change thedignof the organic phase when it is used

instead of the thermal initiator, AIBN. The dendilifference between the organic phase with
the photoinitiator and the organic phase with thermal initiator lie between 0.1 and 0.3%

for the four photoinitiators. The slight densityfedience observed will be compensated by the
guantity of deuterated water added to the intewstker phase W1 in order to have the same
density mismatch of 0.078 g.chat 60°C between W1(12) and O1.

Even though the polymerization is initiated by Uyht, the process temperature will be kept
to 60°C in order for the parameters such as visga$ensity and interfacial tension to remain
constant. The fourth requirement for the photoatdr is then to avoid initiation of the

polymerization at 60°C if the photoinitiator is n@tposed to UV light. Thus, the evolutions
of the shear loss modulus G” and the shear storaugkilus G’ of the organic phase along the
synthesis at 60°C were measured for the four phibitiors (Figure V.10). The four

photoinitiators do not polymerize TMPTMA at 60°Ctiaout UV light. Indeed, the shear loss
modulus and the shear storage modulus remain carditang at least 30 minutes and never

cross each other, as illustrated in Figure V.10.

1E+00 T

1.E-01

logG', G" (Pa)
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Figure V.10: Evolution of shear loss modulus G'd af shear storage modulus G’, as a
function of reaction time for the organic phase aadh of the four photoinitiators
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As the four photoinitiators answer the four requneats, the most efficient photoinitiator will
be selected to synthesize shells. In order to kmdweh photoinitiator is the most efficient,
two simple tests were realized. Few drops of thgamic phase containing one of the
photoinitiator are layed out on a Petri dish. Thitve, four Petri dishes are exposed to a UV
light intensity of 3 mW.crif during either 1 minute or 5 minutes. Two photoshef results
obtained for these two tests are presented in &gutl. The test at 1 minute shows that both
Irgacure 184 and Darocur 1173 do not initiate TMPY pblymerization since the medium
stays liquid. The BEE slightly starts the polymatian of TMPTMA on the edge whereas the
DMPA seems to be the most efficient. The test mirtutes shows that the DMPA completely
polymerized the TMPTMA whereas the other three gindtiators generate partial
polymerization of the organic phase. Therefore,DMPA is the most efficient photoinitiator

for our system and will be used to polymerize shieyf UV process.

—

Irgacure 184 A\ / Darocur 1173 Irgacure 184 \ / Darocur 1173

" A" [ Pyl

il -
'
-

Time of exposure to UV light: 1 min Time of exposuo UV light: 5 min

Figure V.11: Organic phases with the four photaatars exposed to a UV light intensity of
3 mW.cm? during 1 min (samples on the left) or 5 min (sagsmn the right)

V.2.2.Characteristics of shells synthesized using UV patyerization

Shells are synthesized using the tube with area®mdtriction. The collected flasks are still
heated at 60°C as before in order to keep constenidensities, the viscosities and the
interfacial tensions of the three phases. Shelissgnthesized using the same external water
phase (W2) as before. The internal water phaseiad&d (12) for all the further experiments.

The organic phase used is also the same as befoeptdor the initiator used. The 2,2'-azo-
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bis-isobutyronitrile (AIBN) is replaced by 2,2-dithexy-2-phenylacetophenone (DMPA).
The weight percent of AIBN used was 1.3% in Olstaded in Chapter I, which represents
10% of the weight of monomer introduced in the aigaphase. A rapid survey of the
literature helped us to choose the judicious sohthe amount of photoinitiator in the organic
phase formulation. Only 1 to 5 wt% of photoinitiate usually used for photopolymerization
reaction. Blandet al. [6], and Nisiakoet al. [9] used 1 wt% of DMPA and Darocur 1173
respectively. Nieet al.[11], and Xuet al.[8] used 4 wt% of Irgacure 184. However, since we
used 10% of initiator in thermal polymerization, well also test higher amount of
photoinitiator than in the literature. Thus, théuence of the quantity of DMPA introduced
in the organic phase on the shells shape was dtudie

Shells are exposed to UV light once the collecisofinished (around 5 min) and once that the
collected flask has been moved to another agitatiotor under another extractor wood. For
safety issues with UV radiations, it is not possitdr now to put the UV lamp in the extractor
wood containing the injection system. First, theuls obtained with the UV black neon will

be presented. Then, the results obtained with Wepbt will be exposed.

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

The UV lamp is placed on the top of the rotatiragh as illustrated in Figure V.12. The UV
lamp is 15.5 cm far from the bottom of the flaskda®.5 cm far from the level of W2
solution in the bottle. The UV light intensity measd with a photometer inside the flask is
equal to 2 mW.c. The shells are exposed to UV light during 5 missutA UV protector
film is stick to the window of the extractor woaal firotect the operator from UV radiations.

UVlamp

d=155cm

Figure V.12: On the left, picture of the extractayod with the UV black neon lamp placed
on top of the rotating flasks. On the right, illagion of the distance between the UV lamp
and the flask filled with shells
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Shells were synthesized with four different orgapi@ases containing 1, 5, 10 or 15% of
DMPA. The yield, thickness and average non-conagtytiresults obtained are presented in
Table V.3.

Table V.3: Yield, thickness and average non-conaatyt results obtained for the synthesis of
shells with 1, 5, 10 and 15% of DMPA and UV bladgon lamp

% DMPA yield(ton/:‘))shells thic?(\rllirsasg?um avezoa/og)e NC
3 68 -
5 23 96 23
10 39 108 19
15 55 113 22

For the synthesis with 1% of DMPA, less than teellshare obtained at the end of the
process. The few shells obtained present a lowekribss than the shells obtained by thermal
polymerization, as illustrated in Figure V.13. HiguV.14 presents pictures of shells
synthesized by thermal polymerization to be abledmpare with the shells obtained by
photopolymerization. Their average thickness iziado68 um whereas the usual thickness of
the shells synthesized in Chapter Il and IV isuswa 120 um. Thus, the shell’s thickness with
1% DMPA is very low, which means that the shelldyperization is not complete. In
addition, we tried to increase the time of exposar&lV light with 1% DMPA, but the exact
same results of yield and thickness were obtairtgdl. a quantity of 1% DMPA as
photoinitiator is not enough to polymerize the Ehelall its thickness. A diffusion of free
TMPTMA from one shell to another can easily occace the shells flocculate. Then, the
polymerization reaction occurs between shells amourad them to give irreversible
agglomerates. This explained why such agglomeratssillustrated in Figure V.13, are

obtained after the UV radiation.

Figure V.13: Picture of a shell, on the left, amctyres of shells agglomerates, obtained
during the synthesis of shells with 1% DMPA
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Figure V.14: Pictures of shells synthesized byrttapolymerization

For the synthesis with 5% of DMPA as photoinitiatioe yield of shells obtained is still low
since it is situated around 23%. The shells floaiulin big packs when they are in the
external water phase but once they are exchangethanol, the shells separate from each
other. The average thickness of the shells is ard@é pm which is low compared to the
thickness obtained in thermal polymerization. Thells are covered with thin layers of
polymerized organic phase linked to the wall ofshell, as it is illustrated in Figure V.15.

Figure V.15: Pictures of three shells obtained \&i¥h of DMPA

For the synthesis with 10 and 15% of DMPA, thediel shells obtained is higher than for 1
and 5% of DMPA. However, the average non-conceatyriemains high whichever the
guantity of photoinitiator used. The high non-camtceity of the shells obtained can easily be
seen with the naked eye (the two pictures on th¢ &s illustrated in Figure V.16. The
average thickness of the shells lays between 108148 pum which comes closer to the
thickness obtained in thermal polymerization. Thisans that with 10 or 15% of DMPA, the

shells almost polymerized in all their thickness.
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Figure V.16: Pictures of shells obtained with 1d 46% of DMPA

Moreover, some of the shells synthesized by this pPhdcess have been dried and
characterized by scanning electron microscopy (SHMg SEM images of the internal wall
surface obtained for the four quantity of photoaiar are presented in Figure V.17.

" Date 14 Jan 2011
Heure :11:31:14

- 1 um T EHT= 300kV  SignalA=Inlens  Date :14 Jan 2011
Grand. = 10.00KX ¥ WD = 7.1 mm Heure 11:59:51

10 % DMPA 15 % DMPA

Figure V.17: SEM images of the internal wall suefaé dry shells synthesized with either 1,
5, 10 or 15% of DMPA. The magnification for the f@EM images is 10000.

The images obtained show that when the amount @topiitiator increases, the internal wall

surface shows a more aerated structure and anagextedensity of holes with a wide size
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distribution. This behavior occurring at the int@rimterface is not explained. This could be
due to instabilities occurring at the interfaceidgrthe UV process performed with the black
neon UV lamp. The same phenomenon may occur axieenal interface but the structure is

so rough that the holes are not as visible ashiiriternal interface (Figure V.18).

\ 2 ’
- 1 m EHT = 3.00 kV Date :21 Jan 2011
Grand. = 1000KX /' WD = 6.1 mm Heure :11:01:30

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

To summarize, shells synthesized while expose édJ¥f black neon lamp after 5 minutes,
give really poor results of non-concentricity ahe thickness of the shells is lower than the
thickness obtained with the usual thermal procels.light intensity supplied by this lamp is
equal to 2 mW.cf, which is too low to be able to polymerize thellshia all their thickness.
Thus, syntheses of shells with a higher light istigf using a UV spot, have been realized

afterwards.

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

The UV lamp is placed on the top of the rotatiragh as illustrated in Figure V.19. The UV
lamp is 11 cm far from the bottom of the flask &8l cm far from the level of W2 solution in
the bottle. The UV light intensity measured wittplaotometer inside the flask is equal to
70 mW.cn¥. With this light intensity, all the objects andifls under the spot heat really fast.
The shells will not be exposed to UV light duringnthutes as with the previous lamp since it
Is important that the water bath remains at 60°€does not warm up. So, once the collected
flask has been moved to another agitation motoeutite UV spot, the shells are exposed to
UV light during 2 minutes. However, during the fiminute the UV light intensity increases

from 0 to 70 mW.cii and during the second minute, the UV light intgnsemains at
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70 mW.cn¥. The temperature of the water bath remains at &lifthg this two minutes of
UV irradiation.

d=11cm

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

As previously, shells were synthesized with foudfedent organic phases containing 1, 5, 10
or 15% of DMPA. The vyield, thickness and average-ooncentricity results obtained with

the UV spot are presented in Table V.4.

Table V.4: Yield, thickness and average non-conaatyt results obtained for the synthesis of
shells with 1, 5, 10 and 15% of DMPA and the UVtspo

% DMPA yield((oJ/:‘))shells thic?(\rllirsasg?um avezoa/og)e NC
1 54 115 18
5 90 125 17
10 80 129 24
15 80 127 27

The vyield of shells obtained greatly improves whkien UV light intensity increases from 2 to
70 mW.cn?. Indeed, the same yield of shells is obtainedLférof DMPA with the UV spot

than for 15% of DMPA with the UV black neon lampheTyield of shells for 5, 10 and 15%
of DMPA with the UV spot lay between 80 and 90%isTis really higher than the yield

obtained with thermal polymerization which was ar@d%8%.
The average thickness for 5, 10 and 15% of DMPAwhie UV spot lay between 125 and

129 um, which is slightly higher than the 120 pnerage thickness obtained with thermal

polymerization. This means that with the UV spbg shells are quickly polymerized in all
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their thickness. Indeed, the shells neither flog®iinor agglomerate after being exposed to
UV radiation.

However, even with a higher UV light intensity, tla@erage non-concentricity remains
around 20% as previously. Pictures of the sheltainbd with the UV spot are presented in
Figure V.20.

Figure V.20: Pictures of shells obtained with thé &pot with either 1, 5, 10 or 15 % of
DMPA

Moreover, some of the shells synthesized have loeiend and characterized by scanning
electron microscopy (SEM) as previoushihe SEM images of the internal and external wall
surfaces obtained with 10% of photoinitiator aresented in Figure V.21. For the shells
synthesized with the UV spot, there are no holeeatied as previously. However, the

external interface shows a rougher surface witbksr¢ghan the internal interface.

- 2um T=300kv SignalA=Inlens |
Grand. = 10.00 K X M WD = 3.5 mm

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

For comparison, two SEM images of the internal artérnal wall surfaces obtained with
thermal polymerization are presented below in Fegéir22. On the image of the internal wall
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(on the left) the defect on the surface is due tbrash stroke since the dry shells are
manipulated with a paintbrush and are very fragier both interfaces, there are no holes
detected at the surface. Besides, the externafantedoes not show a rough surface as for

both UV polymerization processes.

B 1 pm EHT= 3.00kv  SignalA=Inlens  Date :30 Juin 2011
Grand. = 10.00KX /M WD = 4.9 mm Heure :10:57:32

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

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

As shown in Chapter IV, with the thermal polymetiaa process, the polymeric chains of the
organic phase start growing after 6 to 7.5 minnttiee polymeric chains start crosslinking

after 20 to 25 min. The thermal polymerization @®xleads to an optimized average NC of
2.4%. The time required to fix the shell’'s shapatileast 20 minutes with this process.

In this chapter, we have shown that the UV polyaaion process is very fast and efficient.

Indeed, while using the UV spot, the polymeric asastart crosslinking within the exposure

time, i.e. 2 minutes. The UV polymerization prockssls to an average NC of around 20%.
With the UV polymerization process, really high@nrconcentricity results are obtained than
those obtained with the thermal polymerization pesc

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

With the thermal polymerization process, the shgblent at least 20 to 25 minutes inside the
flask before the shell's shape is fixed. This tispent inside the flask allows the centering of
the internal water phase inside the organic phast the UV process, the shells spent less
than 5 minutes inside the flask before the UV exp@sThen, the bad non-concentricity
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results obtained with the UV process may be linkethe short time spent by the shells inside
the flask. Indeed, 5 minutes of rotation inside tlask during the collection might be not

enough time for the shells to center. Thus, an mrdd be to expose the shells to UV light
after different periods of time spent inside thasK 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 influeatigh polymerization rates on the shells
characteristics by either increasing the polyméora temperature or by using UV

polymerization. The times to reach a tridimensioretivork at 60°C and 90°C are 23 min and
80 seconds respectively. However, at 70, 80 an@ 9ife destabilization phenomena of the
double emulsion are faster than the time requioeplolymerize the organic phase in order to
have stable shells. Thus, the influence of higlympekization rate on the shells characteristics

could not be studied by increasing the polymermratemperature.

We then focused our study on the use of UV polyration at 60°C in order to get higher
polymerization rates and to avoid destabilizatitrerppmena. With a UV light intensity of
2 mW.cn?, delivered by the UV black neon lamp, the syntresishells have a lower
thickness and a higher non-concentricity than \thi#h thermal process. Moreover, the yields
of shells increases when the amount of photoioitiaicreases. Nevertheless, the UV light
intensity is too low to polymerize the shells ihthkir thickness.

With a UV light intensity of 70 mW.cify delivered by the UV spot, the shells synthesized
have a slightly higher thickness and a really higheld (80-90%) than the shells synthesized
by thermal polymerization (58%). However, for bdipght intensities, the average non-
concentricity of the shells remains around 20%,clwhg really high compared to the 2.4%
average non-concentricity obtained with thermalyparization. The bad non-concentricity
results obtained with the UV process may be duiagoshort time spent by the shells inside

the flask before the UV radiations.
So, for further studies of shells syntheses with plymerization, the UV spot should be

used. The study of the influence of UV polymeriaation the shells non-concentricity

presented here is just the beginning of the rebedmt interesting idea could be to expose the
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shells to UV light at different times after theollection to study the influence of the agitation
time in the rotating flask on the shells non-corigetty.
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Conclusion

In order to achieve ignition on the French high povaser LMJ (Laser Mega Joule), different
target designs are being developed. Low gain tangeide of low density organic foam shells
can be used to study fusion. This work deals withfabrication process of low density foam
shells and the sharp control of their shape. Theedicriteria for the shells, i.e. diameter,
thickness, density, sphericity and non-concenysicétre influenced by several parameters
during the synthesis process. Three of the aimiéerier, the diameter, thickness and density,
are relatively easy to fulfill. During this PhD, viecused on the non-concentricity which is

the most difficult specification to meet.

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

The organic phase is then polymerized by thermbiperization at 60°C. Once the shells are
polymerized, they undergo several water washesaluhol exchanges. Finally, they can be
characterized using a telecentric optical microscoghich gives the diameter, thickness,
sphericity and non-concentricity of the shells. ™ieole process to synthesize shells and
perform their characterization is very specific ajuite complicated. It takes at least ten days

to go through the whole process.

According to the literature, three major parametéing density of the three phases, the
deformations of the shells along the process amdkihetics of the polymerization have a
direct influence on the shells non-concentricityn éverview of the state of the art revealed
that three nations are involved in the foam sh&fisthesis i.e the United States, Japan and
France. The US and Japan started researches éoptben the 80’'s whereas France started

only since 2002. Besides, China just started réceesearches on foam shells.

The influence of a density gap between the intenadér phase W1 and the organic phase O1
on the shells NC was carefully studied during tAieD. The results obtained showed that
when the density gap increases, the TMPTMA shaills-concentricity improves. Since the
curve of the yield of shells as a function of thensity gap shows a bell-shaped profile, a
compromise has to be made between good non-cormigntesults and a high yield of shells.
Thus, we chose for further experiments to work wiité internal water phase W1(12) which
gives a density gap dW1 — dO1 = 0.078 g’cat 60°C and a yield of shells of 58%. Until
now, these NC results are the best results obtaitbdoam shells, by the CEA Valduc.

From the results obtained during this PhD, the lsgis process can be considered as

reproducible. The slight variation in the reprodhildy results obtained may be due to the fact
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that this synthesis is a complicated and heavyga®evhere the least little dust or air bubble
can destabilize the whole injection process.

Moreover, the interfacial tension at the interfa¢ehe internal water phase and the organic
phase may partly explain the better non-concenyri@sults obtained with an important
density mismatch. However, the interfacial tensimgasurements are not entirely trustworthy
and should be done again. In addition, it wouldrteresting to study the synthesis process
from a physical point of view in order to understahe physical phenomena leading to the

centering of the shells when using a high densty lgetween dwW1 and dO1.

Another point discussed in this work was the movasheinderwent by the shells when

circulating in the different tubes of the systemhi&/ using the same internal water phase,
equivalent non-concentricity results are obtaingidgi either a straight tube, a tube with areas
of constriction or a short wound tube. Inside thésee circulation systems, the shells

undergo gravity forces and turn around on themsel@entering forces due to gravity should

be much more efficient with a high density gap lestwthe internal water phase W1 and the
organic phase O1 than with the equality. The shelising around on themselves allow a

multidirectional centering of W1.

Concerning the kinetic aspects of the reactiontHerthree circulation systems, the polymeric
chains start to grow and crosslink once the stes collected inside the flask. The time

required to fix the shell’'s shape is at least 26utes with thermal polymerization.

It seems that the time spent by the shells ingiderotating flask allows the centering of the

internal water phase inside the organic phase, evbatthe circulation process used.

Moreover, the filling level of the external watehgse inside the collecting flask has no

influence on the shells non-concentricity. A pecdpe to this work could be the study of the

agitation of the shells via the rotation speed flidk shape and dimensions.

For polymerization temperature higher than 60°G ttestabilization phenomena of the
double emulsion are faster than the time requioeplolymerize the organic phase in order to
have stable shells. Thus, the influence of higlympekization rate on the shells characteristics
could not be studied by increasing the polymermratemperature.

In order to get higher polymerization rates an@void destabilization phenomena, we then
focused our study on photopolymerization. Whenstyrghesis is performed using a UV lamp
with an efficient light intensity, the shells hawaeslightly higher thickness than the shells

synthesized by thermal polymerization. Moreoverteally higher yield, around 80%, is
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achieved with UV polymerization. However, the awgranon-concentricity of the shells
synthesized lays around 20%, which is really higimpared to the 2.4% average non-
concentricity obtained with thermal polymerizatiomhe bad non-concentricity results
obtained with the UV process may be due to thetghme spent by the shells inside the flask
before UV radiations. It would be interesting tgpege the shells to UV light at different
times after collection in order to study the infige of the agitation time on the shells non-

concentricity.

To conclude, the thermal polymerization processvalthe synthesis of foam shells with low
NC results and with a medium vyield of shells. Hoargthe thermal polymerization process is
long. If we knew when the shells present a good iN§lde the flask, we could UV
polymerized them a this right moment and obtairidbetield of shells. Besides, to simplify

the circulation process, a simple straight tubeikhbe used.
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Appendix

A. 1. Gas chromatography

The gas chromatography used is the GC 9000 seomsHisons Instruments, equipped with a
flame ionization detector (FID) as illustrated iilglire A.1. The GC separation is carried out
using a non-polar column HP-5 (30 m x 0.32 mm kM.25 um, Agilent Technologies). The
column temperature program is an isotherm at 220%& temperature of the injector is
200°C and the temperature of the detector is 29B8%llum is the carrier gas with a constant
flow of 110 kPa. Quantitative measurements ardz@glusing the internal standard method

with diethyl phthalate as the internal standard.

BN - S— S =

Figure A.1: Gas chromatography GC 9000 series ff@ans Instruments

A. 2. Rheology

The rheometer used is the ARES rheometer from Reganscientific, equipped with a 5 cm
diameter plate/plate measuring system as illustraté-igure A.2. The shear storage modulus
G’ and the shear loss modulus G” are measuredanstimall amplitude oscillatory shear set to
0.5. The measurement method used is a dynamic sageaunction of time with the rotation
frequency set to 10 rad.sThe gap between the plates lies between 0.6 ahanfh. The
temperature is set to 60°C and the solution is skeghbefore the measurements.
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’r plate/plate
+ measuring system

gel obtained
attheend

Figure A.2: ARES rheometer from Rheometric Sci@ntif

A. 3. Density

The densitometer used is the DMA 5000 from AntoarPas illustrated in Figure A.3. This
specific densitometer uses the oscillating U-tubehmique. The density of the liquid is
calculated from the electronic measurements ob#udlation frequency of the U-tube filled
with the liquid. The characteristic frequency of @stillating U-tube depends directly on the
density of the sample that it contains. The U-tbas to be filled without any gas bubble and
less than 1 mL of solution is necessary for the sneaments. The densitometer accuracy is

10° g.cm?® for density measurement and 0.001°C for temperahgasurement.

Figure A.3: Densitometer DMA 5000
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A. 4. Viscosity

The kinematic viscosity is determined by capillariscometry using micro-Ubbelohde

viscometers. The kinematic viscosity is calculatexn the time taken for a fluid to flow

through a capillary with a known diameter and knolength. The measuring range of

viscosity is determined by the capillary diametéthe micro-Ubbelohde viscometer. Each

capillary diameter corresponds to a capillary nunaseillustrated in Table A.1. The capillary

number Ic, Il, llc and lll are used for the measueats. Less than 4 mL of solution is

necessary for the viscosity measurements with aortibbelohde viscometer. A measuring

stand is used to measure automatically the timeherfluid to flow through the capillary.

Besides, the viscometer is introduced inside a math with a thermostat which maintained

a constant temperature during the experimentw@stndited in Figure A.4.

Table A.1: Measurements and device constants émiilcro-Ubbelohde viscometers

Ref. No. | Capillary No. | Capillary Constant K | Measuring range mm?/s (cSt)
@i (mm) (approx.)  |(approx.)
.. 10 [ 0.40 0.01 04 to 6
.13 lc 0.53 0.03 12 to 18
... 20 Il 0.70 01 4 to 60
.. 23 lic 0.95 03 12 to 180
.. 30 11l 1.26 1 40 to 800

thermostat

measuring
_____ ={#=== stand

——}

Figure A.4: Capillary viscometry with a micro-Ubbabte viscometer
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A. 5. Interfacial tension

The interfacial tension between the two phasesdasmred using a pendant drop apparatus.
The pendant drop apparatus used is the Digidrop Fa&/600 Contact Angle Meter from
GBX as illustrated in Figure A.5. The liquid withe lowest density is used to fill a glass
container of approximately 15 mL. The glass comriis thermostated to work at constant
temperature. The liquid with the higher densitgusked in a syringe and placed on top of the
glass container. The drop volume is controlled bywierometer screw gauge. The interfacial
tension is determined from the drop shape and #wsity difference between the two
components at relevant temperature as explain€thapter IIl.

pendant
fdrop system

pendant '.' i
]/drnps\ s
syringe witha «** [ "N :
micrometer screw gauge =
thermostated__.-"? w§ Rt
glass container e

Figure A.5: pendant drop apparatus from GBX

A. 6. Infrared spectroscopy

The FT-IR spectrometer used is the IFS 28 from BeucThe attenuated total reflectance
(ATR) sampling technique is used in conjunctionfwiite IR spectroscopy. With the ATR,
the sample can be directly analyzed without furthexparation. Then, the sample to be
analyzed is directly deposited on the ATR crystad @xamined from 600 to 4000 ¢nat
room temperature.

141



Appendix

A.7. UV-visible spectroscopy

The UV-Visible spectrophotometer used is the Cayfiom Varian. The absorbance is
measured in the UV wavelength domain, from 19000 dm. 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 telgimeoptical microscope, Optique Peter®
from Melles Griot. Since the foam shells are tramept while they are in alcohol, the inside
and outside edges of the shells can be determiedever, with this technique only one
equator of the shell is observed. Several paraset@n be measured with this telecentric
optical microscope: the inner and outer diameter,dphericity and the wall uniformity. The
software used with the telecentric optical micrgeces home made by the CEA. Figure A.6

illustrates the computer screen given by the saftwa

metre ext 2226,0 umiDiamétre int 1985,8 um

174

Déf. Circularité ext
0,1

D1 Circularité int
07 %
[i]

Ecarts a'la circularité

RMSI2] 0,22
RMS(20) 0,7
AR} 0,37

Figure A.6: lllustration of the software used t@abze a shell
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+ Fitted thickness:

When a shell is analyzed, the software detectsdnéour points of the external and internal
walls of the shell. Then, the software draws tvitedi circles of the external and internal walls
and also gives a graphic of the thickness variatietween the fitted internal and external

circle (blue curve in Figure A.7). The fitted thiedss at a detection anglas calculated with
the following formula:

fitted thickness (a) = ‘\lll [Xfit”t[cc} — Xfit,, (o) )2 + [Yf'it”r[cc] — Yfitinr[cx])z

With Xfitex (o) and Yfitw (o) the Cartesian coordinates of the external fitedle at the

detection angle:. and Xfity; (o) and Yfity (o) the Cartesian coordinates of the internal fitted
circle at the detection angle

thicknessvariation of the real points

Ecarts Inter/Exter

117~
116=. %
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l‘ é; EI "

thickness variation of the fitted points

Figure A.7: Curves of the thickness variation @& thal points (white dots) and of the fitted
points (blue curve)

* Real thickness:

The software also gives a graphic of the thicknessation between the real internal and

external circle (white dots in Figure A.7). The Ir¢laickness at a detection angieis
calculated with the following formula:

real thickness (@) = [(Xuxe(e) = Xine (@) + (Vare (@) = ¥ire(@))’

With Xex: (o) and Yex: (o) the Cartesian coordinates of the detected eXteralfof the shell at

the detection angle and X (o) and Y (o) the Cartesian coordinates of the detected interna
wall of the shell at the detection angle
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+ Non-concentricity:

The non-concentricity calculated by the softwarthespeak to peak amplitude of the curve of
the thickness variation between the fitted interawadl external circle (blue curve in Figure
A.7), divided by the average wall thickness:

c— A fitted wall thicknezs
average thickness

» Sphericity:

A graphic of the variation of the sphericity dewatfor the internal (pink dots in Figure A.8)
and external (green line in Figure A.8) walls isoapresented. The sphericity deviation at a
detection angle is the difference between the detected wall arditted circle at this angle.
The external and internal sphericity deviationscaleulated with the following formulas:

external sphericity deviation (o) = wll (Xfit e (@) — Xuge '[r:r::]-)2 + (YFit e () — lr’m{rx}):

internal sphericity deviation (a) = ﬂ‘ll (Xfitie (@) — Xinela))™ + (¥fit ne (@) — Vine(a))

]

Thus, the sphericity calculated by the softwarthéspeak to peak amplitude of the curve of

the external sphericity deviation (green line igl¥e A.8), divided by the external diameter:

A external sphericity deviation

hericity = 100—
P - external diameter

sphericity deviation of the internal wall

‘?d;O

sphericity deviation of the external wall

Figure A.8: Curves of the sphericity deviation fioe internal wall (pink dots) and for the
external wall (green curve)
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A. 9. Scanning electron microscope

The scanning electron microscope (SEM) used islLi® 1225 from Gemini. Shells to
analyze are cut in half and the pieces are stucgptximen stubs with argent glue. The
samples are coated with an ultrathin coating ofd dgoéfore use by low vacuum sputter

coating. Images are realized with the detectioseagbndary electron at 3kV.
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