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RESUME 

Les phyllosilicates ou silicates lamellaires se composent de feuillets dont les 

dimensions nanometriques leur conferent des proprietes colloi'dales. L'etat de 

dispersion des nano-feuillets en suspension est alors gouverne par des forces colloi'dales 

repulsives et attractives susceptibles de creer des structures multi-echelles. En milieu 

non-aqueux, la connaissance de la nature des structures en presence et de leur evolution 

sous ecoulement suscite un interet grandissant depuis l'avenement des nanocomposites. 

L'objectif principal de cette etude a ete de relier les proprietes viscoelastiques lineaires 

et non lineaires de suspensions non-aqueuses de phyllosilicate a leurs proprietes 

structurales. II fut pose suite a la premiere observation realisee au debut de cette etude. 

Contre toute attente, il a ete constate que les proprietes viscoelastiques lineaires et non 

lineaires des suspensions non-aqueuses de phyllosilicate dependent fortement de 

l'histoire d'ecoulement. Des techniques experimentales inusitees ont alors ete 

employees pour caracteriser l'etat de dispersion des feuillets. L'etat d'orientation du 

phyllosilicate a ete quantifie par des mesures de dichroi'sme, et grace a une nouvelle 

methode non destructive reposant sur l'ecoulement oscillatoire lineaire etendu en deux 

dimensions (2D-DAOS). La distribution spatiale a l'echelle microscopique du 

phyllosilicate a ete suivie dans l'espace reciproque avec la diffusion de lumiere en deux 

dimensions, et observee directement avec la microscopie confocale a balayage laser. 

La premiere contribution notoire apportee par ces techniques est d'avoir revele la 

nature microscopique et auto-similaire des structures des suspensions non-aqueuses de 



ix 

phyllosilicate. La microscopie confocale a balayage laser a permis d'observer 

directement les microstructures et de confirmer leur nature fractale par la mesure de 

leur distance caracteristique a differentes fractions volumiques. Le comportement 

pseudo-solide des proprietes viscoelastiques lineaires de ces suspensions a done ete 

attribue a la presence d'un reseau d'agregats de feuillets de nature fractale en masse. 

Sous ecoulement, le comportement rheofluidifiant de ces suspensions s'explique 

principalement par revolution de la taille caracteristique de leur microstructure. Elle 

diminue avec la vitesse de cisaillement d'une haute a une faible valeur plateau. Cette 

evolution structurelle est attribute a une agregation reversible induite par ecoulement. 

Elle s'accompagne d'une orientation progressive de leur microstructure dans le plan de 

vorticite selon la direction d'ecoulement. Une fois le plateau de viscosite atteint, 

1'evolution de la distribution spatiale des agregats s'accompagne d'une augmentation 

de 1'anisotropic dans le plan du gradient de cisaillement. 

Suite a un pre-cisaillement, 1'absence de relaxation de 1'anisotropic induite par 

ecoulement est explicitement montree avec des mesures de 2D-SAOS, tandis 

qu'aucune relaxation structurelle a l'echelle microscopique n'a ete observee en 

microscopie confocale a balayage laser. Le comportement thixotrope de ces 

suspensions implique alors des rearrangements limites a l'echelle nanoscopique. Les 

microstructures sous ecoulement persistent done au repos sous la forme de 

microstructures metastables. Ces etudes ont permis d'eclaircir l'effet de l'histoire 

d'ecoulement sur les proprietes viscoelastiques lineaires et non lineaires de ces 

suspensions. 
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ABSTRACT 

Phyllosilicates or layered silicates consist of individual layers with nanometric 

dimensions. In static fluids without external forces, attractive and repulsive colloidal 

forces acting between the colloidal layers lead to their self-organization on multiple 

length scales. Under flow, a wide range of complex rheological behaviors, including 

shear-thinning behavior and transition from fluid-like to solid-like behavior leading to 

thixotropic phenomena, is expected from structural evolution. Recently, layered 

silicates have attracted great interest as nanoscale fillers for reinforcement of polymers 

(PNCs) motivating the investigation of the structural properties of non-aqueous layered 

silicate suspensions. 

At the origin of this study, the linear and nonlinear viscoelastic properties of non­

aqueous layered silicate suspensions were observed to depend on flow history. Hence, 

the ultimate aim of this work was to establish relationships between their rheological 

behavior and their structural properties. The picture of their inner structure has been 

achieved using a combination of light scattering techniques and advanced rheometric 

and microscopy measurements. The flow-induced orientation of the phyllosilicate has 

been quantified optically using linear dichroism measurements, and mechanically using 

a newly developed non-destructive method based on two-dimensional small amplitude 

oscillatory shear flow (2D-SAOS). The spatial distribution at the microscopic scale of 

the phyllosilicate has been inferred from small angle light scattering (SALS) patterns 

and directly observed using confocal laser microscopy (CLSM). 
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The combination of these techniques allowed highlighting the microscopic and self-

similar nature of non-aqueous phyllosilicate suspensions. The solid-like properties of 

these suspensions were consequently ascribed to the presence of space-filling networks 

made of mass fractal clusters. Under flow, the shear-thinning behavior of these 

suspensions was explained by the shear rate dependency of the microstructure 

characteristic length scale. By increasing the shearing amplitude, the characteristic 

length scale of the non-equilibrium microstructures was shown to decrease from high to 

low plateau values. This structural evolution with the shearing amplitude was attributed 

to a reversible shear-induced aggregation. Limited structural orientational changes were 

also observed in the vorticity plane with anisotropy and orientation that developed in 

the same range of shear rate as the shear-thinning behavior of the suspensions. Upon 

cessation of flow, the lack of orientational recovery was explicitly shown with the 2D-

SAOS experiments, while the lack of structural recovery at the micro-scale was 

observed in CLSM. The thixotropic behavior of these suspensions is therefore due to 

local rearrangements at the nano-scale. The non-equilibrium structures were actually 

shown to persist upon cessation of flow leading to different metastable structures. This 

work has allowed us to elucidate the effect of the flow history on the linear and 

nonlinear viscoelastic properties of these suspensions. 
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CHAPITRE 1 - CONCEPTS ET REVUE DE LA LITTERATURE 

1.1. Introduction et objectif de l'etude 

Les phyllosilicates ou silicates lamellaires sont formes de feuillets d'argile d'une 

epaisseur de l'ordre du nanometre (Grim 1968, Rossman et Carel 2002). Us sont 

couramment utilises comme additifs lors de la formulation de nombreuses suspensions 

industrielles, telles que les produits ceramiques, les peintures, les encres, les emulsions, 

et les fluides de forage (Jones 1983, Patel et al. 2006). lis represented un element-cle 

dans le controle de leur comportement rheologique en leur conferant, entre autres, un 

caractere thixotrope accompagne d'un seuil de contrainte. 

Plus recemment, leur potentiel en tant que charge pour la preparation de nano-

composites de polymeres a suscite un interet considerable depuis qu'Okada et al. 

(1997) leurs ont attribue des proprietes remarquables comparees a celles des macro-

composites de polymeres conventionnels. Les nano-composites contenant de faibles 

fractions massiques de phyllosilicates (< 5 wt. %) se distinguent de leur matrice de 

polymere par une amelioration de la plupart de leurs proprietes telles que leurs 

resistances mecaniques, aux solvants, aux chocs thermiques, au feu, ainsi que des 

proprietes barrieres ameliorees, et une plus grande stabilite dimensionnelle (Ray et 

Okamoto 2003). 

Les proprietes des suspensions et des nanocomposites de phyllosilicates sont 

intimement liees a l'etat de dispersion de leurs feuillets. En milieu non-aqueux, la 
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dispersion des feuillets sous-entend une modification organophile de leur surface 

naturellement hydrophile. Selon l'affinite entre la matrice et le phyllosilicate qui en 

resulte, trois echelles de dispersion sont communement distinguees. L'absence 

d'interactions favorables entre la matrice et le phyllosilicate se traduit par la presence 

d'agglomerats a l'echelle macroscopique. Une diffusion limitee de la matrice entre les 

feuillets preserve leur cohesion a l'echelle d'une dizaine de feuillets. Finalement, une 

dispersion a l'echelle nanoscopique est atteinte lorsque la diffusion de la matrice est 

telle, que les nano-feuillets sont exfolies, c.-a-d. disperses individuellement. Les 

proprietes les plus remarquables sont attendues lors de 1'exfoliation qui maximise les 

surfaces interfaciales. L'interpretation des proprietes des suspensions et des 

nanocomposites de phyllosilicates reposent le plus souvent sur cette seule description 

de l'etat de dispersion qui se limite a considerer la seule distance moyenne entre les 

feuillets. Une representation complete de l'etat de dispersion des feuillets doit inclure 

leur distribution spatiale et d'orientation. Afin d'apprehender leur eventuelle 

organisation multi-echelle, elle doit etre etendue de l'echelle nanoscopique a l'echelle 

macroscopique, et ainsi aboutir a une description fidele de la structure formee par les 

nano-feuillets argileux. 

L'objectif principal de ce travail a ete de correler le comportement rheologique de 

suspensions non-aqueuses de phyllosilicates a l'etat de dispersion de leurs feuillets. 

Dans un premier temps, l'etude minutieuse de leurs proprietes viscoelastiques lineaires 

et non-lineaires a permis de mettre en evidence le role crucial joue par l'histoire 

d'ecoulement sur l'etat de dispersion des feuillets. Suite a un ecoulement de 
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cisaillement, il est montre que les suspensions non-aqueuses de phyllosilicates 

atteignent differentes structures metastables selon 1'amplitude du pre-cisaillement. La 

nature et l'origine des structures metastables sont ensuite etablies grace a des 

techniques inedites de mesure de leur anisotropie et de la distribution spatiale de leurs 

feuillets. 

Dans ce premier chapitre, la structure cristallographique et les proprietes des 

phyllosilicates sont tout d'abord presentees. Elles permettront de mieux distinguer leurs 

specificites et d'apprehender la problematique de leur dispersion en milieu non-aqueux. 

Une vue d'ensemble des connaissances actuelles du comportement rheologique des 

suspensions non-aqueuses de phyllosilicates est ensuite donnee afin d'appuyer la 

pertinence des travaux engages. lis sont presentes sous la forme de trois articles (en 

anglais). Le premier article dresse le portrait rheologique d'une suspension non-

aqueuse et non-polaire de phyllosilicate organophile. H met en evidence le role 

primordial joue par l'histoire d'ecoulement sur les proprietes viscoelastiques lineaires 

et non lineaires. Le second et le troisieme articles s'attachent ensuite a etablir l'origine 

de l'influence de l'histoire d'ecoulement en reliant les proprietes rheologiques de 

suspensions de phyllosilicate a leurs proprietes structurales. 

1.2. Structures et proprietes des phyllosilicates 

Les phyllosilicates privilegies pour la realisation de suspensions et de nanocomposites 

appartiennent au groupe des smectites. La montmorillonite, l'hectorite et la saponite 

sont les smectites les plus couramment employees. L'attrait de ces phyllosilicates 
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reside dans leur aptitude au gonflement, c.-a-d. a la separation des feuillets, conferee 

par leur structure cristallographique. La structure et les proprietes de cette famille de 

mineraux sont presentees par la suite. 

1.2.1. Structures cristallographiques 

Comme le nom l'indique, les phyllosilicates (du grec, phyllon, une feuille) ou silicates 

lamellaires sont des silicates dont leurs motifs elementaires tetraedriques [SiOJ4-

(Figure 1.1a) forment des feuillets elementaires [Si20s]2" (Figure 1.2). Ces feuillets 

elementaires tetraedriques se condensent avec des octaedres d'oxydes metalliques 

(Figure Lib) et forment ainsi des feuillets dans un rapport 1:1, c.-a-d. un feuillet 

elementaire de tetraedres de silice condense avec un feuillet elementaire d'octaedres 

d'oxyde metallique, 2:1 ou 2:1:1, c.-a-d. un feuillet elementaire octaedrique adjacent a 

un feuillet 2:1 (Figure 1.3) (Grim 1968, Rossman et Card 2002). Lors de ces 

condensations, les atomes d'oxygenes octaedriques non partages avec les feuillets 

elementaires tetraedriques deviennent des groupes hydroxyles. Ces atomes ont en effet 

pour seuls ligands les cations octaedriques qui ne les equilibrent pas. lis ont alors en 

moyenne une deficience en charge d'un electron qui se voit compenser avec l'atome 

d'hydrogene. Les phyllosilicates 1:1 ont done a la surface d'une des deux faces de leurs 

feuillets des groupes hydroxyles. Ces groupes hydroxyles vont lier fortement les 

feuillets 1:1 entre eux via des liaisons hydrogenes avec les atomes d'oxygenes des 

feuillets elementaires tetraedriques d'une face adjacente. 
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Les phyllosilicates 1:1 et 2:1 se distinguent par l'occupation de leurs sites octaedriques. 

Contrairement aux sites tetraedriques, tous les sites octaedriques ne sont pas forcement 

occupes. Les phyllosilicates sont dits dioctaedriques lorsque deux de leurs sites 

octaedriques sur trois sont occupes et trioctaedriques lorsque tous leurs sites sont 

occupes. Les phyllosilicates 2:1:1 ne presentent pas cette particularite. Les cations 

presents dans les sites octaedriques comme ceux des sites tetraedriques donnent lieu a 

des substitutions isomorphes. Les atomes de silicium des couches tetraedriques peuvent 

etre remplaces par exemple par des ions Al3+. De la meme fa^on, les atomes 

metalliques des couches octaedriques peuvent etre remplaces par des ions de valence 

inferieure. II en resulte pour les phyllosilicates 2:1 un deficit de charge compense par la 

presence entre les feuillets de cations, c.-a-d. d'ions compensateurs, qui permettent de 

contrebalancer la charge negative des feuillets. Les ions compensateurs de ces 

phyllosilicates possedant leur substitution isomorphe dans la couche octaedrique sont 

moins fortement lies aux feuillets et plus facilement hydratables. L'effet du deficit de 

charge est en effet ecrante par la couche tetraedrique, ce qui confere a ces 

phyllosilicates des interactions interfoliaires plus faibles. Les substitutions isomorphes 

se produisant dans les phyllosilicates 1:1 ne donnent quant a eux pas de deficit de 

charge. Aucun ion compensateur ne vient alors separer les feuillets fortement lies par 

des liaisons hydrogenes. Seuls les phyllosilicates 2:1 vont alors etre en mesure de 

presenter des proprietes de gonflement. 



\ 
(a) 

V 
(b) 

Figure 1.1 : Tetraedre (a) et octaedre (b) et leur arrangement atomique correspondant a 

la base de la structure des silicates (Rossman et Carel 2002). 

(Si2Os)
s 

Figure 1.2 : Structure hexagonale en feuillet elementaire des phyllosilicates (Rossman 

et Carel 2002). 
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Figure 1.3 : Vues laterales des structures majeures des phyllosilicates : 1:1 (a), 2:1 (b), 

2:1:1 (c); Les cercles representent la position des groupes hydroxyles (Rossman et 

Carel 2002). 

Le Tableau 1.1 (Le Pluart 2002) presente une synthese appliquee aux phyllosilicates 

2:1 des classifications proposees par le comite international de Classification et de 

Nomenclature des Mineraux argileux en 1966 et par Mering et Pedro (1969). Elles 

reposent sur la structure du feuillet, la charge du feuillet, le nombre d'atomes 

metalliques en couche octaedrique, la localisation des substitutions et le type de cations 

compensateurs. II apparait que les proprietes, c.-a-d. la charge des feuillets et la 

localisation des substitutions, de la montmorillonite et de l'hectorite, qui appartiennent 

au groupe des smectites, sont telles qu'ils possedent les proprietes de gonflement les 

plus interessantes de tous les mineraux de la famille des phyllosilicates. L'emploi de 

ces smectites est done privilegie pour la realisation de suspensions et de 

nanocomposites. 

A noter que dans la litterature la plus ancienne, le terme montmorillonite est 

frequemment utilise comme nom de groupe pour tous les phyllosilicates 2:1 qui 

possedent une aptitude au gonflement. Actuellement, le terme smectite est le nom du 

groupe et la montmorillonite designe un mineral qui en fait parti. De plus, pour eviter 

toute confusion, la plupart des mineraux doivent etre designes non seulement par leur 

nom, mais aussi par leur composition chimique. Par exemple, la montmorillonite peut 

avoir pour composition les formules suivantes: [SiOioAl3+(2-X)Mg2+
x(OH)2] ou 
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[SiOioAl (2-X)Ca x(OH)2] du fait de substitutions isomorphes avec des cations 

compensateurs differents dans la couche d'oxyde d'aluminium. 

1.2.2. Microstructure 

La texture et la morphologie des smectites ne sont pas uniformes. La montmorillonite 

se presente sous la forme de particules souples, anisotropes, d'une longueur comprise 

entre 320 et 400 nm (Cadene et al. 2005) alors que les dimensions des particules de 

saponite n'excedent par les 60 nm. lis ont tous la particularite de presenter differents 

niveaux d'organisation selon l'echelle d'observation (Figure 1.4). 

Le feuillet La particule primaire L'agregat 

0,1 a 10 urn 
1 nm 

8 a 10 

Figure 1.4 : Structures multi-echelles de la montmorillonite. 

A la plus petite echelle, on distingue le feuillet tel que defini au paragraphe 1.2.1 d'une 

epaisseur de l'ordre du nanometre. Une dizaine de feuillets empiles les uns sur les 

autres composent une particule primaire. Les feuillets d'une particule primaire sont 

maintenus entre eux par les forces electrostatiques attractives qu'ils developpent avec 

leurs ions compensateurs. La distance entre les surfaces en regard de deux feuillets est 

appelee distance interfoliaire. A noter que 1'arrangement global des feuillets, au sein 

d'une particule primaire de montmorillonite, est particulier. II est dit turbostratique car 
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il presente un desordre dans le plan parallele aux surfaces principales des feuillets. Ce 

desordre est du aux substitutions isomorphes de type dioctaedrique de la 

montmorillonite (Tableau 1.1). Cette localisation des substitutions empeche en effet les 

cavites hexagonales (Figure 1.2) de deux feuillets adjacents de se superposer. Plus 

generalement, les smectites, et tout particulierement la montmorillonite, et les 

vermiculites ne presentent pas une structure cristallographique bien ordonnee dans les 

trois directions contrairement aux micas, talc et pyrophilite. Finalement, un ensemble 

de particules primaires orientees dans toutes les directions forment un agregat de taille 

variant de 0,1 a 10 microns. 
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1.2.3. Synthese 

Les phyllosilicates se distinguent par leur structure cristallographique en feuillets d'une 

epaisseur de l'ordre du nanometre. Grace aux faibles charges de leurs feuillets et a la 

localisation interne de leurs substitutions isomorphes, les feuillets des phyllosilicates 

appartenant a la famille des smectites sont separes par des cations compensateurs 

permettent leur dispersion individuelle en milieu aqueux. La presence de groupes 

hydroxyles au sein de leurs feuillets confere en effet a leur surface une nature 

hydrophile. 

Les pre-requis a l'exfoliation en milieu non-aqueux des phyllosilicates sont presentes et 

justifies d'un point de vu thermodynamique a la section suivante. 

1.3. Dispersion des phyllosilicates en milieu organique 

L'idee fondamentale pour l'exfoliation des phyllosilicates en milieu non-aqueux repose 

sur 1'intercalation, c.-a-d. la diffusion, de la matrice entre les galeries interfoliaires. 

L'affinite entre la matrice et le phyllosilicate joue alors un role crucial. Elle est le plus 

souvent controlee grace a une modification organophile de la surface hydrophile des 

phyllosilicates. La methode la plus courante de modification organophile est ici decrite 

brievement et son role lors de l'exfoliation expliquee a partir du modele 

thermodynamique de Vaia et Giannelis (1997). 
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1.3.1. Modifications organophiles des phyllosilicates 

La methode de modification organophile des phyllosilicates la plus couramment mise 

en oeuvre est l'echange cationique. D'autres methodes originales ont ete developpees, 

comme le greffage d'organosilanes et l'utilisation d'ionomeres ou de copolymeres a 

bloc (Le Pluart 2002). 

L'echange cationique consiste a substituer les cations compensateurs des 

phyllosilicates par des cations porteurs d'une chaine alkyle. Les cations les plus 

frequemment utilises sont les ions alkylammonium. lis conferent non seulement un 

caractere organophile aux phyllosilicates, mais augmentent egalement leur distance 

interfoliaire entre 1 et 5 nm ce qui facilite 1'intercalation de la matrice organique 

(Lagaly 1986). De plus, ils peuvent fournir des groupes fonctionnels capables de reagir 

avec la matrice et meme d'initier la polymerisation d'un monomere intercale (Kojima 

et al. 1993). La longueur de la chaine carbonee, les groupements organiques ainsi que 

la taille et la forme de la tete polaire du cation porteur de la chaine alkyle, ont des 

influences non negligeables sur l'efficacite de l'echange, tout comme la nature du 

phyllosilicate. La quantite d'ions alkylammonium adsorbee augmente en effet avec la 

densite de charges du phyllosilicate (Tableau 1.1). Cependant dans le cas des micas, 

elle s'accompagne d'une forte interaction avec les feuillets et diminue par consequent 

leur aptitude a l'echange cationique. Un echange cationique trop important peut 

egalement etre contraignant pour la diffusion de la matrice comme c'est le cas avec les 

vermiculites. La diffusion du compose organique dans les galeries est en effet limitee 
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par un encombrement sterique trop important (Lan et al. 1995). Les smectites 

presenters encore le meilleur compromis et sont done les phyllosilicates de predilection 

pour la realisation de suspensions et de nanocomposites. Leur aptitude a l'echange 

cationique est quantified par leur capacite d'echange cationique (CEC). Elle designe le 

nombre de cations monovalents qu'il est possible de substituer aux cations 

compensateurs pour compenser la charge negative de 100 grammes d'argile. Elle 

s'exprime generalement en milliequivalents pour 100 gramme (meq/lOOg; 1 meq = 

96,5 Coulomb). 

1.3.2. Approche thermodynamique de l'intercalation 

Le modele thermodynamique de Vaia et Giannelis (1997) decrit l'intercalation des 

polymeres fondus entre les feuillets des phyllosilicates modifies avec des chaines 

aliphatiques et vise a predire si l'intercalation est envisageable, et le cas echeant si elle 

doit resulter ou non en leur exfoliation. II repose sur la thermodynamique statistique a 

l'image des travaux de Flory (1953) sur les melanges de polymeres. Selon ce modele, 

la variation entropique defavorable associee au confinement des chaines, et la variation 

enthalpique defavorable liee a la separation des feuillets sont en partie compensee par 

1'augmentation des arrangements conformationnels des chaines aliphatiques liee a 

l'augmentation de la distance interfoliaire induite par l'intercalation. La variation 

entropique favorable associee aux chaines aliphatiques augmente tant que la distance 

interfoliaire est inferieure a leur longueur. A noter que la contribution entropique 

defavorable liee au confinement de la matrice diminue avec son poids moleculaire pour 
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finalement etre negligeable dans le cas d'un solvant. Au-dela, la force motrice de 

1'intercalation est attendue de la part de variations enthalpiques. Pour des 

phyllosilicates modifies par des ions alkylammonium, une variation enthalpique 

favorable est accentuee en maximisant l'intensite et le nombre d'interactions entre la 

matrice organique et les chaines aliphatiques tout en minimisant les interactions non 

polaires entre la matrice et l'argile. Par ailleurs, des interactions favorables importantes 

entre la matrice et l'argile ou entre la matrice et les chaines aliphatiques peuvent 

conduire a ce que les chaines de la matrice lient les deux surfaces en regard de l'argile 

(Balazs et al. 1998, Balazs et al. 1999, Zhulina et al. 1999). Pour une telle situation, 

l'exfoliation n'est plus envisageable. 

1.3.3. Synthese 

L'exfoliation des phyllosilicates en milieu non-aqueux repose sur la diffusion de la 

matrice organique entre les galeries interfoliaires, et requiert alors une modification 

organophile de leur surface hydrophile. La modification organophile la plus courante 

repose sur la substitution des cations compensateurs de l'argile par des cations porteurs 

d'une chaine aliphatique telle que les ions alkylammonium. 

Selon le modele thermodynamique de Vaia et Giannelis (1997), le role joue par le 

modifiant organique lors de l'exfoliation de 1'argile est double. L'augmentation des 

arrangements conformationnels de ses chaines apporte dans un premier temps une 

contribution entropique favorable qui compense celle defavorable liee au confinement 

de la matrice, ainsi que celle enthalpique induite par la separation des feuillets. En 
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compatibilisant le polymere et l'argile, il assure egalement une variation enthalpique 

favorable a l'exfoliation. 

1.4. Comportement rheologique des suspensions non-aqueuses de 

phyllosilicates 

La connaissance du comportement rheologique des suspensions de phyllosilicates au 

regard de leur etat de dispersion est indispensable pour etablir leur domaine 

d'application. Elle est de meme primordiale dans le cas des nanocomposites 

polymere/phyllosilicate a l'etat fondu afin de maitriser leur mise en forme, et de-la 

leurs proprietes finales. L'expose suivant du comportement viscoelastique lineaire et 

non lineaire de ces systemes s'attache tout particulierement a relever l'expression de 

l'etat de dispersion de leurs feuillets. II presente les singularites observees a ce jour de 

leur comportement rheologique par rapport aux systemes composites macroscopiques. 

II reporte essentiellement les resultats rheologiques d'etudes sur les nanocomposites 

polymere/phyllosilicate a l'etat fondu. Un nombre restreint d'etudes du comportement 

rheologique des phyllosilicates organophiles en suspension dans un solvant organique a 

ete a ce jour publie (Jin et James 2006, King et al. 2007, Zhong et Wang 2003). 

La nature colloi'dales des phyllosilicates est tout d'abord discutee afin d'eclaircir les 

resultats rheologiques presentes. 
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1.4.1. Nature colloidale des phyllosilicates 

Les particules colloi'dales regroupent les particules dont leurs dimensions sont 

comprises entre le nanometre et le micrometre (van de Ven 1989). Les feuillets des 

phyllosilicates sont alors de nature colloidale de part leurs dimensions nanometriques. 

A ces echelles, la dispersion individuelle des particules s'accompagne de la creation de 

surfaces interfaciales considerables, et les particules se voient soumises a des forces 

negligeables aux echelles macroscopiques. Pour les phyllosilicates, leur exfoliation 

peut conduire a la creation de surfaces interfaciales de l'ordre des 700m2/cm3, au regard 

de celles creees par les macrocomposites traditionnels, de l'ordre du cm2/cm3 

(Krishnamoorti et Vaia 2002). En suspension dans un milieu non aqueux, l'etat de 

dispersion des feuillets a l'equilibre est gouverne par des forces attractives et repulsives 

telles que le forces Browniennes, les force d'attraction de Van der Waals, les forces de 

repulsion liees a leur volume exclu, et eventuellement des forces induites par la 

presence de polymeres. A noter que les forces repulsives electrostatiques sont 

negligeables en milieu non-aqueux. Les forces attractives de Van der Waals resultent 

d'interactions dipolaires et sont responsables de l'agregation des feuillets. Son 

potentiel, quantifie par la constante d'Hamaker, est de courte portee, et excede les 

forces Browniennes pour des distances interparticulaires de l'ordre du nanometre. Son 

amplitude depend en grande partie de la difference entre l'indice de refraction de la 

matrice et celui du phyllosilicate (Philipse et Vrij 1989). Le mouvement Brownien 

quant a lui tend a disperser aleatoirement les feuillets. II est quantifie par des 
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coefficients de diffusion en rotation et en translation. Le coefficient de diffusion en 

rotation, Dr, se definit de la facon suivante : Dr = 3kBT/4r\d3 avec kB la constante de 

Bolztmann, T la temperature absolue, n la viscosite de la matrice, et d le diametre des 

feuillets. Finalement, le volume exclu important des feuillets des phyllosilicates 

restreint leur mobilite a des faibles fractions volumiques. Par exemple, la distance 

moyenne entre les feuillets assimiles a des disques de 1.2 nm d'epaisseur approche les 

30 nm a une fraction volumique de 4 % alors que leurs dimensions laterales est voisine 

de la centaine de nanometres. II peut alors conduire a la formation de mesophases, et 

plus particulierement de phases nematiques au-dela d'une concentration critique de 

phyllosilicate. Au-dela de cette concentration critique, les interactions entre les 

volumes exclus des feuillets leur imposent une orientation commune. 

Lyatskaya et Balazs (1998) ont modifie la theorie d'Onsager (1949) pour predire la 

formation de phases nematiques. lis ont ainsi adopte la forme generale de l'energie 

libre proposee par Onsager pour des batonnets en l'adaptant pour prendre en compte la 

geometrie en forme de disque des phyllosilicates. lis ont ainsi montre que les systemes 

composes de disques maintiennent leur orientation isotrope a des concentrations 

superieures que les systemes composes de batonnets et que l'etendue de cette phase 

isotrope diminue rapidement avec le rapport de forme des disques. Koo et al. (2002) 

ont bien observe experimentalement pour leur nanocomposites une transition d'une 

phase isotrope a une phase nematique au-dela d'une concentration volumique de 9 %. 

Ginzburg et Balazs (1999) ont etendu l'analyse de Lyatskaya et Balazs (1998) en 

considerant comme nouvelle variable d'etat la fonction de distribution de densite des 
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disques en plus de la fonction de distribution d'orientation. Elle leur a permis de decrire 

plus finement la formation des mesophases en distinguant les phases smectiques et 

cristallines qui en plus d'une orientation privilegiee des particules sous entendent un 

arrangement spatial. Ces phases supplementaires sont induites par l'anisotropie des 

interactions entre les particules qui est prise en compte dans leur modele. lis ajoutent 

egalement l'entropie en translation du polymere a l'expression de l'energie libre via 

l'expression donnee par Flory-Huggins. L'entropie conformationnelle du polymere fut 

ajoutee par la suite par les memes auteurs (Ginzburg et al. 2000). L'energie libre 

conformationnelle qui en resulte peut etre interpretee comme 1'interaction effective 

entre les particules d'argile. Les auteurs choisissent une approche numerique selon la 

methode du champ moyen autoconsistant (self-consistent field theory) pour la calculer. 

Elle leur permet de prendre en compte l'influence de la modification de l'argile via des 

chaines aliphatiques et de conjuguer a la fois les attentes a l'echelle nanoscopique, en 

distinguant une morphologie intercalee d'une morphologie exfoliee, et a l'echelle 

microscopique, en predisant les phases isotrope, nematique et smectique des 

nanocomposites. lis ont ainsi demontre les roles determinants joues par la longueur des 

chaines aliphatiques, et l'energie d'interaction entre le polymere et les chaines 

aliphatiques sur la morphologie finale du melange. L'attraction entre les particules 

d'argile diminue avec la longueur des chaines aliphatiques et une densite excessive de 

ces chaines peut empecher 1'intercalation du polymere. La prise en compte de la forte 

anisotropic des feuillets et de leurs interactions a permit a Balazs et al. (1998, 1999) 
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d'etablir des diagrammes de phases qui predisent la formation de phases nematiques et 

smectiques. 

Les modeles thermodynamiques precedents renseignent sur le comportement de phase 

a l'equilibre. lis ne peuvent predirent la formation de structures sous ecoulement et les 

structures metastables qui s'ensuivent au repos. Sous ecoulement, la competition entre 

les forces hydrodynamiques et les forces thermodynamiques dicte les structures hors 

equilibre (Russel 1987, Russel et al. 1989, van de Ven 1989), et ainsi le comportement 

rheologique de ces suspensions. Les proprietes viscoelastiques lineaires et non lineaires 

des suspensions de phyllosilicates sont passees en revue a la prochaine section. 

1.4.2. Proprietes viscoelastiques lineaires 

Le comportement viscoelastique lineaire d'un grand nombre de nanocomposites a base 

de polymeres fondus, incluant: poly(e-caprolactone) (PCL) (Di et al. 2003, Hoffmann 

et al. 2000b, Krishnamoorti et Giannelis 1997, 2001, Kwak et Oh 2003, Maiti 2003), 

polyamide (Fornes et al. 2002), polystyrene (PS) (Hoffmann et al. 2000a, Lim et Park 

2000, 2001, Meincke et al. 2003, Ren et al. 2003), copolymere polystyrene-

polyisoprene (Krishnamoorti et al. 2001, Mitchell et Krishnamoorti 2002, Ren et al. 

2000), polypropylene (PP) (Galgali et al. 2001, Koo et al. 2003, Li et al. 2003, 

Solomon et al. 2001), polyethylene (PE) (Wang et al. 2002) et poly(butylene succinate) 

(Ray et al. 2003), et de solvant organiques (King et al. 2007, Li et al. 2003, Zhong et 

Wang 2003) ont ete publies a ce jour. L'observation la plus remarquable de l'ensemble 

de ces etudes est la faible dependance en frequence de leurs modules viscoelastiques 
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aux faibles frequences. Ce comportement pseudo-solide fut reporte pour la premiere 

fois par Krishnamoorti et al. (1997) pour un nanocomposite exfolie 

PCL/montmorillonite. La transition d'un comportement liquide, c.-a-d. G'oo co2 et G" co 

to', vers un comportement solide, c.-a-d. G' et G" oo co°, est observee a des fractions 

volumiques de silicate lamellaire faibles inferieures a 5 % (Koo et al. 2003, 

Krishnamoorti et Giannelis 1997, Li et al. 2003, Lim et Park 2001, Meincke et al. 

2003, Ren et al. 2000). Elle debute pour le module elastique a la meme frequence 

quelque soit la concentration de silicate lamellaire, tandis que pour le module visqueux, 

elle debute a des frequences qui augmentent avec la concentration (Aubry et al. 2005, 

Ayyer et Leonov 2004). Le comportement pseudo-solide est exhibe a la fois par des 

suspensions supposees exfoliees (Hoffmann et al. 2000a, Koo et al. 2003, 

Krishnamoorti et Giannelis 1997, Li et al. 2003, Lim et Park 2001, Meincke et al. 

2003, Wang et al. 2002) et intercalees (Galgali et al. 2001, Lim et Park 2001, Ren et al. 

2000, Solomon et al. 2001). II semble pour les nanocomposites intercales d'autant plus 

prononce que l'affinite entre le polymere et l'argile est grande. Lim et al. (2001) ont en 

effet mesure un comportement pseudo-solide aux faibles frequences plus marque pour 

leurs nanocomposites a base d'un copolymere aleatoire polystyrene/anhydride 

maleique que pour leurs nanocomposites a base d'un simple polystyrene. Cependant, 

bien que 1'intercalation de leurs deux nanocomposites soit similaire selon leurs cliches 

de diffraction des rayons X, une telle conclusion doit etre relativisee sachant qu'une 

dispersion plus homogene de l'argile est observee par microscopie electronique en 

transmission pour leur nanocomposite a base de leur copolymere. 
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Une hypothese avancee pour expliquer ce comportement pseudo-solide dans le cas des 

nanocomposites repose sur le confinement des chaines polymeriques. La viscosite d'un 

polymere augmente en effet avec son confinement qui limite la mobilite de ses chaines. 

L'indifference de l'energie d'activation des nanocomposites avec la fraction volumique 

d'argile suggere d'ecarter cette premiere hypothese (Galgali et al. 2001, Kotsilkova 

2002, Krishnamoorti et Giannelis 1997, Meincke et al. 2003, Ren et al. 2000, Solomon 

et al. 2001). Si le comportement pseudo-solide tenait de l'expression du confinement 

des chaines polymeriques, l'energie d'activation devrait croitre avec la fraction 

volumique d'argile. Le comportement pseudo-solide est le plus souvent attribue a la 

percolation des feuillets et de leurs agregats. La faible concentration volumique de 

phyllosilicates (~ 1,5 vol. % avec de la MMT (Aubry et al. 2005)) requise pour 

atteindre le seuil de percolation au regard de celle requise pour un systeme charge de 

spheres (~ 30 vol. % (Isichenko 1992)) s'explique par la forte anisotropic des particules 

qui limite leur rotation et la dissipation des contraintes. Lim et al. (2001) rappellent en 

effet que les suspensions de phyllosilicates atteignent le regime de concentration 

concentre a de faibles fractions volumiques d'argile, en raison du rapport de forme 

eleve des feuillets. Wang et al. (2002) illustrent l'importance de ce rapport de forme en 

observant qu'a la meme fraction volumique, le comportement pseudo-solide s'accentue 

avec leur rapport de forme. lis ont realise pour cela deux nanocomposites composes 

d'un meme polymere (polyethylene maleique) auquel est ajoute pour le premier de la 

montmorillonite d'un rapport de forme compris entre 100 et 200 et de la laponite d'un 

rapport de forme compris entre 20 et 30 pour le second; les deux argiles sont tous deux 
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modifies de la meme facon avec des ions alkylammonium. Leurs resultats s'accordent 

avec ceux obtenus de la meme fagon par Mitchell et Krishnamoorti (2002) pour leurs 

nanocomposites composes d'un copolymere a bloc polystyrene - polyisoprene. Ren et 

at (2000) confirment l'hypothese d'un reseau percole en estimant le seuil de 

percolation de leur nanocomposite. A partir de considerations volumiques, ils relient la 

fraction volumique au seuil de percolation, Wper, avec le nombre moyen de feuillets par 

particule primaire, nper de la fa?on suivante : 

nPer ~ 3 * 
w, perPp 

Wp e rPp+(l-Wp e rp s)J r 1 (i-i) 

Avec pp, ps la densite du polymere et de l'argile, respectivement, Rh le rayon du volume 

hydrodynamique des feuillets et ha leur epaisseur. lis obtiennent une bonne correlation 

entre leur prediction et leur resultat experimental. Tout recemment, Aubry et at (2005) 

ont demontre que l'energie, E, necessaire pour briser le reseau des particules d'argile 

est independante de leur concentration. Ils definissent cette energie de la fagon 

suivante : 

rY° E = S; TdY = l/2Go(y0)2 (1.2) 

Avec G'o le module elastique aux faibles frequences et y° la deformation a laquelle 

debute la zone non lineaire. Un tel comportement suggere selon eux que le 

comportement pseudo-solide des nanocomposites n'est pas lie a la presence 

individuelle des particules d'argile, mais davantage a leur presence sous forme de 

domaines dont leur taille caracteristique est independante de la concentration d'argile. 
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Selon les etudes de diffusion des rayons X aux petits angles de Bafna et al. (2003), de 

Galgali et al. (2004), de Kojima et al. (1994, 1995), de Lele et al. (2002), de Medellin-

Rodriguez et al. (2001) et de Varlot et al. (2001), les feuillets d'argile s'orientent lors 

d'un ecoulement de cisaillement selon la direction de l'ecoulement avec leur surface 

principale normale au gradient de cisaillement. Leurs proprietes viscoelastiques 

lineaires apres pre-cisaillement sont significativement plus faibles (a toutes les 

frequences) que celles mesurees avant pre-cisaillement (Koo et al. 2003, Li et al. 

2003). De la meme fagon, l'application d'un cisaillement oscillatoire de grande 

amplitude (LAOS) affaiblit les proprietes viscoelastiques lineaires subsequentes 

(Krishnamoorti et Giannelis 1997, Lim et Park 2001, Ren et al. 2003, Ren et 

Krishnamoorti 2003, Ren et al. 2000). L'aptitude d'un LAOS a orienter les feuillets 

d'argile, comme observe pour les copolymeres a blocs (Gupta et al. 1996), a ete 

confirme aux faibles echelles par Ren et al. (2003) et Koo et al. (2003) par des mesures 

de rayons X. 

Suite a un cisaillement oscillatoire de grande amplitude, Ren et al. (2003) ont observe 

pour leurs nanocomposites a base de polystyrene et de poly(isobutylene-co-/?-

methylstyrene) une augmentation logarithmique dans le temps du module elastique. Us 

l'attribuent a la perte de 1'orientation induite lors du pre-cisaillement oscillatoire. La 

cinetique est montree independante de la temperature, de la dimension des particules, 

de la viscosite et du poids moleculaire du polymere. lis excluent alors le mouvement 

Brownien du processus suppose de disorientation bien que l'echelle de temps donnee 

par le coefficient de diffusion en rotation pour leurs feuillets de phyllosilicate soit 
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comparable a celles de leurs mesures. Solomon et al. (2001) ont reporte la perte 

d'orientation pour leurs nanocomposites a base de polypropylene apres un pre-

cisaillement en utilisant la diffraction des rayons X. Le temps de relaxation donne par 

la diffraction des rayons X s'est revele beaucoup plus rapide que celui attendu par le 

seul mouvement Brownien (l/Dr). lis suggerent alors que la rapide relaxation de 

l'orientation des feuillets est induite par la relaxation des chaines de polymere. Cette 

hypothese fut rejetee par Lele et al. (2002) qui observerent un temps de relaxation 

diminuant avec l'ajout d'un compatibilisant. 

1.4.3. Proprietes viscoelastiques non lineaires 

a) Regime dynamique 

Le comportement non lineaire des nanocomposites est observe a de faibles 

deformations comme l'illustrent Krishnamoorti et al. (2001) pour leurs nanocomposites 

polystyrene/polyisoprene. La zone lineaire restreinte des nanocomposites par rapport a 

leur matrice seule temoigne de revolution sous deformation de la structure formee par 

les feuillets. 

Tanoue et al. (2004) ont analyse la reponse en oscillation de leurs nanocomposites au-

dela de leur zone lineaire. lis ont pour cela applique les developpements recents 

proposes par Wilhem (1998, 1999, 2002) au niveau de la rheologie par transformee de 

Fourier. Elle permet de quantifier la reponse non lineaire d'un materiau soumis a un 

cisaillement oscillatoire de grande amplitude et repose sur 1'analyse des harmoniques 

du signal du couple du rheometre. lis ont ainsi suivi revolution de 1'amplitude de la 
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troisieme harmonique en fonction de 1'amplitude de deformation pour leur 

nanocomposite a base de polystyrene. 

b) Regime permanent 

La viscosite en cisaillement permanent des nanocomposites diverge de celle de leur 

matrice en exhibant un seuil de contrainte (Krishnamoorti et al. 2001, Lim et al. 2003, 

Ren et Krishnamoorti 2003, Solomon et al. 2001). Wagener et al. (2003) clament que 

le degre d'exfoliation d'un nanocomposite est quantifiable a partir de la seule 

observation de sa viscosite aux faibles taux de cisaillement. L'absence de 1'aspect 

quantitatif de leur etude invite a moderer cette affirmation tout comme 1'absence de 

travaux dedies a 1'etude de 1'influence de 1'interface matrice/argile sur le comportement 

rheologique de ces suspensions. Aux plus hauts taux de cisaillement, la tendance 

inverse est observee : la viscosite des nanocomposites de phyllosilicates se confond 

avec celle du polymere en suivant son comportement rheofluidifiant. Un tel 

comportement s'accorde avec les etudes sur 1'orientation des particules d'argile 

decrites precedemment. II suggere en effet que les feuillets s'orientent fortement selon 

l'ecoulement laissant le comportement du polymere dominer la rheologie du 

nanocomposite. 

Les observations de viscosite en cisaillement permanent rejoignent celles faites en 

regime dynamique. Cependant, le principe de Cox-Merz, selon laquelle la viscosite 

complexe equivaut a la viscosite en regime permanent pour une frequence egale, ne 

s'applique pas aux nanocomposites (Krishnamoorti et Giannelis 2001, Ren et 
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Krishnamoorti 2003). Cet echec doit vraisemblablement s'expliquer par la difference 

de l'etat de dispersion des feuillets lors de ces deux regimes d'ecoulement. 

c) Regime transitoire 

Solomon et al. (2001, PP/PP-g-MAH/MMT), Li et al. (2003, PP/ PP-g-MAH/MMT), 

Lee et Han (2003, PC/MMT), et Letwimolnum et al. (2007, PP/PP-g-MAH/MMT) 

s'interessent au comportement transitoire sous cisaillement des nanocomposites en vu 

de suivre 1'evolution de leur microstructure et de leur relaxation. Us appliquent pour 

cela des demarrages a differentes vitesses imposees a leurs nanocomposites. Solomon 

et al. (2001) appliquent egalement un second demarrage dans le sens de rotation 

contraire au premier apres differents temps de repos. 

Le pic de contrainte mesure lors du premier demarrage est attribue a 1'evolution 

d'orientation de la structure d'argile. II croit avec la vitesse de demarrage (Li et al. 

2003, Solomon et al. 2001) et le degre d'exfoliation (Lee et Han 2003) tandis que sa 

position en terme de deformation reste constante (Li et al. 2003, Solomon et al. 2001). 

Une tendance inverse avec le taux de cisaillement fut observee par Sepehr et al. (2004) 

pour leur suspension de fibres de verre courtes dans du polybutene (fluide newtonien 

inelastique) et dans un fluide de Boger (fluide newtonien elastique). L'amplitude du 

second pic observe lors du second demarrage augmente quant a lui avec le temps de 

repos (Lee et Han 2003, Li et al. 2003, Solomon et al. 2001) revelant que la structure 

d'argile evolue apres l'arret d'un pre-cisaillement comme mentionne precedemment par 

l'etude de Ren et al. (2003). II augmente de plus lineairement avec la concentration 
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d'argile (Solomon et al. 2001). Lee et Han (2003) n'observent pas cependant pour leurs 

nanocomposites intercales a base de polycarbonate et d'argile non modifiee une 

dependance de 1'amplitude du second pic avec le temps de repos. Le temps 

caracteristique du mouvement Brownien est estime par Solomon et al. (2001) pour 

leurs systemes a plus de 2000 s. II ne permet pas selon eux d'expliquer la 

disorientation de la structure d'argile qui intervient lors de leurs mesures a des temps 

inferieurs. lis retiennent alors l'interaction entre les nano-feuillets comme force motrice 

pour leur disorientation. Tout recemment, des premiers travaux cherchant a modeliser 

le comportement transitoire ont ete menes par Letwimolnum et al. (2007) et Eslami et 

al. (2007).s 

La viscosite elongationnelle transitoire de nanocomposites, telle que mesuree par un 

rheometre elongationnel similaire a celui developpe par Meissner (Meissner et 

Hostettler 1992) (RME de Rheometric Scientific: £ = [10~3,1] s"1), suit un 

comportement de rheo-durcissement (Kim et al. 2004, Okamoto et al. 2001, Seong et 

Youn 2004). II debute a une deformation qui augmente avec le taux de deformation 

contrairement aux homopolymeres (Okamoto et al. 2001) et depend de la morphologie 

du nanocomposite. A une meme concentration d'argile, un tel comportement est plus 

prononce pour les nanocomposites supposes exfolies (Kim et al. 2004, Seong et Youn 

2004). L'interface entre le polymere et l'argile qui augmente avec le degre 

d'exfoliation est tenue responsable par Kim et al. (2004) du comportement 

rheopexique. Us soulignent que l'etat d'orientation de l'argile semble jouer qu'un faible 
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role dans le mecanisme rheopexique. Us l'observent en effet tout comme Okamoto et 

al. (2001) avant que l'orientation des particules d'argile ne soit bien definie. 

Finalement, la regie de Trouton n'est pas respectee. Pour un nanocomposite 

compatibilise a base d'un polypropylene et de 4 wt. % d'argile, la viscosite 

elongationnelle transitoire est quelque soit la deformation atteinte plus de dix fois 

superieure a son homologue en cisaillement (Okamoto et al. 2001). 

1.4.4. Synthese 

Les suspensions et nanocomposites de phyllosilicate exhibent une transition d'un 

comportement liquide a un comportement solide a des fractions volumiques faibles, 

inferieures a 5 %. Le comportement solide se traduit par une faible dependance en 

frequence des modules viscoelastiques accompagnee d'un seuil de contrainte en regime 

permanent. II est attribue le plus souvent a la percolation des feuillets et de leurs 

agregats. A une meme fraction volumique de phyllosilicate, 1'exfoliation des feuillets 

est done deduite de l'augmentation des modules viscoelastiques ou du seuil de 

contrainte. En revanche, la diminution du module elastique suite a un ecoulement en 

cisaillement est expliquee par l'orientation des feuillets induite par le pre-cisaillement. 

La diffraction des rayons X suggere en effet que les feuillets s'orientent sous 

ecoulement selon la direction du cisaillement avec leur surface principale normale a 

son gradient de vitesse. Le comportement rheofluidifiant de ces systemes est egalement 

attribue a l'orientation des feuillets sous ecoulement. Suite a un pre-cisaillement, 

l'augmentation dans le temps du module elastique, et la presence d'un pic de contrainte 
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lors d'un subsequent demarrage a vitesse imposee, sont par consequent attribues a la 

relaxation de l'orientation des particules. Le mouvement Brownien est ecarte comme 

force motrice par la plupart des auteurs au profit de 1'interaction entre les nano-

feuillets. 

L'interpretation donnee dans les nombreuses etudes du comportement rheologique des 

suspensions et des nanocomposites de phyllosilicate repose essentiellement sur 

l'orientation des feuillets ou d'empilements de feuillets et de leur percolation. Une telle 

interpretation doit cependant etre consideree avec precautions tant la caracterisation de 

l'etat de dispersion des feuillets est le plus souvent incomplete ou ambigue. Elles se 

basent principalement sur la diffraction des rayons X et la microscopie electronique a 

transmission (MET). Elles ne tiennent done pas compte de la distribution spatiale des 

feuillets au-dela de l'echelle nanometrique, et ainsi de leur eventuelle organisation 

multi-echelle. La persistance de forces attractives entre les feuillets organophiles est 

susceptible de donner lieu a la formation d'agregats de nature fractale en masse. Leur 

percolation confererait egalement un comportement solide a ces systemes. L'hypothese 

de la formation d'agregats de nature fractale en masse n'a pas ete consideree dans la 

litterature pour interpreter le comportement rheologique des systemes non-aqueux de 

phyllosilicates. Elle est prise a partie tout au long de cette etude, et tout 

particulierement lors de l'investigation de la distribution spatiale des suspensions non-

aqueuses de phyllosilicate etudiees. L'interpretation de leur comportement rheologique 

est en effet etendue au-dela du seul examen de l'etat d'orientation des feuillets. 
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CHAPITRE 2 - SYNTHESE DES ARTICLES 

Le premier article intitule, « Effect of flow history on the structure of a non-polar 

polymer/clay nanocomposite model-system », met en evidence l'influence de l'histoire 

d'ecoulement sur les proprietes viscoelastiques lineaires et non lineaires d'une 

suspension non-polaire de phyllosilicate organophile. La relaxation de l'etat de 

dispersion de cette suspension suite a des pre-cisaillements de differentes amplitudes a 

ete suivie en mesurant ses proprietes viscoelastiques lineaires, tandis que 1'evolution de 

l'etat de dispersion sous ecoulement a ete constatee en imposant des sauts de vitesse de 

cisaillement. Pour evaluer la cinetique de 1'evolution de l'etat de dispersion sous 

ecoulement, et au repos, des equations empiriques de forme exponentielle ont ete 

utilisees. II est montre que suite a des pre-cisaillements de differentes amplitudes, 

differentes structures metastables sont atteintes au repos selon la meme cinetique de 

recouvrement. Une plus faible amplitude de pre-cisaillement donne naissance a une 

structure metastable plus rigide. II s'ensuit que le comportement aux faibles frequences 

s'apparente a un comportement pseudo-solide d'autant plus prononce que l'amplitude 

du pre-cisaillement est faible. L'existence des structures metastables est attribuee au 

volume exclu important des feuillets. Leur developpement n'est pas seulement controle 

par le mouvement Brownien mais egalement par les forces hydrodynamiques lors du 

pre-cisaillement qui permettent de surmonter les forces de repulsions liees au volume 

exclu. La rupture sous ecoulement des structures metastables s'accompagne d'un pic de 

contrainte dont l'amplitude augmente avec la diminution de l'amplitude du pre-
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cisaillement. Un pic de contrainte est egalement observe lors de la rupture des 

structures metastables par un ecoulement de sens oppose a celui de leur pre-

cisaillement. Son amplitude est alors plus faible suggerant une forte anisotropie des 

structures metastables. 

Par la suite, les articles etablissent la nature et l'origine des structures metastables. 

L'anisotropie induite par ecoulement est dans un premier temps abordee dans un 

second article intitule, «Anisotropy of non-aqueous layered silicate suspensions 

subjected to shear flow ». Elle est qualitativement observee par des mesures de 

diffusion de lumiere en deux dimensions et quantifiee par des mesures de dichroi'sme 

realisees sous ecoulement. Une nouvelle methode non destructive reposant sur 

l'ecoulement oscillatoire lineaire etendu en deux dimensions (2D-SAOS) a egalement 

ete developpee pour quantifier l'anisotropie des structures metastables. L'existence 

sous ecoulement et au repos de microstructures de nature fractale a ete deduite des 

cliches de diffusion de lumiere. La dimension fractale constante avec la vitesse de 

cisaillement indique l'absence de densification sous ecoulement des microstructures. 

Les mesures de dichroi'sme ont montre que 1'evolution d'anisotropie dans le plan du 

gradient de cisaillement et celle dans le plan de vorticite interviennent sur des plages de 

vitesse de cisaillement differentes. Dans le plan de vorticite, le developpement de 

l'anisotropie selon la direction d'ecoulement suit le comportement rheofluidifiant de la 

suspension, et fut done attribue a une evolution d'orientation de la microstructure. A 

contrario, l'anisotropie dans le plan du gradient de cisaillement s'intensifie une fois le 

plateau de viscosite atteint, et n'implique qu'une evolution mineure de Tangle 
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d'orientation. L'anisotropic induite aux hauts taux de cisaillement dans le plan du 

gradient de cisaillement peu etre expliquee par revolution de la distribution spatiale 

des elements constitutifs de la microstructure comme suggere par les cliches de 

diffusion de lumiere a deux lobes. Suite a un pre-cisaillement, l'absence de relaxation 

de 1'anisotropic induite par ecoulement est explicitement montree avec les mesures de 

2D-SAOS. Les microstructures metastables ont par consequent la meme nature 

anisotrope que leur contrepartie sous ecoulement. En raison de 1'anisotropic induite par 

ecoulement, la reponse transitoire des suspensions impliquent a la fois des 

contributions de structure, c.-a-d. liee a revolution de la distribution spatiale des 

feuillets, et d'orientation. Le role important de la contribution d'orientation est devoile 

en comparant des demarrages a vitesses imposees de sens opposes. Elle se revele 

d'autant plus importante que 1'ecoulement transitoire implique une rupture de la 

microstructure. 

Le troisieme article intitule, « Structural analysis and scaling behavior of non-aqueous 

layered silicate suspensions », examine en detail 1'evolution sous ecoulement des 

micro-structures, en termes de distribution spatiale, d'une suspension non-polaire de 

phyllosilicate organophile, et d'une suspension polaire de phyllosilicate naturel. Le 

comportement d'echelle avec la temperature, la fraction volumique de phyllosilicate, et 

l'histoire d'ecoulement de leurs proprietes viscoelastiques est dans un premier temps 

etudie. Des courbes maitresses de leurs proprietes viscoelastiques lineaires et non 

lineaires ont ete obtenues en utilisant respectivement des facteurs de glissement definis 

selon les valeurs du module elastique aux faibles frequences et 1'amplitude du seuil de 
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contrainte. Selon les theories fractales, les lois d'echelle des proprietes pseudo-solides 

ont ete attributes a la presence de microstructures composees d'agregats de nature 

fractale en masse. Des observations directes en utilisant la microscopie confocale a 

balayage laser a permis de confirmer leur presence et de quantifier leur distance 

caracteristique. Les proprietes rheologiques similaires des suspensions polaires et non-

polaires, alors que la plage des fractions volumiques pour la suspension polaire est dix 

fois inferieure, sont expliques a partir du potentiel d'interaction entre les feuillets et 

leurs agregats. Le potentiel d'attraction responsable de la microstructure fractale a ete 

mis en evidence grace a sa dependance en temperature. Elle est similaire pour les deux 

suspensions bien que la suspension polaire presente un comportement sous ecoulement 

non reversible avec la temperature. En augmentant le taux de cisaillement, la taille 

caracteristique des structures diminue d'une haute a une faible valeur au plateau. Cette 

evolution structurelle avec 1'amplitude du cisaillement est attribute a une agregation 

reversible induite par ecoulement. Suite a un pre-cisaillement, aucune relaxation 

structurelle a l'echelle microscopique n'a ete observee en microscopie confocale a 

balayage laser. Les microstructures metastables ont done la meme taille caracteristique 

que leur contrepartie sous ecoulement. Le comportement thixotrope de ces suspensions 

implique alors des rearrangements a l'echelle nanoscopique. Finalement, 1'influence de 

l'histoire d'ecoulement sur les proprietes viscoelastiques lineaires et non lineaires de 

ces suspensions est attribute a la taille caracteristique de la microstructure controlee par 

la vitesse de cisaillement. 
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CHAPITRE 3 - ARTICLE: EFFECT OF FLOW HISTORY ON THE 

STRUCTURE OF A NON-POLAR POLYMER/CLAY NANOCOMPOSITE 

MODEL SYSTEM 

Christophe Mobuchon, Pierre J. Carreau and Marie-Claude Heuzey 

Center for Applied Research on Polymers and Composites (CREPEC), Chemical 

Engineering Department, Ecole Polytechnique, PO Box 6079, Stn Centre-Ville, 

Montreal, QC, Canada H3C3A7 

3.1. Abstract 

The effect of flow history on the linear and nonlinear viscoelastic properties of non-

polar polymer nanocomposites (PNCs) has been investigated by means of a suitable 

model system based on a Newtonian matrix. The structural recovery of this model 

suspension after cessation of different pre-shear rates was monitored by measuring its 

linear viscoelastic properties while its structural evolution under shear flow was 

followed by using stepwise changes in shear rate including flow reversal 

measurements. To assess the kinetics of the structural evolution at rest and under flow, 

Cet article a ete presente lors de la 3ieme conference annuelle de l'European Society of 

Rheology (A.E.R.C.) et publie par la revue Rheologica Acta 
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empirical relations of stretched exponential form were used. It is shown that for 

different pre-shear rates, different equilibrium structures were reached at rest but with a 

similar kinetics of recovery. As a result, the low frequency behavior was typical of 

solid-like or weak gel material, strongly dependent on the flow history. After any given 

shear rate under steady state, only one reversible equilibrium structure was reached 

after a kinetics that was dependent on the preshear history. Finally, typical flow 

reversal responses as observed for PNCs are reported and interpreted in light of the 

microstructure evolution under flow. 

3.2. Introduction 

Layered silicates find widespread industrial applications such as rheological modifiers 

in paints, inks, emulsions or pigment suspensions, adsorbent in water treatment, and 

more recently as drug delivery carriers for controlled release of therapeutic agents and 

as nanoscale fillers for reinforcement of polymers (Patel et al. 2006). Polymer/layered 

silicate nanocomposites (PNCs) have attracted great interests since Okada et al. (1987) 

developed a nylon based nanocomposite with significant improvements in tensile 

modulus and heat distortion with as little as 2 vol % of layered silicate. Recent studies 

to extend a similar achievement to a wider range of polymer matrices, including vinyl 

and polyolefins, have also shown an enhancement of flexural, barrier and fire 

retardancy properties and unusual chemical and physical phenomena, such as highly 
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anisotropic electrical conductivity and photoactivity when compared with conventional 

fillers (Ray and Okamoto 2003). 

The layered silicates used in the synthesis of polymer nanocomposites belong to the 

same structural family than the well-known clays mica and talc, i.e. 2:1 phyllosilicates 

(Grim 1968, Rossman and Carel 2002). The most commonly used is the 

montmorillonite for which the individual layers are stacked with relatively weak 

electrostatic forces facilitating the dispersion of the layers. The individual clay layers 

can be approximated by ellipsoidal tactoids about 1.2 nm thick, 320-400 nm long and 

250 nm wide for the larger ones (Cadene et al. 2005). 

The individual dispersion of these layers, i.e. their exfoliation, can lead to a large 

interfacial area in polymer matrix approaching m2/mL compared to cm2/mL for 

particles of micrometer dimensions (Krishnamoorti and Vaia 2002). This large 

interfacial interaction between the polymer matrix and the layered silicate explains the 

improved mechanical and physical properties over conventional polymer composites. 

Despite intensive research efforts, the exfoliation of inorganic layered silicates remains 

a main challenge, especially in non-polar polymers. In the latter case, the 

incompatibility is overcome by using a coupling agent with organically modified 

layered silicates. Structurally, three different morphologies are achievable on the basis 

of the affinity between the polymer and the layered silicate: exfoliated nanocomposites 

as defined previously, intercalated nanocomposites, where the insertion of polymeric 

chains between the clay layers occurs but the stacking of layers is preserved, and 
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finally conventional macrocomposites in the case of immiscible systems, when the 

polymer does not penetrate the stack of silicate layers. 

To tailor PNCs with expected properties and to control their processing, a thorough 

understanding of PNCs Theological behaviour with regards to the previously defined 

morphologies and their structural evolution is essential. In addition to the large 

interfacial area, the rheological behaviour is expected to be governed by two main 

features, i.e. the high aspect ratio of the clay layers and the effect of Brownian motion 

on the nanoparticles. The high aspect ratio of the clay layers, or high anisotropy, 

implies large excluded volumes, which results in clay restricted motion at low volume 

fraction, corresponding to a concentrated regime. The concentrated regime is reached 

when p4>/7r » 1, with p the aspect ratio and (j) the volume fraction of the clay particles 

(Lim and Park 2001). Actually, for a collection of oriented clay particles, the mean 

distance between the clay particles considered as discs with a thickness of 1.2 nm 

approaches 30 nm at a volume fraction of 4 % compared with their lateral dimensions 

larger than 200 nm. It is interesting to note that due to their high aspect ratio a relative 

flexibility of the clay layers can also be observed (Morgan and Gilman 2003). 

Furthermore, due to their nanometric dimensions, these clay particles in suspension are 

subjected to Brownian motion, which tends to randomize their relative position and 

reorient the nanoparticles at rest. Under flow, the Brownian forces (and possibly other 

colloidal forces) are counterbalanced by the hydrodynamic forces. The relative balance 

between these two is expressed by the Peclet number, given by Pe = y/Dr, where y is 
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the shear rate and Dr the rotary diffusion coefficient. The rotary diffusion coefficient of 

the clay layers can be calculated as: Dr = 3kBT/4r\d3 (Ren et al. 2003) where ICB is the 

Bolztmann constant, T the absolute temperature, n the viscosity of the matrix and d the 

particle diameter. The competition between the Brownian motion and the 

hydrodynamic forces leads to a complex reversible time-dependent rheological 

behaviour, which is characteristic of colloidal suspensions, i.e. a thixotropic behaviour 

related to changes occurring in the inner structure of the fluid such as spatial 

distribution and orientation (Barnes 1997). 

Previous rheological studies of PNCs primarily focused on their linear rheological 

behaviour, and the key results are reviewed by Krishnamoorti and Yurekli (2001). The 

most striking observation is the solid-like behaviour, i.e. G' and G" ~ U)° at low silicate 

loadings (as low as 1.5 vol % as reported by Aubry et al. (2005)). This non-terminal 

flow behaviour has been observed for exfoliated nanocomposites (Hoffmann et al. 

2000a, Koo et al. 2003, Krishnamoorti and Giannelis 1997, Li et al. 2003, Lim and 

Park 2001, Meincke et al. 2003, Wang et al. 2002). It has also been observed for 

intercalated PNCs (Galgali et al. 2001, Lim and Park 2001, Ren et al. 2000, Solomon et 

al. 2001), for PNCs based on polar matrices (Aubry et al. 2005, Hsieh et al. 2004, 

Krishnamoorti and Giannelis 1997, Lepoittevin et al. 2002) as well as for non-polar 

polymers (Hoffmann et al. 2000a, Koo et al. 2003, Li et al. 2003, Lim and Park 2001, 

Meincke et al. 2003, Solomon et al. 2001, Wang et al. 2002). The non-terminal flow 

behaviour is attributed to the formation of a percolated three-dimensional network, 
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which hinders the relaxation of the clay particles when subjected to small-amplitude 

oscillatory shear (Galgali et al. 2001, Mitchell and Krishnamoorti 2002, Ren et al. 

2000). As outlined previously, the particle-to-particle distance shorter than their lateral 

dimensions prevents the free rotation of the particles and the stress relaxation. The 

relatively low silicate volume fraction (~ 1.5 vol %, Aubry et al. 2005) for which the 

percolation threshold is reached is strikingly different from the case of spheres (~ 30 

vol %, Isichenko 1992, Ren et al. 2000, Wang et al. 2002), and is also a consequence of 

the high anisotropic nature of the clay particles. According to the small-angle X-ray 

scattering (SAXS) studies (Bafna et al. 2003, Galgali et al. 2004, Kojima et al. 1994, 

Kojima et al. 1995, Lele et al. 2002, Medellin-Rodriguez et al. 2001, Varlot et al. 

2001), clay layers are oriented in shear flow with their major axis along the flow 

direction and their surface nearly oriented in the shear plane. The linear viscoelastic 

response following steady pre-shear flows is significantly weaker (at all frequencies) 

than those measured before pre-shear (Koo et al. (2003) Li et al. (2003)). Similarly, 

application of a prolonged large amplitude oscillatory shear (LAOS) affects in the same 

way the subsequent linear viscoelastic response (Krishnamoorti and Giannelis 1997, 

Lim and Park 2001, Ren et al. 2003, Ren and Krishnamoorti 2003, Ren et al. 2000). 

The ability of LAOS to orient the clay layers, as observed for block copolymers (Gupta 

et al. 1996), has been confirmed by Ren et al. (2003) and Koo et al. (2003) conducting 

ex-situ X-ray measurements. 
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The previous studies underline the correlation between the linear viscoelastic properties 

of PNCs and the microstructure induced by a well defined preconditioning. Several 

outstanding issues are yet to be investigated such as the evolution of the rheological 

response and of the clay structure during preconditioning (not reported in any of the 

previous studies) and the effect of preconditioning on the non-linear viscoelastic 

properties. Moreover, previous investigations have been restricted to a few different 

experimental conditions. Only one shear rate was applied by Koo et al. (2003, Is"1) 

and by Li et al. (2003) while LAOS experiments have been limited to two sets of 

experimental conditions: a strain of 1.2 at a frequency of 1 rad/s (Krishnamoorti and 

Giannelis 1997, Lim and Park 2001, Ren et al. 2003) and a strain of 1.5 at 0.1 rad/s 

(Ren et al. 2003). 

The kinetics of disorientation following LAOS preconditioning has been examined by 

Ren et al. (2003) using linear viscoelastic measurements for polystyrene and 

poly(isobutylene-co-p-methylstyrene) based PNCs. They observed logarithmic 

increases with time of the storage modulus, which did not depend significantly on the 

dimensions of the silicate layers, temperature, viscoelasticity and molecular weight of 

the polymer matrix. They concluded from these results that the disorientation process 

was not governed by Brownian motion. Lele et al. (2002) have reported the relaxation 

of orientation for polypropylene based PNCs following a steady pre-shear 

preconditioning using in situ X-ray diffraction measurements. They confirmed the 

conclusion of Ren et al. (2003), since the relaxation time scale from rheo-XRD 
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measurements was much faster than the expected Brownian relaxation time (1/Dr). 

Instead, they suggested that the rapid relaxation of the nanoparticle orientation was 

driven by the stress relaxation of the polymer matrix chains. Solomon et al. (2001) also 

observed a relaxation faster in polypropylene based PNCs than the one expected from 

Brownian motion. This was attributed to the attractive interactions between the clay 

tactoids in the quiescent structural evolution after a steady pre-shear. This last 

explanation was rejected by Lele et al. (2002) since they observed a relaxation time 

depending on the presence of a coupling agent (/-PP/maleic anhydride copolymer). 

Actually, the uncompatibilized PNCs at a similar clay loading exhibited slower 

relaxation times than the compatibilized ones. 

Solomon et al. (2001) investigated the extent of the relaxation by conducting reversal 

flow measurements. They monitored the stress growth upon start-up of steady shear 

flow in the reverse direction following a first start-up at the same shear rate. A stress 

overshoot was only observed during the reverse flow when a rest time between the two 

consecutive experiments was sufficiently long. The reverse overshoot was explained by 

the reorientation and the network structure built-up during rest time. The overshoot 

magnitude was found to increase with rest time, but with time scales much shorter than 

expected from Brownian motion, leading Solomon et al. (2001) to the hypothesis that 

Brownian motion was not the driving force for the quiescent structural evolution. 

Finally, fewer reports have been made on the non-linear viscoelastic properties of 

PNCs measured during the first start-up of steady shear flow (Lee and Han 2003, Li et 
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al. 2003, Solomon et al. 2001). The stress overshoot during the first start-up flow was 

found to increase with the applied shear rate (Li et al. 2003, Solomon et al. 2001) and 

the extent of clay exfoliation (Lee and Han 2003). The transient stress was found to 

scale with the strain, indicating that the Brownian motion did not significantly 

contribute to the stress response in the shear rate range investigated (0.005 to 1 s"1). 

In the present study, the effect of flow history on the linear and nonlinear viscoelastic 

properties of non-polar PNCs was carefully investigated by examining the rheological 

behaviour of a suitable model system based on a Newtonian matrix. At first, we present 

the structural recovery of this model suspension monitored by measuring the linear 

viscoelastic properties after cessation of different pre-shear rates. Afterwards, the 

structural evolution under shear flow conditions is reported for stepwise changes in 

shear rate including flow reversal measurements. To assess the kinetics of the structural 

evolution at rest and under flow, empirical relations of stretched exponential form are 

used. 

3.3. Experimental 

3.3.1. Materials and preparation methods 

The layered-silicate selected for the model suspension was a montmorillonite, Mx(Al2-

yMgy)Si40io(OH)2.nH20, organically modified with a dimethyl dihydrogenated 

quaternary ammonium salt, CH3CH3N+HTHT, where HT is a hydrogenated tallow 
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(Cloisite 15A, Southern Clay Products). The specific gravity of this organophilic clay 

is 1.66. 

The clay was added at a volume fraction of 4 % in a non-polar Newtonian fluid 

consisting of a blend of two miscible polybutenes, R[CH2CCH3CH3]x[CH2]yR, of 

different molecular mass, respectively 910 g/mol (76.4 mass %, Indopol H100, BP) and 

1300 g/mol (23.6 mass %, Indopol H300, BP) with an overall viscosity of 28.5 Pa.s at 

25 °C and a density of 0.89 g/mL. Under flow, the clay particles dispersed in the 

polybutene are, thus, not subjected to electrostatic repulsion or attraction but only to 

van der Waals interactions, steric forces, excluded volume effect, Brownian motion and 

hydrodynamic forces. 

The model suspensions were prepared via ultrasonication, using pulses of 240 W 

during Is every 5 s at 60 °C for 60 min. (Sonics & Materials). This was followed by a 

rest time in a high vacuum oven at 60 °C to remove air bubbles prior to measurements. 

The duration of ultrasonication was found not to affect the degree of dispersion of the 

suspensions as measured by the amplitude of the dynamic storage modulus plateau, and 

the suspension was found to be very stable over long periods of time. Other methods of 

incorporating the nanoclay to the polybutene were observed to strongly affect the 

rheological properties. However, this will not be discussed here and will be the topic of 

another publication. After sonication, the initially cloudy dispersions became translucid 

and gel-like, indicating enhancement of the dispersion degree. To investigate further 

the clay dispersion in the polybutene, wide angle X-ray diffraction (WAXRD) was 
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used. The data were collected using a Philips X'pert powder diffractometer with CuKa 

(k = 1.54A) radiation and an accelerating voltage of 50 kV/40 mA. The step size and 

the scanning speed were 0.025° and 2s/step respectively. While the observed gelation 

of the suspensions indicated exfoliation of the clay layers, their diffraction pattern (not 

shown here) still presented the characteristic dooi basal reflection peak of Cloisite 15 A. 

This peak is indicative of the presence of stacked clay layers as confirmed by 

transmission electron microscopy (TEM). Figure 3.1 shows a typical TEM micrograph 

of the model suspension under a large magnification. The TEM micrograph was taken 

from a 100 nm thick, ultracryomicrotomed section of the model suspension using an 

Ultracut E ultracryomicrotome (Reichert & Jung) at - 80 °C. Imaging was performed 

with a JEOL JEM-2000FX transmission electron microscope at an accelerating voltage 

of 80 kV. Both individual silicate layers and thin clay tactoids can be seen from the 

micrograph of Figure 3.1. Therefore, clay exfoliation was not perfectly achieved, 

explaining the single diffraction peak observed in WAXRD. This non-homogeneous 

morphology is close to commonly observed dispersion states for non-polar 

polymer/clay nanocomposites (see for instance Li et al. (2003)). 

Finally, with a typical value of d = 320 nm, the Peclet number is estimated to be 

between 10"1 and 105 for shear rates ranging from 10"3 to 10 s"1. This suggests that the 

Brownian motion must play a key role in this shear rate range. To evaluate the Peclet 

number, the viscosity of our suspension at high shear rate, rj ~ 70 Pa.s at T = 295 K 
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(see Figure 3.2a), was used rather than that of the matrix, to account for the fact that 

our suspension is highly concentrated (Moan et al. 2003). 

3.3.2. Rheometry 

All the rheological measurements were carried out using a stress-controlled rheometer 

(Physica MCR 501, Anton Paar), except for the stress relaxation measurements that 

were performed with a strain-controlled rheometer, (ARES, Rheometric Scientific). All 

tests were done at 25 °C using a cone-and-plate geometry with a radius of 25 mm and a 

cone angle of 0.04 rad. We assumed that the particle sizes were sufficiently small 

compared to the gap (h) of the cone-and-plate geometry (i.e. d/h < 0.1). Small 

amplitude oscillatory shear (SAOS) frequency sweep tests were conducted in the range 

of 0.628 to 628 rad.s"1 at a fixed strain of 0.005. For stress relaxation experiments, the 

ARES rheometer was preferentially used since its force rebalanced torque system was 

more suitable for measuring the true sample response when the filters were bypassed to 

avoid electronic interferences from the instrument (Dullaert and Me wis 2005b, Mackay 

et al. 1992). The raw data from the ARES force rebalanced transducer were sampled 

every 10"4 s with a 12-bit data acquisition card (DAQPAd-6020E, National 

Instruments) and the data handling was performed using a Lab VIEW routine (National 

Instruments). For the stepwise shear rate measurements using the MCR, the data were 

considered after a period of 0.04 s, time required to reach the specified shear rate 

within an error of less than 2 %. 
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The absence of slip and wall effects for the model suspension have been ascertained 

using a parallel plate geometry with a radius of 25 mm. The effect of the gap (varied 

from 0.2 to 1.4 mm) and of the roughness of the geometry (smooth and modified with 

sandpaper: 220 grit, aluminium oxide) on the steady-shear measurements were found to 

be insignificant, less than the reproducibility of the data estimated to be within ± 2 and 

± 9 % for shear rates of 25 and 0.001 s"1, respectively. For dynamic measurements, the 

standard deviation based upon five measurements carried out with fresh samples was 

estimated to be within ± 8 %. 

To confer the same shear flow history at the beginning of each measurement, the 

suspensions were subjected to a constant pre-shearing. Initially, various pre-shearing 

rates were tested in order to optimize the conditioning. While investigating the 

resulting structures using small amplitude oscillatory shear, strikingly different results 

were obtained. Figure 3.2Erreur ! Source du renvoi introuvable.a reports the steady-

shear viscosity of the model suspension for tests carried out from 25 to 10" s" . The 

behaviour is typical of a highly concentrated suspension, with a gel-like structure 

responsible for an unbounded viscosity (apparent yield stress) at low shear rates and a 

plateau viscosity at very high shear rates. Figure 3.2Erreur! Source du renvoi 

introuvablcb presents the evolution of the storage modulus G' at a frequency of 125.6 

rad.s"1 following each applied pre-shear rate shown in Figure 3.2Erreur ! Source du 

renvoi introuvable.a, starting with the larger value of 25 s"1. Some structure build-up 

curves have been removed from Figure 3.2Erreur ! Source du renvoi introuvable.b 
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for clarity. For the larger values of the initially applied shear rate, the storage modulus 

is shown to be very small and increases first rapidly and then the growth rate appears to 

reach a constant value at longer times. After conditioning at a very small shear rate 

following an initial pre-shear at 25 s" , the initial storage modulus is much larger and 

the rate of increase with time is comparable to that observed at long times for tests 

carried out after a large initial shear rate. Although the rates of increase appear to be 

quite similar for long times, no equilibrium structure is reached after 5000 s and the 

modulus for the test carried out after an applied shear rate of 10" s" is more than 

double that obtained following the applied shear rate of 25 s"1. Obviously, the resulting 

structures are highly dependent on the previous flow history. Note that the same 

structure development would be obtained if after pre-shearing at 25 s"1 the second 

shearing would have been carried out at 10"' s" instead of carrying the shear rate 

decreasing ramp. However, the time required to reach steady-state at that low shear rate 

would have been much longer. Actually, this strong dependence of the structure on 

flow history was the motivation of the work presented here, in which we investigate in 

depth the evolution of the structure at rest and under flow. In all subsequent 

measurements, the samples were pre-sheared at 25 s" until a steady state viscosity was 

observed to ensure a similar initial structure for all samples. Following that pre-

shearing, various rest times and/or flow conditions were imposed as discussed in the 

following sections. 
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3.4. Results 

3.4.1. Structure build-up at rest 

The results of Figure 3.2b can be used to evaluate the effect of the flow history on the 

clay structure build-up at rest. It is important to keep in mind that the storage modulus, 

G', of the model suspension arises only from the clay structure since the matrix is 

inelastic, while both of them contribute to the loss modulus, G". Figure 3.2b shows that 

G' grows from an initial value, G\, to a time invariant value, G'^ following an 

exponential form: 

G'(t) = G't + (C'M - G'O ( l - exp [- Q " 1 ] ) (3.1) 

with m the stretching exponent, and x the characteristic time. A similar trend was 

observed for G", which was larger than G' at 125.6 rad.s"1. The values of G'( and G'«, 

are shown in Figure 3.2 to depend strongly on the initially applied shear rate, y,. The 

stretching exponent m (~ 0.3) is nearly independent of the initial shear rate and the 

characteristic time x tends to a constant value (~ 600 s). This means that the kinetics of 

the build-up process at rest does not depend significantly on the flow history. However, 

the build-up process leads to different equilibrium structures, as G'TC decreases from 

high to low plateau values for increasing y; from 10"1 to 7 s"1. The estimated 

equilibrium structure, G'«* is quite different from that of the initial modulus, G'„ 

especially for tests carried out after high initial shear rates. It should be pointed out that 
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the initial modulus G'( reported in Figure 3.2 was obtained by extrapolating the 

experimental data of Figure 3.2b using Equation 3.1 to time zero over a time period 

longer than the inverse of the imposed frequency. This extrapolated value may appear 

questionable due to complications arising from the stress relaxation of the sample and 

limitations of the MCR rheometer to impose an oscillatory shear flow during the stress 

relaxation. However, it is interesting to note that G\ is, within experimental error, the 

same as the storage modulus, G'\\, measured at a frequency of 125.6 rad.s"1 using 

parallel superposition of SAOS to steady-shear flow at yj. As expected, the storage 

modulus measured in parallel superposition characterizes the structure of the 

suspension destroyed by steady-shear flow. However, as mentioned by Moldenaers and 

Mewis (1993) for measurements on polymeric liquid crystals, this superposition is 

nontrivial due to the fast viscoelastic response with respect to instrument limitations 

outlined above. Following a large initial shear rate, the destroyed structure 

characterized by G'( leads to a considerably weaker final structure (G'J) when 

compared to the structure obtained following a lower initial shear rate. Consequently, 

the equilibrium structure build-up at rest, i.e. with the Brownian motion as the main 

driving force, strongly depends on the flow history. The Brownian character of the 

build-up process is suggested by the time scale to reach the final structure, which is 

comparable to the rotational relaxation time of an individual clay layer 

(1/Dr = 103 s) . To our knowledge, only Jogun and Zukoski (1996) have reported a 

similar dependence of G'«, on the shear flow history for dense kaolin suspensions, but 
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information on G'„ characteristic of the initial structure following steady-shear flow, 

has not been presented. 

An explanation for the behaviour depicted in Figure 3.2 may be provided by the large 

excluded volume of the clay particles in the suspension. It results in a geometrically 

restricted (Brownian) motion of the nanoparticles. As mentioned above, at a volume 

fraction of 4 %, the distance between well dispersed clay particles is shorter than their 

lateral dimensions. As a result, the hydrodynamic forces play a double role. Firstly, as 

expected for any given Yi, G't is always lower than G'«, i.e. the structure under flow is 

always less developed than that of the pseudo-equilibrium value reflecting the 

competition between the break-down due to the hydrodynamic forces and the build-up 

induced by Brownian motion. It is quite evident that the structure is destroyed more 

and more as the applied shear rate is increased and, hence, G', decreases with 

increasing Yi- Secondly, one would expect the equilibrium value for G'<*,to be unique, 

therefore the decreasing value of G'ocWith increasing Yi is difficult to explain. Note that 

G\ following a test at low shear rate (smaller than 0.6 s"1) can be larger than the 

pseudo-equilibrium G'« obtained after a large initial shear rate. For tests carried out at 

shear rates below 0.6 s"1, the structure build-up is controlled not only by the Brownian 

motion but by small hydrodynamic forces required to overcome the effects of the large 

excluded volume of the particles. 
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Figure 3.3 reports the storage modulus as a function of frequency for the model 

suspension measured following different initial shear rates, themselves preceded by a 

pre-shearing at 25 s"1. These values, obtained after a 5400 s rest time, are close to those 

of G'oo calculated by fitting the storage modulus as a function of time (Equation 3.1). 

For small initial shear rates, a non-terminal flow behaviour is observed, characteristics 

of a weak gel, but the suspension becomes more liquid-like as the initial shear rate is 

increased. Finally, the modulus at the lowest applied frequency, G'o, follows the same 

trend as that of G'„ shown in Figure 3.2. 

In the light of the previous results, it is obvious that the shear flow history of polymer 

nanocomposites need to be controlled if one wishes to draw some conclusions about 

the particle dispersion or volume fraction threshold, based on the low-frequency 

dependency of G'. 

3.4.2. Structure build-up under flow 

To assess the effect of the flow history on the structure build-up under flow, the 

transient shear stress, a', resulting from a sudden change from a high to a low shear rate 

was measured (the structure break-down is investigated in the next section with sudden 

changes from an initial shear rate lower than the final one). This process is important 

because it may shed light on the previously reported observations, mainly the structure 

build-up observed in Figure 3.2b following pre-shearing at 25 s"1 down to very low 

shear rates. Typical transient responses for the model suspension to a stepwise 



52 

reduction in shear rate from different Yi to a final value, Yf of 0.1 s" are illustrated in 

Figure 3.4. Similar trends were observed for final shear rates ranging from 0.01 to 1 s"1. 

The fast decrease of o~ at short times, corresponding to the viscoelastic response of the 

suspension, is followed by a monotonic increase up to an equilibrium shear stress 

independent of Yi If the structure of this suspension under steady-shear flow is shown 

to be independent of the shear flow history, the structure build-up under flow strongly 

depend on the history, in contrast to the kinetics of the build-up at rest, which does not 

depend significantly on the flow history, as discussed above. The observations reported 

in Figure 3.4 are very similar to those presented by Dullaert and Mewis (2005a, b) for 

fumed silica suspensions. They modified the so-called stretched exponential model to 

take into account the initial viscoelastic response. The empirical equation is: 

a(t) = ax (exp [-±J) + o2 ( l - exp [- (^f]) + a3 (3.2) 

where ai, and CT2 + 03 represent the steady stress for the initial and final shear rate, 

respectively. The first and second terms on the right-hand side respectively describe the 

initial viscoelastic and thixotropic responses. The fits using this equation are shown by 

solid lines in Figure 3.4, but the parameters are not reported here. While the 

characteristic time, x, and the stretching exponent, m, of Equation 3.1 for the structure 

build-up at rest are almost independent of the initial shear rate, clear dependences are 

observed for the thixotropic characteristic time, T2, and m of Equation 3.2 for the 

structure build-up under flow. The characteristic time 12 follows a power-law behaviour 
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with indexes equal to approximately -0.7 and 0.4 for the final shear rate, yf, and initial 

shear rate, y;, dependencies, respectively. The build-up process is mainly strain-

controlled as T2 is nearly inversely proportional to the final shear rate. A similar power-

law dependence on yf has been observed by Dullaert and Mewis (2005b) for fumed 

silica suspensions. As a lower %i induces a faster build-up, the previous power-law 

indexes reflect that a faster equilibrium structure is reached starting from a more 

developed initial structure (low initial shear rate) and finishing with a less developed 

structure (large final shear rate). We note that the structure of the suspension subjected 

to changes in shear rate as illustrated in Figure 3.4 is represented by the storage 

modulus measured in SAOS as reported in Figure 3.2Erreur! Source du renvoi 

introuvable.b and described by Equation 3.1. 

The initial viscoelastic responses shown in Figure 3.4 and characterized by G\ in 

Equation 3.2 are not reliable since the filtering technique of the MCR rheometer is 

susceptible to influence the measurements (Dullaert and Mewis 2005b, Mackay et al. 

1992). Instead, the fast viscoelastic relaxation upon cessation of flow was investigated 

using the ARES rheometer according to a suitable procedure as reported by Mackay et 

al. (1992) and more recently by Dullaert and Mewis (2005a,b). Figure 3.5 presents the 

shear stress relaxation function o" of the nanoclay suspension upon cessation of steady 

shear flow for different initial shear rates yj. The first 28 ms of the data are ignored due 

to limitations of the instrument as beforehand revealed by the non-instantaneous decay 

of the stress observed for a Newtonian oil (not shown). Above 28 ms and up to 60 ms, 



54 

the log-linear extrapolation of a' to time zero (time of cessation of the steady shear 

flow), yields the elastic component of the steady-shear stress as the viscous stress 

contribution dissipates instantaneously. The curves are well described by the first term 

of Equation 3.2 with a characteristic time, Ti, which is function of the initial shear rate. 

This elastic contribution is related to an apparent yield stress caused by the particle 

structure and is discussed further below. 

The elastic (oe) and viscous (av) contributions, along with the total steady stress (a) of 

the nanoclay suspension are presented in Figure 3.6. The steady-shear data were 

obtained during a decreasing shear rate ramp using a measurement time of 200 s (no 

differences were noticeable for longer measurement times). Actually, the use of a 

decreasing shear rate allowed reaching the equilibrium state faster since the thixotropic 

characteristic time, %2, decreases when Yj approaches yf as already discussed above. 

The steady-shear behaviour is well described by the Bingham equation: 

G = G0 + uoY (3.3) 

where CT0 and |i0 are the apparent yield stress and the high-shear-rate viscosity of the 

suspension, respectively. The apparent yield stress determined from the best fit of the 

experimental data is 70 Pa. The elastic contribution ae in Figure 3.6 increases with 

decreasing shear rate and represents the apparent yield stress at low shear rate (below 

0.1 s"1). On the other hand, the viscous contribution increases with shear rate to become 

larger than oe above a critical shear rate of 0.6 s"1, leading to a purely viscous behaviour 
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for shear rates larger than 7 s" . The critical shear rate of 0.6 s"1 is relevant since, as 

outlined before, the structure build-up is induced not only by Brownian motion but by 

small hydrodynamic forces. The structural and hydrodynamic contributions to the flow 

curve of fumed silica suspensions follow similar trends, has previously shown by 

Dullaert and Mewis (2005b). 

3.4.3. Structure breakdown 

A similar procedure for characterizing the structure break-down under flow was used 

by measuring the transient stress, a+, for stepwise increases in shear rate. 

Figure 3.7 reports the transient shear stress data of the model suspension as a function 

of strain for jumps from an initial shear rate, Yi, of 10"2 s"1 to different larger final shear 

rates yf, Additional experiments have been carried out from different initial shear rates 

to a final shear rate of 1 s" , but the results are not presented here. All the results of 

Figure 3.7 display large overshoots located at a critical strain, ya+ , before reaching a 

steady-state value, GJ,. Starting from the same initial structure (same initial shear rate) 

the increasing overshoot with increasing final shear rate reflects both the elastic 

response of the initial structure (ae in Figure 3.6) and the break-down and 

rearrangement of the structure under flow. The rearrangement is mainly strain-

controlled since ya+ is nearly independent of Yf. The rearrangement may include 

anisotropy of the microstructure and/or orientation of the nanoparticles under flow, as 

observed for fibre suspensions by Ausias et al. (1992). However, the anisotropy and the 
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orientation under transient flow still need to be experimentally confirmed using optical 

rheometry. Similar mechanisms have been proposed by Pignon et al. (1998) for 

suspensions of laponite in water. 

The time-dependent changes in stresses depicted in Figure 3.7 can be described using a 

similar empirical equation than that used for the build-up curves (Equation 3.2). This 

equation (Dullaert and Mewis 2005b) is: 

a{t) = 0l ( l - exp [ - £ ] ) - °2 ( l - exp [- ( £ f ] ) + 03 (3.4) 

The fits are shown by the solid lines in Figure 3.7. The parameters are not reported, but 

the characteristic time, x-i, follows the same power-law dependence on the final shear 

rate (index equals to -0.7) as obtained from build-up experiments. Hence, the structure 

break-down as well as the structure build-up are mainly strain-controlled. The 

stretching exponent m and x2 dependences on the initial shear rate are also found to be 

similar to those observed from build-up measurements (power-law index close to 0.4). 

Stepwise increases in shear rate induce breakdown of the initial structure characterized 

by G'i (Figure 3.2) and shown to develop at rest to different final structures 

characterized by G'oo. The stress growth behaviour of the developed structures is 

illustrated in Figure 3.8 for an applied shear rate of 1 s"\ preceded by a preconditioning 

at 25 s"1 down to a shear rate of ft, and following a rest time of 5400 s. As expected, 

the shear stress displays a larger overshoot as the initial structure is more developed, 

i.e. for low ft. The overshoot, o~max, as a function of the initial shear rate is shown in 
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Figure 3.8b to follow exactly the same trend as Go*, (Figure 3.2) with a transition over 

the same Yi range, with a high plateau at the lowest Yi and a low one at high Yi- The 

opposite tendency is shown by the critical strain Ya
+ » which goes from a lower 

plateau at the lowest Yi to a higher plateau for large Yi> suggesting that the more 

developed structure breaks down at a lower strain and is therefore more fragile. Critical 

strain data obtained for stress growth experiments carried out at the same shear rate as 

the initial one, Yi, after a rest time of 5400 s follow the same trend (closed circles in 

Figure 3.8). 

Figure 3.9 presents the effect of the rest time and of the applied shear rate on the 

overshoots for stress growth experiments carried out at the same final shear rate Yf as 

the initial Yi- In this case, the stress overshoot can be entirely attributed to the 

breakdown and rearrangement of the structure developed during the rest time, The 

reduced overshoot function, (o"m3x ~~ <*£>)/<*«» from measurements carried out at 0.3 s" 

is shown to increase with rest time following a stretched exponential form as observed 

previously for the recovery of the storage modulus G' (Figure 3.2Erreur ! Source du 

renvoi introuvable.b). The reduced overshoot is observed to increase slightly with 

increasing shear rate confirming the findings (Li et al. 2003, Solomon et al. 2001). 

3.4.4. Flow reversal 

To get an insight of the anisotropy effect of the structure, flow reversal measurements 

have been performed. Results of consecutive stress growth experiments without rest 
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time are shown in Figure 3.10 for three imposed shear rates. When the initial pre-

shearing is applied in the same (clockwise, CW) direction as the following applied 

shear rate, steady state is rapidly reached as shown by constant stress values in the 

figure (open symbols). However, if the direction of the pre-shearing is in the counter­

clockwise (CCW) direction whereas the subsequent shear rate is applied in the CW 

direction, the shear stress (closed symbols) goes to very low and even negative values 

before increasing monotonously to finally reach the same steady-state value, aj , . At the 

lowest imposed shear rate of 0.03 s"1 for the flow reversal case, c+ is first negative up to 

a deformation of 0.06, and is the result of the relaxation of the structure developed 

during the previous shear (opposite direction); afterwards, the positive value of a+ is 

indicative of the stretching and build-up of the new structure. The <J+ value at time zero 

is approximately equal to the elastic contribution ae shown in Figure 3.6. At larger 

shear rates, the initial viscoelastic response is only partially visible due to the smaller 

elastic contribution and the accessible time scale of the rheometer. Even at the largest 

shear rate, a+ does not display a reverse overshoot as observed by Sepehr et al. (2004) 

for concentrated short fibre suspensions and attributed to the tumbling of fibres. 

The interpretation of the previous transient viscoelastic response is extended by 

investigating the reverse flows done after a rest time of 5400 s, and the results are 

reported in Figure 3.11. The reduced transient shear stress, a+/oto, starts from a low 

value since the structure relaxes during the allowed rest time. Then, o+/ot, displays a 

peculiar behaviour revealing a first small overshoot or shoulder and then a second 



59 

overshoot at a larger strain. The first overshoot or shoulder is located at a strain value 

similar to those of the overshoots observed during the stress growth experiments of 

Figure 3.7 and Figure 3.8. The first overshoot, clearly visible at high shear rates, must 

be related to the viscoelastic response and breakdown of the initial structure developed 

at rest. The second overshoot, seen even for low shear rates, takes place at a strain more 

than one decade larger than the first one. It is indicative of the structure rearrangement 

and build-up. By comparing the trend depicted in Figure 3.11 with that of Figure 3.8a 

at Y = 1 s"1, it is obvious that the structure remains strongly anisotropic even after a long 

rest time. This behaviour outlines again the restricted Brownian motion, as discussed 

before. Our results confirms the importance of the Brownian motion on the transient 

behaviour, in contrast to the conclusions of Salomon et al. (2001), Lele et al. (2002) 

and Ren et al. (2003). We finally note that Salomon et al. (2001) reported single 

overshoots for the reverse flow experiments. However, the peculiar behaviour shown in 

Figure 3.11 may not be visible in their results because they used a linear scale for the 

strain. Also, the viscoelastic nature of their polymer matrix could have affected the 

transient responses of their nanocomposites. 

3.5. Concluding remarks 

The linear and non-linear viscoelastic properties of a model suspension for non-polar 

polymer/clay nanocomposites have been investigated taking into account the flow 

history. The time evolution of the viscoelastic properties reported only arise from the 
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structural changes of the clay structure since this model suspension is based on a 

Newtonian matrix. 

Upon cessation of steady shear flows, different equilibrium structures are reached, 

which strongly depend on the pre-shear rate. A lower pre-shear rate leads to the 

development of a stronger equilibrium structure. It follows that the non-terminal 

behaviour of this model suspension is more solid-like as the pre-shear rate decreases. 

The existence of these different pseudo-equilibrium structures has been attributed to the 

large excluded volume of the clay particles. The structure build-up is controlled not 

only by the Brownian motion but by small hydrodynamic forces required to overcome 

the effects of the large excluded volume of the particles. 

The build-up as well as the break-down of the clay structure under flow follow a 

similar kinetics described by empirical relations of stretched exponential form, which 

depends on the flow history, as observed for nanoparticles of fumed silica (Dullaert and 

Mewis 2005b). The amplitude of the stress overshoots observed during break-down 

measurements increases with rest time and with decreasing pre-shear rate. i.e. 

following the same trend as the structure described by the storage modulus measured in 

SAOS. 

Finally, overshoots are observed for reverse stress growth experiments, but only after a 

long rest time, confirming the findings of (Li et al. 2003, Solomon et al. 2001). Our 

flow reversal results suggest a strong anisotropy of the shear induced clay structure, 

which persists even after a long rest time, outlining the restricted Brownian motion. 
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This flow reversal response as well as the other transient responses could be elucidated 

by following the overall orientation of the clay structure using rheo-optical methods. 

These will be reported in a subsequent publication. 
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Figure 3.1 : TEM micrograph of the model suspension. 
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Figure 3.5 : Transient stress o" vs. time t upon cessation of flow after steady-state for 

different initial shear rates Yi- The solid lines represent log-linear regressions. 
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Figure 3.8 : Stress growth behavior for the model suspension, (a) transient stress a+ vs. 

strain y for stress growth experiments carried out at 1 s"1 after a rest time of 5400 s, 

following a preconditioning at 25 s"1 and down to a shear rate of YJ, (b) transient stress 

overshoot o^ax a nd critical strain ya+ vs. initial shear rate Yi after a rest time of 5400 

s (open circles for Yf = 1 s"1 and closed symbols for Yf = Yi)- The lines are drawn to 

guide the eyes. 
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Figure 3.9 : Reduced stress overshoot (a^ax ~~ ot^lot* vs. rest time tre^ (tf = Yi - 0.3 

s" ) and vs. shear rate Yf = Yi after a rest time of four consecutive experiments carried 

out at the same shear rate. 
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4.1. Abstract 

The flow-induced orientation of non-equilibrium and metastable structures of non­

aqueous layered silicate suspensions is probed by combination of light scattering and 

advanced rheometric measurements, including two dimensional amplitude oscillatory 

Cet article a ete presente en partie lors de la 4ieme conference annuelle de 1'European 

Society of Rheology (A.E.R.C.) et soumis a la revue Journal of Rheology 
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shear flow (2D-SAOS). The self-similar nature of the non-equilibrium and metastable 

structures was inferred from the small angle light scattering (SALS) patterns. 

Furthermore, linear dichroism measurements were used to study distinct orientational 

mechanisms of these silicate dispersions. At first, structural orientational changes were 

observed in the vorticity plane with anisotropy and orientation that developed in the 

same range of shear rates as the shear-thinning behavior of the suspensions. Once the 

viscosity plateau is reached at high shear rates, a second minor change in the anisotropy 

is detected in the velocity gradient plane. Upon cessation of flow, the lack of 

orientational recovery was explicitly shown with the 2D-SAOS experiments. Actually, 

this new technique proved to be sensitive to the anisotropic nature of the microstructure 

of organoclay suspensions. As a result of the flow induced orientation, the transient 

response of the non-aqueous layered silicate suspensions is shown to imply both 

structural and orientational contributions. 

4.2. Introduction 

Colloidal suspensions exhibit a wide range of complex rheological properties including 

transition from fluid-like to solid-like behavior leading to nonlinear rheological 

properties and thixotropic phenomena (Barnes 1997, Mewis 1979). This complex 

behavior stems from the self-organization of the colloidal particles on multiple length 

scales (Hoekstra et al. 2005, Pignon et al. 1997a). The representation of their inner 

structure requires description of both spatial and orientational distributions of the 
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dispersed phase over length scales ranging from the particle size (a few nanometers) to 

the macroscopic scale. The understanding of the flow-induced changes in the multi-

scale structure is relatively well understood for colloidally stable suspensions, whereas 

for aggregated colloidal suspensions an understanding of flow effects on the size, 

particle shape, density, and anisotropy of aggregates is only gradually emerging 

(Vermant and Solomon 2005). 

Layered silicates of the smectite group, commonly used as rheological modifiers in 

paints, ceramic additives, inks, drilling fluids and greases, have attracted a great interest 

in the emerging field of polymer nanocomposites (Patel et al. 2006). Their ordering at 

the nanometer length scale leads to unique mechanical, electrical, optical and thermal 

properties (Ray and Okamoto 2003). The most commonly used smectite is the 

montmorillonite for which the individual layers are typically 1.2 nm thick, 320^400 nm 

long and 250 nm wide (Cadene et al. 2005). Non-aqueous suspensions based on 

layered silicates are expected to belong to the aggregated suspensions class. While 

many studies have reported the structure of aqueous layered silicate suspensions, there 

have been fewer investigations of their non-aqueous counterparts. In the following, the 

extensive literature on the aqueous layered silicate suspensions is at first reviewed. The 

discussion focuses on the investigations for which the physicochemical parameters 

were chosen to lead to attractive suspensions as in the non-aqueous case investigated in 

this study. 
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4.2.1. Inorganic smectite suspensions 

At medium ionic strength, where the particles become weakly attractive, aqueous 

smectite suspensions undergo a sol-gel transition. In the case of laponite suspensions 

(~1 nm thick, average diameter of -30 nm), the physical structure of the gel state has 

been probed using scattering techniques over multiple length scales ranging from the 

particle size (nanometer) to the micrometer scale (Morvan et al. 1994, Mourchid et al. 

1995, Pignon et al. 1998, Pignon et al. 1997a, Pignon et al. 1997b, Ramsay and 

Lindner 1993, Ramsay et al. 1990). At small length scales, dense aggregates are 

formed by the combination of subunits of oriented layers (Morvan et al. 199»4, 

Mourchid et al. 1995, Pignon et al. 1997a), while at larger scales, of the order of 1 |xm, 

a fractal network emerges from these dense aggregates (Pignon et al. 1997a). The 

fractal dimension of the network is governed by the physicochemical parameters of the 

suspension. In turn, the fractal nature of the system controls the rheological behavior of 

the gel, at least at sufficiently low volume fractions. Indeed, the fractal dimension of 

the network has been shown by Pignon et al. (1997a) to be related to the yield stress. 

To our knowledge such investigations have not been performed on montmorillonite gel. 

However, direct visualization using silicon fluorescence X-ray microscopy has revealed 

the existence of large-scale structures much larger than the individual montmorillonite 

layers (Bihannic et al. 2001). 
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Under shear flow conditions, the formation of elongated rollers of aggregates arranged 

perpendicularly to the flow direction has been inferred by Pignon et al. (1997b, 1998) 

from an observed anisotropic butterfly-like static light scattering (SLS) pattern. Indeed, 

this peculiar pattern denotes spatial concentration fluctuations at large scale in the 

direction of the shear flow. The formation of roller-like structures has been reported 

from the direct microscopic visualization of attractive emulsions (Montesi et al. 2004) 

and for organic carbon nanotube suspensions (Lin-Gibson et al. 2004, Ma et al. 2007) 

in (confined) shear flow. Beyond a critical shear rate, this characteristic SLS pattern is 

replaced by an isotropic one indicating the breakdown of the large anisotropic structure 

into smaller aggregates (Pignon et al. 1998, Pignon et al. 1997b). Analogous light 

scattering patterns are also displayed by organic gels based on spherical particles of 

silica (Degroot et al. 1994, Hoekstra et al. 2005, Varadan and Solomon 2001, Verduin 

et al. 1996), immiscible polymer blends with viscoelastic asymmetry in the melt 

components (Hobbie et al. 2002) and semi-dilute polymer solutions that undergo shear-

induced phase separation (Moses et al. 1994). The mechanism leading to butterfly 

patterns is attributed by Hoekstra et al. (2003, 2005) to the directional dependence of 

break-up and aggregation of agglomerates, while Hobbie et al. (2004) maintain that it 

can arise as a consequence of elastic effects. Finally, for aggregated suspensions, only a 

partial relaxation of the large scale anisotropy is observed after cessation of shear 

(Hoekstra et al. 2005, Mohraz and Solomon 2005, Pignon et al. 1998, Varadan and 
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Solomon 2001, Verduin et al. 1996) and denotes the lack of restoring forces to evolve 

toward isotropy (Mohraz and Solomon 2005, Verduin et al. 1996). 

4.2.2. Organic smectite suspensions 

In an organic fluid and depending on its polarity, the inherent attractive interactions 

between clay layers can be overcome by coating their surface with short hydrocarbons 

(organo-modification). Depending on the strength of the remaining attractive 

interparticle forces, the resulting sterically stabilized organoclay suspensions can 

belong to the class of either weakly or strongly aggregated suspensions, and in other 

cases, to the ideal class of "hard" Brownian platelets. "Hard" refers here to 

suspensions for which non-steric interactions are negligible relative to Brownian 

motion effects. The relative weakness of the non-steric interactions between the clay 

layers favors their dispersion. In reality, complete exfoliation is rarely achieved and a 

preserved stacking of layers leading to tactoid structures and aggregates has been 

observed (see for instance Li et al. (2003).) Small length scale spatial correlations are 

usually revealed using transmission electron microscopy (TEM), scattering techniques 

including small and ultra small-angle neutron scattering (SANS and USANS) (Hanley 

et al. 2003, Ho et al. 2001, King et al. 2007, Yoonessi et al. 2005), and more 

extensively wide and small angle X-ray scattering (SAXS and WAXS) (see for instance 

Vaia et al. (2002)). To our knowledge, the spatial organization of clay tactoids and 

aggregates in organic suspensions at large scale have not been investigated using light 
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scattering as in the case of aqueous clay gels. Finally, recent investigations using 

confocal laser microscopy to investigate clay suspensions seem promising for probing 

their real-space structures (Langat et al. 2006, Yoonessi et al. 2004). 

4.2.3. Objective 

We have recently reported (Mobuchon et al. 2007) the effect of flow history on the 

rheological properties and structural recovery of organo-modified montmorillonite 

suspensions. In contrast to published results for colloidal suspensions (Pignon et al. 

1998), we have observed that upon cessation of steady shear flow different structures at 

rest were reached, depending on the pre-shearing history. The aim of the present study 

is to describe the complex nature of these different metastable structures and more 

specifically to define their anisotropic nature. The origin of the anisotropy is 

investigated using 2D-static light scattering and linear dichroism measurements under 

flow. In the system under investigation, changes in the linear dichroism can arise from 

both form and intrinsic dichroism contributions, hence reflecting aggregate 

organization and orientation as well as orientation of the individual platelets. 

In addition, a structural-destructive testing based on stress growth measurements in 

forward and reverse directions has been performed to highlight the extent of the 

structural anisotropy and its effects on the nonlinear rheological properties. 

Subsequently, the results of a rheological non-destructive testing using a novel two-

dimensional small amplitude oscillatory shear flow method (2D-SAOS) are presented. 
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It has been achieved by synchronizing small amplitude in parallel and orthogonal 

oscillatory motions, to the steady shear flow direction. In this way, the viscoelastic 

moduli can be obtained in all the directions of the shear plane leading to a measure of 

the anisotropy of the metastable colloidal structures. Measurement of viscoelastic 

properties in the orthogonal direction has been achieved on other systems (De Cleyn 

and Mewis 1987, Mewis and Schoukens 1978, Simmons 1966, Vermant et al. 1998, 

Walker et al. 2000, Zeegers et al. 1995) but, to our knowledge, used only once to 

assess the structural anisotropy of lyotropic liquid crystalline polymers (Walker et al. 

2000). 

4.3. Materials and methods 

4.3.1. Materials 

The organoclay suspension of this investigation is based on an organomodified 

montmorillonite (Cloisite® 15A, Southern Clay Products). The organophilic clay 

particles were dispersed in a non-polar Newtonian blend of polybutenes (Indopol, BP), 

with a viscosity of 28.5 Pa.s at 25 °C. All measurements were performed using a 

suspension containing a volume fraction of organoclay, §v, of 0.04, except for the 

optical measurements that were carried out at 0.01 and 0.03. Details about the 

preparation of the suspensions and results from conventional linear and non-linear 

rheometry are reported elsewhere (Mobuchon et al. 2007). 
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4.3.2. Optical measurements 

a) Small angle light scattering 

The parallel plate flow cell of a stress-controlled rheometer Physica MCR300 (Anton 

Paar) can be combined with a setup for time-resolved flow small angle scattering. A 10 

mW He-Ne laser was used as the light source. The light beam was sent through 

the sample along the velocity gradient direction by means of a set of prisms. Using a 

combination of two half convex lenses and a beam stop and one achromatic lens, the 

2D scattering patterns were focused directly onto the chip of a 12-bit IEEE 1394 -based 

digital camera (ORCA-285, Hamamatsu) (Cumming et al. 1992). Images were 

analyzed with in-house developed software (SalsSoftware, KU Leuven). The scattering 

pattern anisotropy, A, is quantified based on the eigenvalues of the second-order 

moment tensor of the intensity distribution (Johnson and Fuller 1988): 

. __ y/[IlI(x,y)xx-1l(.x,y)yy]2+4[Zl(.x,y)xy]2 . 

where I(x,y) is the intensity at the pixel coordinates (x,y) and / is the total intensity. 

Typically, scattering angles in the light scattering experiments lie between 3° and 20°. 

In real space, this corresponds to sizes of approximately 0,5-10 [xm (k = 632.8 nm). 

b) Linear dichroism 

When light propagates through a sample, its polarization state is altered by the 

refractive index tensor, n = n'+in", of the material (Fuller 1995). The real part, «' , 
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modifies the phase of light polarization and the imaginary part, n", induces 

attenuation. Anisotropy in these tensors gives rise respectively to the birefringence, 

An', and the dichroism, An", defined as the difference between their principal real and 

imaginary indices. The dichroism is comprised of a conservative dichroism, which 

arises from the anisotropic scattering of light, and of a consumptive dichroism which 

expresses the anisotropic absorption of light. The conservative dichroism can be 

isolated by selecting the wavelength of light, X, in such a way that no significant 

absorption occurs. It has successfully been used to follow the degree of alignment and 

average orientation angle of dilute suspensions of anisotropic particles in shear flows 

(Frattini and Fuller 1984, Johnson et al. 1985, Johnson and Fuller 1988, Johnson et al. 

1990). In these cases, the measured dichroism resulted from the anisotropy of the 

scatterer itself (intrinsic contribution). Dichroism induced by the spatial arrangement of 

the scatterers (form contribution) has also been measured to follow the flow induced 

structure of hard-sphere suspensions (D'Haene et al. 1993, Lee et al. 1999, Wagner et 

al. 1988) and more recently of sticky sphere suspensions (Hoekstra et al. 2005). 

The optical train used to measure the dichroism is based on a field effect modulator as 

proposed by Frattini et al. (1984). It operates by sending a modulated polarization 

vector of light into the sample. The modulation of the light source (10 mW He-Ne 

laser, X = 632.8 nm) is achieved using a combination of a Glan-Thomson polarizer 

(Newport), a photoelastic modulator (Beaglehole Instruments), and a zero order quarter 

wave plate (Newport). The resulting polarization state generator induces the 
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polarization vector of the light source to rotate at a frequency and amplitude prescribed 

by the photoelastic modulator. The modulated light is then sent through the sample by a 

set of prisms. The transmitted intensity is measured using a sensitive photodiode 

(Beaglehole Instruments). Its harmonic analysis is performed by two phase lock-in 

amplifiers (SR830, Stanford Research Systems) to determine the dichroism intensity 

An" and the orientation angle % of its major axes relative to the shear flow direction. 

Actually, using the appropriate Miiller matrices, the transmitted intensity is shown to 

have the following Fourier expansion (Frattini and Fuller 1984, Pellens et al. 2005): 

I = he + IcoSin(a)t)+I2a)cos(2(jot) H— (4.2) 

with 

Ia = 2h(A)tanh p ^ ] sin(2x)hc (4.3) 

hco = 2J2(A)tanh p ^ ] cos(2X)hc (4.4) 

where Jm are Bessel functions of the mth order with the amplitude, A, of the photoelastic 

modulator adjuster to have Jo(A) = 0. he is the DC component of the light intensity and 

d is the sample thickness. Once he, h a nd hoy a r e known, they can be used to solve 

for the dichroism and its orientation angle. 

Two flow cells mounted on the stress-controlled rheometer (Anton Paar, Physica MCR 

300) were used to examine the optical anisotropy in two different planes of the flow 

field. With the parallel disk flow cell, the light was sent parallel to the velocity gradient 
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direction so that the electric vector sampled the velocity gradient plane. For the Couette 

cell, the light propagated along the vorticity axis leading to the measurement of optical 

anisotropics in the vorticity plane. The parallel disk flow cell consisted of two disks in 

borosilicate glass. The Couette geometry had an inner bob of 26.7 mm with a gap of 2 

mm and a sample height of 16.5 mm. 

4.3.3. Mechanical measurements 

a) Destructive testing 

As a first way to mechanically probe the anisotropy of the metastable clay structures, 

various interrupted forward flow and flow reversal experiments were carried out. Tests 

with and without time delay between the pre-shearing and the stress growth 

experiments were performed. These experiments were carried out using a stress-

controlled rheometer (Anton Paar, Physica MCR 501) equipped with a cone-and-plate 

geometry (radius of 25 mm and cone angle of 0.04 rad). The data were considered only 

after a period of 0.04 s, the time required to reach the specified shear rate within an 

error of less than 2 %. 

b) Non-destructive testing 

The structural non-destructive testing consisted in extending the conventional linear 

viscoelastic measurements upon cessation of flow to two dimensions. In the present 

work, 2D-SAOS measurements were made to obtain the viscoelastic properties in all 
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directions, ranging from parallel to orthogonal directions with respect to the steady 

shear flow direction. The variations of the moduli with respect to the angle between the 

previous flow history and the oscillatory flow, directly probe the presence of any 

structural anisotropy. The 2D-SAOS measurements and the orthogonal superposition 

measurements were carried out using a strain-controlled rheometer (ARES, Rheometric 

Scientific) using a specially designed double-wall Couette cell (dimensions reported in 

Table 1), which is open at the bottom to minimize pumping flows. The bi-directional 

flow field was imposed by coupling the axial, yz, and conventional angular, ye, 

oscillatory deformations: 

Yr = 0, (4.5) 

Ye = Yesin(cot), (4.6) 

Yz = YzSin(oot + 6y), (4.7) 

with o) the applied angular frequency. The oscillatory motion is characterized by the 

relative amplitudes Yg and Yz> a nd the phase lag, 5y, between the angular and axial 

deformations. When the two deformations are in phase, i.e, 5y = 0, the resulting 

oscillatory deformation is unidirectional, with an amplitude given by JYg + Yz /2» 

and oriented at an angle cpze = arctan(y(Q/y°) from the perpendicular direction. The 

resulting stress response is calculated from the components in the G and z directions in 

the same manner as the deformation, and its harmonic analysis leads to the viscoelastic 
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moduli at a given angle (pz6. With 8y = n/2 and y$ = v°> the oscillatory deformation 

becomes two-dimensional, scanning circularly the shear plane. The two-dimensional 

oscillatory shear with phase lag (2D-SAOS 6y) is more suitable for transient 

measurements since it scans the entire shear plane in a single period. The general 

observation of the resulting 2D stress gives a direct insight into the structural 

anisotropy. Moreover, the investigation of the phase lags, 8Q and Sz, between the strain 

and stress components allows discriminating the elastic, ae and viscous, av, 

contributions to the resulting total shear stress, a. For an anisotropic viscoelastic 

material, a can be written as follows: 

ar = 0, (4.8) 

cre = crgsin(cot + 5e), (4.9) 

az = azcos(a)t + 8Z), (4.10) 

which, by splitting up its in phase and out of phase components with the imposed 

strain, leads to: 

ae = J(o-0cos(5e)sin(ooi)) + (G£ COS(6Z) cos(cot)) , (4.11) 

ov = J\OQsin(5e)cos(oot)) + (azsin(6z)sin(cot)) . (4.12) 

The corresponding elastic and storage moduli can then be obtained by dividing 

respectively oe and avby the applied strain amplitude, y°. 
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Vibrating the inner cylinder axially provided the oscillatory deformation, yz. Its 

displacement is driven by the normal force rebalanced transducer (FRT) of the ARES 

rheometer (Vermant et al. 1997). In its regular mode, the ARES rheometer uses a 

control loop to compensate the displacement of the transducer induced by the normal 

force. This control loop was modified to force the normal force transducer to follow the 

axial position from the signal supplied by a frequency generator composed of a data 

card (NI PCI-6221 DAQ, National Intruments) and a Lab VIEW (National Instruments) 

routine. Strain amplitudes in the range of 5xl0~4 up to 5xl0"2 could be applied. The 

pumping flow induced by the axial motion of the inner cylinder was minimized by 

some openings at the bottom of the wall (Simmons 1966, Vermant et al. 1997). These 

openings allow the fluid squeezed under the inner cylinder to flow back and forth 

between the gap of the cylinders. 

The angular oscillatory deformation, ye, was achieved by rotating the outer cylinder 

with the servo-controlled motor of the ARES rheometer. This motor was also 

controlled by the same LabVIEW-controlled frequency generator to ensure 

synchronisation of the axial and angular deformations. 

The resulting force and torque signals were measured directly on their respective 

control board and analysed using a Lab VIEW routine based on the fast Fourier 

transform (FFT) for the frequency analysis. The contributions from the instrument 

(inertia, friction and elasticity of the transducers) and the sample inertia on the force 

and torque signals were sufficiently small and did not need to be taken into account 
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(results shown below for the neat polybutene). Measurements for the neat polybutene 

were conducted at a constant strain of 0.025, while a smaller deformation of 0.01 was 

used for the organoclay suspensions. 

All the previous optical and mechanical measurements were carried out at ambient 

conditions (~ 20 °C), except for the transient non-linear measurements that were done at 

25 °C. The reproducibility of the data was estimated to be within ± 2 and ± 9 % for 

shear rates of 25 and 0.001 s"1, respectively. For dynamic measurements, the standard 

deviation was estimated to be within ± 5 %. 

4.4. Results 

4.4.1. Flow-induced anisotropy of non-equilibrium and metastable 

organoclay structures 

a) Small angle light scattering 

Small angle light scattering (SALS) measurement allows probing the micro-scale 

structural evolution under shear flow. After carefully loading the material between the 

plates, the scattering pattern was found to be isotropic. The power-law decay of the 

scattered intensity, /, along the flow and vorticity directions with the scattering vector, 

q, suggests that the structure is self-similar. The fractal dimension, Df, is given by the 

minus of the power-law exponent and is equal to 2. Subjecting the clay suspensions to 

shear flow resulted in anisotropic SALS patterns. For shear rates from 0.1 to 100 s"1 the 
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isocontour plots are shown in Figure 4.1 ((|)v = 0.03, ambient temperature, exposure 

time 0.1s). Under shear flow, a slight anisotropy appears, with two apparent lobes in 

the scattering patterns running along the flow direction. In real space this corresponds 

to more pronounced structures along the vorticity, as compared to the flow direction. 

No major changes of this anisotropy with increasing shear rate were observed using the 

factor A based on the eigenvalues of the second-order moment tensor (Johnson and 

Fuller 1988) (results not shown). It should be mentioned that this method is not very 

sensitive to minor changes in anisotropy (Hoekstra et al. 2005) and results using the 

more sensitive polarimetry is presented in the next section. Averages of the intensity as 

a function of the magnitude of the scattering vector of the patterns in arc segments 

oriented along the flow and vorticity directions are depicted in Figure 1 (the curves for 

the different shear rates have been offset vertically for clarity). For a given shear rate, 

the magnitude and the power-law exponent of the scattered intensity, 7, now depends 

somewhat on the direction. The power-law exponent is equal to 1.71 and 1.70 when the 

pattern was scanned along the flow and vorticity directions, respectively, with a 

negligible standard deviation of 0.08 on the shear rate range explored from 0 to 100 s1. 

The essentially constant fractal dimension slope of / versus q with shear rate is in 

contrast with the reports on more significant shear-induced densification for 

thermoreversible aggregated suspensions (Hoekstra et al. 2003, Rueb and Zukoski 

1997, Varadan and Solomon 2001). On the other hand, the presence of a network of 

mass-fractal clusters is in agreement with the low-frequency plateau storage modulus 
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reported earlier (Mobuchon et al. 2007). The / versus q curves for the suspension 

scanned along the two perpendicular directions do differ in level of the intensity, 

especially at the higher shear rates. Averages on the scattering pattern along the flow 

direction yield higher intensities. This reflects a higher number density of scatterers 

along the vorticity direction, and suggests that the main structural rearrangements to be 

along the flow direction, albeit on length scales which are larger than the ones probed 

in this experiment, with the structure in the flow direction being opened up by flow. 

The independence of fractal dimension of the clusters does suggest that the building 

blocks are not fundamentally altered in the shear range probed. The characteristic 

cluster size could not be extracted from the intensity distribution since the / vs. q does 

not deviate enough from the power-law behavior in the experimental q range. The 

picture emerging from the SALS patterns is that of a network of clusters, being broken 

up by flow. The higher scattering intensity from structures along the vorticity direction 

is in agreement with the reports of roller-like structures oriented along the vorticity 

direction during flow in a number of systems (Vermant and Solomon 2005). 

Observations in the real space using confocal laser scanning microscopy (CLSM) will 

be reported in a subsequent article to further confirm the existence of a mass-fractal 

network and its dimensions. 
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b) Dichroism measurements 

To quantify the flow-induced anisotropy, the dichroism, An", and its orientation 

angle, %, were measured for shear rates ranging from 10~3 to 102 s"1. Figure 4.2 reports 

the dichroism, An", in the velocity gradient plane as a function of the applied shear rate 

for two different volume fractions of particles (<|)v = 0.01 and 0.03) and gaps (590 and 

949 (im with (|>v = 0.03). The two volume fractions were chosen to be above the liquid-

solid transition. At the largest volume fraction of 0.03 the dichroism is shown to be 

independent of gap-size (circular symbols in Figure 4.2), indicating that there is no 

effect of multiple scattering (Batchelor et al. 1987) and that the maximum length scale 

of the structures is smaller than 590 fim. The magnitude of the dichroism increases with 

the clay volume fraction, but in either case the same trend with increasing shear rate is 

displayed, from a low to a high plateau value. 

The variations of the anisotropy in the velocity gradient and vorticity planes as 

functions of the applied shear rate are presented in Figure 4.3 for a particle volume 

fraction of 0.01. The steady-shear viscosity data are also included on the same figure 

and are represented by the solid lines. In comparison with the results for the velocity 

gradient plane, the dichroism in the vorticity plane exhibits a stronger dependency on 

the shear rate (Figure 4.3a). At the lowest shear rate investigated (10~3 s"1), it is nearly 

zero but increases monotonously with shear rate to a plateau value, just slightly lower 

than for the velocity gradient plane. As shown in Figure 4.3b, the orientation angle in 

the vorticity plane also depends on the shear rate, unlike in the velocity gradient plane 
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where the orientation angle % is close to 0° (filled symbols in Figure 4.3b), implying 

that scatterers are oriented along the flow direction in the velocity gradient plane. At 

the lowest shear rate the orientation in the vorticity plane is about 25° with respect to 

the flow direction and evolves towards the flow direction (0°) at high shear rates. Apart 

from their different dependencies on shear rate, the changes in the dichroism in the two 

planes do not take place on the same shear rate range. In the vorticity plane, An" and 

% follow the evolution of the shear-thinning of the viscosity of the suspension. On the 

other hand, the anisotropy in the velocity gradient plane keeps increasing, although the 

viscosity plateau at high shear rates is almost reached, i.e. when the thermodynamic 

contribution (particle-particle interactions) to the total steady stress becomes 

insignificant with respect to the hydrodynamic forces (Figure 8 in Mobuchon et al. 

(2007)). The evolution of the scattering dichroism with shear rate is in agreement with 

the progressive alignment and orientation in the flow direction of the structural building 

blocks. Yet, the observed evolution cannot be explained solely by the orientation of 

individual particles. Clearly a more complex interplay between the aggregate structure 

at low shear rates and the orientation of the structure building blocks at high shear rates 

leads to a more complex dependency of the scattering dichroism. Finally, upon 

cessation of flow the flow-induced anisotropy in the two planes was observed not to 

relax (results not shown), at least on the time interval required for full recovery of their 

viscoelastic properties (Figure 2a of Mobuchon et al. (2007)). The metastable clay 

microstructures shown in our previous work are consequently anisotropic. A persisting 
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anisotropy at large scale was also observed for organophilic silica suspensions with the 

lack of relaxation of their anisotropic SLS patterns (Hoekstra et al. 2005, Mohraz and 

Solomon 2005, Varadan and Solomon 2001, Verduin et al. 1996). 

The retention of the anisotropy outlines the weakness of the Brownian forces compared 

to the attractive (van der Waals) and excluded volume repulsive forces. As a result, the 

interplay between these non-Brownian thermodynamic forces and the hydrodynamic 

forces governs for the most the orientation evolution of this aggregated colloidal 

suspension depicted in Figure 4.3. 

4.4.2. Orientational contribution to stress growth measurements 

It is intuitively reasonable to expect that the flow-induced anisotropy highlighted 

previously will imply orientational mechanisms in the transient response of these 

colloidal suspensions. In order to clarify this, stress growth data for forward and 

reverse directions have been compared. This procedure was initially proposed as a 

structural-destructive testing to probe the structural anisotropy under flow and at rest. 

The main features of the transient behavior of the organoclay suspension at a volume 

fraction of 0.04 are presented in Figure 4.4. In addition to the transient shear stress, the 

transient orthogonal moduli G'± and G"±, measured at a frequency of 62.8 rad/s, are 

reported as a function of the strain, y. The moduli were measured using the set-up for 

the axial oscillatory deformation of the 2D-SAOS. Transient superposition 

measurements are nontrivial to analyze, as the changes in the structure and stress also 
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lead to transients in the oscillatory response. Yet, because of the high frequency used, 

and the relatively long time scales of the transient response, this should not be too 

problematic in the present case. Hence, we believe this is a novel tool for probing the 

evolution of the microstructure. Upon stepwise changes in shear rate, the organoclay 

suspension undergoes a structure build-up or break-down. Figure 4.4a illustrates the 

structure breakdown for a stepwise increase in shear rate from 10"3 s"1 to 0.1 s"1. 

According to Figure 4.3a, this stepwise change in shear rate affects mainly the 

anisotropy in the vorticity plane. Through the elastic response of the initial structure, 

the transient shear stress, c+, increases as a function of y, depicting a typical overshoot 

before reaching a steady-state value at large strain, as illustrated in Figure 4.4a. 

However, the two superposition moduli at this high frequency stay nearly constant 

during the initial period. Monotonous decreases with y towards a plateau value are then 

observed for G'± (more pronounced) and G"± during the breakdown toward a less 

elastic final structure. It should be pointed out that more dramatic drops of the 

superposition moduli are expected at low frequencies. The low frequency part of the 

spectrum of colloidal suspensions was actually shown experimentally (Potanin et al. 

1997) and numerically (Dhont and Wagner 2001) to be more sensitive to the shear 

induced structural deformation. A stepwise decrease in shear rate from 1 to 10"" s"1 

corresponding to structure build-up is shown in Figure 4.4b. The initial decrease in the 

shear stress with strain is typical of stress relaxation in viscoelastic materials and the 

following shear stress increase is due to the structure build-up. Nearly stable moduli are 
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observed during the relaxation of the initial structure, and as for the structure 

breakdown, the moduli follow the stress response, increasing up to a characteristic 

value of the final, stronger structure (initial structure in Figure 4.4a). On the other hand, 

the elastic modulus does not evolve in the same manner as the transient shear stress 

measured during a reverse flow at 10"2 s"1 following an initial forward flow at the same 

shear rate. The results are illustrated in Figure 4.4c. At this shear rate, the organoclay 

network structure, as detected by SALS, is strongly developed and the hydrodynamic 

contribution to the total steady stress is negligible (see Figure 3 and Figure 7 of 

Mobuchon et al. (2007)). In the first part of the curve, where a+ is negative, the initial 

structure induced by the preceding shear in the opposite direction relaxes as suggested 

by the constant G'±. However, the initial structure resists partially to the reverse flow 

since G'± does not vanish. The subsequent evolution of the elastic modulus indicates 

that the initial structure is subjected to a rearrangement to conform to the flow reversal. 

As mentioned previously, at an applied shear rate of 10~2 s"1 the total steady stress is 

mainly due to an elastic contribution, most likely stemming from an aggregate network 

(Mobuchon et al. 2007). A reverse flow is therefore expected to involve the relaxation 

of the initial structure followed by the elastic stretching in the opposite direction. These 

elastic-induced deformations do not affect significantly G'j_ (Figure 4.4a and Figure 

4.4b). A reverse flow even at low shear rate involves consequently both orientational 

and structural mechanisms. Tests with and without rest time between the pre-shearing 

and the stress growth experiments were also carried out and the results are presented in 
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Figure 4.5. Figure 4.5a reports data obtained without a rest time for forward (open 

symbols) and reverse start-up flow experiments (filled symbols) done at an applied 

shear rate of ±10_1 s"1. Figure 4.5b reports the corresponding data obtained following a 

rest time of 5400 s. In these tests, three different pre-shear rates, Yb were used: 10~3, 1 

and 10 s"1. Depending on the amplitude of the pre-shear rate, the transient shear stresses 

exhibit either the characteristic evolution of a structure breakdown (Figure 4.4a) or 

build-up (Figure 4.4b) as described above. Following a pre-shearing at 10~3 s"1, the 

forward (open symbols) and reverse (filled symbols) stress growths do not overlap, 

suggesting a flow-induced anisotropy (Figure 4.5a and Figure 4.5b). For a larger pre-

shear rate, the difference between the forward and reverse stress growths becomes 

negligible, even when a rest time is allowed. These results appear at first to be in 

contradiction with the increase of anisotropy with shear rate observed previously from 

the dichroism measurements. This apparent contradiction can be explained by the 

minor role played by the initial anisotropy on the transient stress response, as it implies 

a pronounced structural contribution (i.e. evolution of the particle spatial distribution) 

to reach a more or less developed structure. One may argue that the scattering 

dichroism is more sensitive to the local scale arrangements, whereas the stresses seem 

to be governed by larger scale structures. A different procedure has been applied by 

using the same shear rate amplitude for the stress growth than for the pre-shearing 

(Figure 4.5c), following a rest time. In this case, the structural contribution arises from 

the structure build-up during the rest time between the pre-shearing and the stress 
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growth measurement. Despite the fact that the experimental investigation suffers from 

limitations in the strain range at large shear rate, the same trend as observed before 

(Figure 4.5a and Figure 4.5b) emerges. 

In light of the previous results, the structural-destructive testing based on forward and 

reverse stress growth measurements does not bring out systematically the initial 

structural anisotropy. In the next section, results for non-destructive mechanical testing 

based on 2D small amplitude oscillatory shear measurements are presented. 

4.4.3. Mechanical anisotropy of metastable organoclay structures 

a) Two-dimensional small amplitude oscillatory shear (2D-SAOS) 

In these experiments the moduli are probed along a specific direction. At first, the 

Newtonian suspending fluid (polybutene) was investigated to assess the performance of 

the set-up. Typical unidirectional oscillatory deformations projected in the shear plane 

are illustrated in Figure 4.6Erreur ! Source du renvoi introuvable.a for a frequency 

of 25 rad.s"1, in terms of yz vs. ye for different phase angles, cpz6, between the two 

orthogonal solicitations. The oscillatory deformations could be imposed continuously 

from 0° to 180° on a large frequency range. As expected for an isotropic fluid, the loss 

modulus, G", of the Newtonian polybutene does not depend on the solicitation angle, 

cpze (Figure 4.6Erreur ! Source du renvoi introuvable.b). A deviation of less than ±3 

% is observed for the (pz6 range covered. On the other hand, for the organoclay 

suspension following a pre-shearing at 3 s"1 and a rest time of 5400 s a strong 
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dependency of the moduli with cpzg is reported in Figure 4.6 for a frequency of 0.63 

rad/s. Both moduli vary similarly (8 independent of cpze) by more than 50 % when the 

solicitations go perpendicular (cpz6 = 0°) to the pre-shearing direction ((pz6 = 90°). The 

data in the pre-shearing direction are in good agreement with those previously reported 

for this system (Figure 4 of Mobuchon et al. (2007)). The trend depicted in Figure 4.6 

is also observed to be independent of the frequency for the range investigated, as 

shown in Figure 4.7a for the elastic modulus data and in Figure 4.7b for the normalized 

modulus (G'/G'Q, _ 0) . Nevertheless, the strong dependency on cpz6 outlines the 

anisotropic nature of the clay structure and is consistent with the lack of relaxation of 

the dichroism after cessation of shear. 

Figure 4.8 presents the effect of the pre-shearing amplitude, Yi, on the storage modulus 

as a function of the solicitation angle at a fixed frequency of 0.6 rad.s"1. The storage 

modulus is observed to decrease with increasing the initial shear rate indicating a 

weakening of the corresponding final structure (Figure 4.8a). However, when 

normalized as G'/G'Q 0 , the suspension surprisingly displays a behavior as a 

function of the solicitation angle approximately independent of the pre-shearing 

amplitude (Yi = 3 10" - 3 s " ) and so, for all the different metastable structures reached 

(Figure 4.8b). Over the investigated range of pre-shear rates, the anisotropy in the 

velocity gradient plane was shown to remain constant while it increased in the vorticity 

plane (Figure 4.2). Therefore, it seems that the mechanical response to 2D-SAOS 
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solicitations is less sensitive compared to the rheo-optical measurements may be 

because of the low volume fraction used or because the rheo-optical measurements are 

sensitive to both form and structural contributions, whereas the latter might dominate 

the stress response. In addition, a stronger dependency on the solicitation angle is 

observed following a pre-shearing done in large amplitude oscillatory shear (LAOS) at 

0.63 rad.s"1 and a strain of 10 (Figure 4.9). This test leads respectively to a weaker 

structure (Figure 4.9a) and to a more anisotropic, metastable structure (Figure 4.9b) 

than a pre-shearing at 3 s"1. 

b) Two-dimensional small amplitude oscillatory shear with phase lag (2D-

SAOS 5y) 

In these experiments the entire shear plane was scanned in a single period, giving an 

instantaneous 'image' of the mechanical anisotropy. The two-dimensional small 

amplitude oscillatory shear with phase lag was also firstly tested with the Newtonian 

polybutene. Figure 4.10 illustrates the circular applied deformation, yz as a function of 

ye, and the resulting stress response, ae as a function of az, at a frequency of 25 rad.s"1. 

The stress response is also circular with a slight deformation induced by an added 

phase shift between the two stress components. This additional phase shift comes from 

control loop of the normal force rebalance transducer, which is not fully adapted to 

perform this experiment at high frequency. The experimental frequency window was 

therefore limited up to 25 rad.s"1 to avoid this experimental artefact. As expected for a 
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purely viscous fluid, the phase lag between the strain and stress components is close to 

Till, and leads with v° — 0-28 and G\ = <s\ = 34 Pa, to the same value of the loss 

modulus, i.e. G" ~ 1214 Pa reported in Figure 4.6. 

In the case of the organoclay suspension (Figure 4.11), the stress response becomes 

elliptic with its major axis (highest moduli) perpendicular to the pre-shearing direction. 

As seen before for the 2D-SAOS without phase lag, the overall tendency is observed to 

be independent of the frequency on the range investigated (co = 0.06-0.63 rad.s"1), as 

confirmed by the normalized stress in Figure 4.11b. The behavior does not depend 

either on the pre-shearing amplitude (YJ = 3 103 - 3 s"1) as shown in Figure 4.12. 

However, a more pronounced elliptic stress response is observed following a pre­

conditioning based on a LAOS experiment (co = 0.63 rad.s"1, y° = 10) and different rest 

times (10 and 5190 s) and this is reported in Figure 14. During the rest time, the 

structure builds up and the stress response increases (Figure 4.13a) according to a 

homothetic transformation (Figure 4.13b), which is in agreement with the persistent 

dichroism at rest. Finally, the equivalence of these solicitations with 2D-SAOS with 

solicitations done without phase lag is shown in Figure 4.8a by the dashed lines. The 

storage moduli extracted from the elliptic stresses merge with the ones given by the 

2D-SAOS. 
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4.5. Concluding remarks 

In this article the flow-induced orientation of non-aqueous layered silicate suspensions 

has been probed optically using small angle light scattering and linear dichroism 

measurements. A newly developed non-destructive mechanical method based on two-

dimensional small amplitude oscillatory shear flow (2D-SAOS) has also been proposed 

to quantify the flow-induced orientation. 

The existence of an anisotropic organoclay network structure has been inferred from 

the power-law decay of the small angle light scattering (SALS) intensity. The structure 

is slightly denser in the flow direction compared to the vorticity direction. The constant 

fractal dimensions with the shear rate denote the lack of significant shear-induced 

densification. The linear dichroism measurements have shown that the anisotropy 

evolutions in the velocity gradient and vorticity gradient planes do not take place on the 

same shear rate range. In the vorticity gradient plane, the monotonous increase of the 

anisotropy with shear rate towards the flow direction was observed to follow the shear-

thinning behaviour of the suspension and was consequently ascribed to network 

structural changes. In contrast, the anisotropy in the velocity gradient plane still 

intensifies once the viscosity plateau is reached, accompanied by only a minor 

evolution of the orientation angle. The anisotropy induced at these high shear rates in 

the velocity gradient plane can be rationalized by the evolution of the spatial 
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distribution of the structure building blocks, as suggested by the slightly anisotropic 

SALS pattern with two lobes observed in the velocity gradient plane. 

Upon cessation of flow, the flow-induced anisotropy in the two planes was observed 

not to relax which denotes the lack of restoring forces to evolve toward isotropy. 

Consequently, the metastable organoclay structures have the same anisotropic nature as 

their non-equilibrium counterparts. The structure build-up observed at rest was 

explicitly shown to follow a homothetic transformation using the 2D-SAOS with phase 

lag. Actually, the 2D-SAOS technique with and without phase lag proved to be 

sensitive to the anisotropic nature of the organoclay suspensions. This technique 

appears to be powerful, representing an alternative to scattering methods in the case of 

non-transparent or concentrated complex fluids. These primary results are encouraging 

and should foster further research to define the limitations and sensitivity of the 2D-

SAOS method. 

As a result of the flow-induced orientation, the transient response of the organoclay 

suspensions implies both structural and orientational contributions. By comparing 

stress growth data in the forward and reverse directions, the orientational contribution 

has been shown to play an increasing role as the transient flow evolve from a structure 

build-up to a structure breakdown. In the perspective of modeling their non-linear 

rheological behaviour, the two contributions have to be included in the constitutive 

equation. A detailed investigation of the micro-scale structural evolution under flow 

will be reported in a subsequent publication. 
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for clarity. The solid line represents the measured fractal dimension. The inset figures 

show the corresponding SALS patterns in the same order than the scattered intensity 
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to top. <|> = 0.03. 
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Figure 4.4 : Typical transient behaviours of the organoclay suspension: stepwise 

increase in shear rate from y* = 10"3 s"1 to y^ = 10"1 s"1 (a), stepwise decrease in shear 

rate from y; = 1 s"1 to y^ = 10"2 s"1 (b) and reverse flow at y = 10"2 s"1 (c). <|) = 0.04. 
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Figure 4.5 : Stress growth measurements carried out after a pre-shearing in the same 

direction (unfilled symbols) and in the opposite direction (filled symbols): with pre-

shearings at |yj| (a), with pre-shearings at |yj| after a rest time of 5400 s (b) and with 

pre-shearings at y after a rest time of 5400 s (c). <\> = 0.04. 
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Figure 4.7 : Frequency dependency of G' (a) and G'lG'cpze=i80° (b) as a function of 

cpz6 for the organoclay suspension after a preconditioning at 3 s"1 and a rest time of 

5400 s. <|> = 0.04. 
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Figure 4.8 : Flow history dependency of G' (a) and G'/G'cpze=i80° (b) as a function of 

<pz6 measured at 0.63 rad.s"1 after a rest time of 5400 s. ty = 0.04. 
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Figure 4.9 : G' (a) and G7G'(pze=i8o° (b) as a function of cpz0 measured at 0.63 rad.s"1 

after different pre-shearing conditions and a rest time of 5400 s. 0 = 0.04. 
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Figure 4.11 : Frequency dependency of the 2D SAOS 6y: az vs. ae (a) and ozlazmax 

vs. OQ/OZ max (b) after a preconditioning at 3 s"1 and a rest time of 5400 s. ty = 0.04. 
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Figure 4.12 : Flow history dependency of the 2D SAOS oz vs. a0 (a) and oz/az 

vs. ag/az max (b) measured at 0.63 rad.s"1 and a rest time of 5400 s. 0 = 0.04. 
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Figure 4.13 : az vs. ae (a) and Gzl
azm.ax vs- ae/azmax (b) measured at 0.63 rad.s 

after different pre-shearing conditions and a rest time of 5400 s. 0 = 0.04. 



Table 4.1 : Dimensions of the doublewall couette cell. 

Inner radius cup (mm) 22 
Inner radius cylinder (mm) 23 
Outer radius cylinder (mm) 24 
Outer radius cup (mm) 25 
Immersed cylinder length (mm) 50 
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CHAPITRE 5 - ARTICLE: STRUCTURAL ANALYSIS AND SCALING 

BEHAVIOR OF NON-AQUEOUS LAYERED SILICATE SUSPENSIONS 

Christophe Mobuchon, Pierre J. Carreau* and Marie-Claude Heuzey 

Center for Applied Research on Polymers and Composites (CREPEC), Chemical 

Engineering Department, Ecole Polytechnique, PO Box 6079, Stn Centre-Ville, 

Montreal, QC, CanadaH3C3A7 

5.1. Abstract 

The scaling behavior with temperature, particle volume fraction, and flow history of the 

viscoelastic properties of polar and non-polar non-aqueous layered silicate suspensions 

have been explored and analyzed. Master curves of the linear and nonlinear viscoelastic 

properties have been obtained using shift factors defined by the low frequency storage 

modulus and yield stress. Based on fractal scaling theories, the scaling laws of the 

solid-like properties were ascribed to the presence of space-filling networks made of 

Cet article a ete presente en partie lors de la 79l6me conference annuelle de la Society of 

Rheology (S.O.R.) et soumis a la revue Journal of Rheology 
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clusters with a mass-fractal dimensionality, Df ~2. Confocal laser scanning microscopy 

(CLSM) allowed to observe the aggregate networks and to quantify their characteristic 

microscopic length scale. Under flow, the shear rate dependency of the microstructure 

characteristic length scale was attributed to a reversible shear-induced aggregation. 

Finally, the lack of structural recovery at the micro-scale upon cessation of flow has 

allowed elucidating the flow history dependency of these suspensions. 

5.2. Introduction 

Colloids and nanoparticles have found increasing uses as rheological modifiers in 

paints, inks, lubricating greases, cosmetics and pharmaceutical formulations. More 

recently, layered silicates of the smectite group have attracted great interests as 

nanoscale fillers for reinforcement of polymers (PNCs) (Patel et al. 2006). Due to their 

particular nature, suspensions based on colloids and nanoparticles are quite complex 

since they undergo fluid-to-solid transitions with the formation of disordered solids 

defined by their arrested dynamics and elasticity (Trappe and Sandkuhler 2004). 

For attractive colloidal particles, Trappe et al. (2001) recently proposed a phase 

diagram that is a function of the particle volume fraction (())), energy of interparticle 

attraction, and applied stress. The non-equilibrium solid states of this diagram include 

two extremes: hard sphere colloidal glasses at high volume fraction, (f>, and low 

attractive potential, U, and strongly attractive colloidal gels at low <)) and high U. For 
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the limiting case of hard-sphere colloidal particles (for which the interaction potential 

between spherical particles is determined solely by the excluded volume), the 

suspensions undergo a liquid-to-glass transition at a volume fraction <|)g ~ 0.58, due to 

the crowding of single particles. The solid-like properties of colloidal glasses stem 

from the permanent kinetic trapping of the particles within cages formed by their 

nearest neighbors (Trappe and Sandkuhler 2004). The resistance to configuration 

changes of these cages provides a mechanism for energy storage (and viscous 

dissipation), which gives rise to a low-frequency plateau storage modulus (Crassous et 

al. 2005, Helgeson et al. 2007b, Mason and Weitz 1995). Models based on the mode 

coupling theory (MCT) predict a low-frequency plateau storage modulus (Mason and 

Weitz 1995), G'o, scaling with the volume fraction, 0, as G'oity) oc (<\>)n with n ~ 0.3 -

0.5 (Gotze 1991, Zaccarelli et al. 2001). 

On the other hand, at low volume fractions, attractive spherical particles aggregate as 

they form self-similar clusters with a mass, M, scaling with their average size, ^c, as 

M(^c) a M0(^c/aeff)
Df, where Df is the mass-fractal dimensionality, aeg is the 

characteristic size and Mo is the mass of the cluster compact building blocks, 

respectively. Aggregation of clusters ultimately leads to a space-filling network 

exhibiting macroscopic non-ergodicity (i.e., breakdown in the equivalence of time and 

space averages) and therefore, to a sol-to-gel transition. The solid-like behavior of 

colloidal gels originates from the stress bearing network made of close packed clusters. 

The dependency of the network elasticity on the volume fraction 0 was shown to be 
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stronger than predicted for colloidal glasses, with G'o(§) ex (()))" and n ~ 4 (spherical 

colloidal particles) (Buscall et al. 1988, Khan and Zoeller 1993, Piau et al. 1999, Saint-

Michel et al. 2003, Shih et al. 1990, Yziquel et al. 1999). Scaling models linking the 

fractal microscopic structure parameters to the macroscopic elastic properties of gels 

are presented in detail in the next section. Despite the structural differences between 

colloidal glasses and gels, their solid-like properties are similar in nature. Both result 

from the physical jamming or crowding of the characteristic particles within the 

suspensions: the single particles in the case of glasses, and clusters in the case of gels 

(Segrbetal. 2001). 

Between the two limiting cases of glasses and gels, the structure and elasticity of non-

equilibrium solid states remains to be investigated. Moreover, suspensions of spherical 

colloidal particles have attracted a large amount of interest while attractive colloidal 

suspensions of anisotropic particles have been the subject of fewer investigations. 

Liquid-to-glass transition of suspensions containing anisotropic colloidal particles is 

expected at volume fraction much lower than their maximum packing fraction since the 

excluded volume of anisotropic particles is larger than their actual volume (Jogun and 

Zukoski 1996, Jogun and Zukoski 1999). The particle anisotropy may also lead to 

differences associated with their orientation and consequently to a more complex 

picture of non-equilibrium solid states (Lyatskaya and Balazs 1998). 

Layered silicate particles are highly anisotropic. The most commonly used layered 

silicate is montmorillonite, in which the individual layers are about 1.2 nm thick, 320-
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400 nm long and 250 nm wide for the larger ones (Cadene et al. 2005). Aqueous 

layered silicate suspensions undergo phase transitions controlled by repulsive or 

attractive interactions dependent upon ionic strength and pH. The establishment of their 

state diagram has gradually emerged during the recent years (Kroon et al. 1998, Michot 

et al. 2004, Mourchid et al. 1995, Pignon et al. 1996, Pignon et al. 1998, Pignon et al. 

1997a, Pignon et al. 1997b, Ruzicka et al. 2006, Shalkevich et al. 2007, Tanaka et al. 

2005, Tanaka et al. 2004, Tombacz and Szekeres 2004). With the increase of ionic 

strength, clay layers become attractive and the state diagram is expected to gradually 

follow the jamming phase diagram for attractive particles proposed by Trappe et al. 

(2004). In the same way, non-aqueous layered silicate suspensions belong to attractive 

colloidal suspensions as the repulsive electrostatic interactions are negligible, and, 

therefore, should exhibit the non-equilibrium fluid-to-solid transitions of the jamming 

phase diagram. Note that due to the high aspect ratio of the clay layers, the liquid-to-

glass transition is not restricted to high volume fractions and is expected at low volume 

fractions as well where gelation can occur (see developments of King et al. (2007) and 

Ren et al. (2000) for the calculation of (|)g). Actually, a fluid-to-solid transition has been 

observed for polymer layered silicate nanocomposites with the development of a low-

frequency plateau storage modulus increasing with volume fraction (see for instances 

Aubry et al. (2005), Lim and Park (2001) and Ren et al. (2000)). The non-terminal 

flow behavior is usually attributed to the formation of a percolated three-dimensional 

network of clay layers or tactoids and, thus, to a fluid-to-glass transition (Galgali et al. 
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2001, Mitchell and Krishnamoorti 2002, Ren et al. 2000). Sol-to-gel transition through 

the formation of fractal networks has been lately considered (Durmus et al. 2007, 

Vermant et al. 2007). Until now, the literature reveals a lack of studies of colloidal 

attractive suspensions in light of jamming phase diagrams including structural and 

rheological descriptions of their non-equilibrium states. 

In the current paper, we investigate the non-equilibrium solid states of polar and non-

polar non-aqueous layered silicate suspensions. At first, the scaling behavior of their 

viscoelastic properties is explored according to the flow history (stress), the volume 

fraction, and the temperature (interaction energy). Afterwards, the rheological scaling 

laws observed are correlated with the clay microstructure. Confocal laser scanning 

microscopy (CLSM) is also used to verify the existence of a space-filling network and 

observed length scales are compared with the predictions of fractal scaling theories. 

Finally, the flow history dependency of layered silicate suspensions reported in a 

previous publication (Mobuchon et al. 2007) is explained by the investigation of the 

network evolution under flow and at rest. 

5.3. Theoretical background 

In the framework of fractal scaling theories (Bremer et al. 1989, Buscall et al. 1988, 

Shih et al. 1990, Wu and Morbidelli 2001), the network structure is considered to result 
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from the close packing of mass-fractal clusters with an average size ^c following a 

scaling relation with the volume fraction § (Mellema et al. 2000): 

ĉ = aeff^
Df-d^ l < D f < 3 (5.1) 

where d is the Euclidian dimension of the system and aejis the characteristic size of the 

cluster compact building blocks. The cluster mass-fractal dimensionality, Df, can be 

interpreted as a measure of the compactness of the clusters and depends on the 

mechanism of particle aggregation. A value of 3 for Df corresponds to uniform dense 

(non-fractal) clusters, while diffusion-limited aggregation (DLCA) and reaction-limited 

cluster aggregation (RLCA) lead to a value of 1.8 and 2.1, respectively (Bushell et al. 

2002). As self-similarity is restricted to length scales below ^c, two levels of structure 

can be distinguished: fractal intra-microstructure of the clusters and inter-

microstructure characterized by the cluster interactions. 

Recently, Wu and Morbidelli (2001) developed a scaling model, based on the work of 

Shih et al. (1990), to relate the microscopic structure parameters to the macroscopic 

elastic properties. In their model, the intra- and inter-microscopic contributions to the 

elasticity are considered in series to give the overall microscopic elasticity, Ke/. 

Keff = V/& + % (5-2) 

where K? and Ki are the intra- and inter-microscopic elastic constants, respectively. 

According to Shih et al. (1990), the elastic properties of a cluster are dominated by its 
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backbone, which is approximated as a linear chain of springs with a fractal dimension, 

l<x<Df, different from that of the cluster. The intra-microscopic elastic constant /G can 

then be related to ^c using the following Khantor-Webman relation (Kantor and 

Webman 1984, Krall and Weitz 1998): 

,2+x \ = K0(aeff/Q (5.3) 

where K0 is the spring constant of a bond between two cluster compact building blocks. 

On the other hand, the inter-microscopic elastic constant, Ki, refers to the interactions 

between the clusters and, therefore, it is independent of the intra-microscopic structure 

parameters. The macroscopic elastic modulus, G', can be related to Keff, as: 

r _ Keff _ i ysc ~ i u (Ki \a
 (.A\ 

where a is a constant in the range of [0, 1], which depends on the given range of 

K^ /Kx. The dependence of G' on <f> is then derived from Equation 5.5: 

G ' s — t t ) " d~Df with p = (d - 2) + (2 + *)(1 - a) and K = Kt
a K0

x~a (5.5) 
a-eff 

This scaling model was also extended for the strain limit of linearity, y°, following the 

original approach of Shih et al. (1990): 

y° oc (bB with B= (d - p - l ) / ( d - Df) (5.6) 
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In the case of the strong-link regime, where links between the neighboring clusters are 

stronger than the intra-microscopic links within the clusters, a = 0 and Equation 5.6 

predicts that the limit of linearity decreases with increasing (j). In contrast, y° increases 

with increasing § for the limiting condition of weak-link regime (a = 1) for which the 

breaking of the network occurs at the intercluster links. 

Finally, the two preceding scaling laws (Equations 5.5 and 5.6) lead to the following 

scaling law for the yield stress, oo: 

G0 = G'y° <* 4> d-df (5.7) 

5.4. Materials and methods 

5.4.1. Materials and preparation methods 

a) Polar suspensions 

The polar system used in this study consists of a natural layered silicate, a sodium 

montmorillonite, Mx[Al7-yMgy]Si40io[OH]2-nH20, (Cloisite Na+, Southern Clay 

products, p = 2.86 g/mL), dispersed in a Newtonian polyalkylene glycol, 

HO[C2H40]x[C3H60]y-[C2H40]xH, (Plurasafe WT 90000, BASF) of molar mass 

around 1500 g/mol, viscosity of 59 Pa.s and density of 1.09 g/mL at 25 °C. Clay 

volume fractions used are comprised between 0.001 to 0.005. The colloidal individual 

montmorillonite layers can be described as elliptical platelets 1.2 nm thick and lateral 
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dimensions of 0.25 - 0.4 Jim (Cadene et al. 2005). The clay was added to the 

polyalkylene glycol via solution mixing as follows: first, natural clay platelets were 

exfoliated in deionized water using an ultrasound probe (Sonics & Material) (Ho et al. 

2001). The pH was adjusted to approximately 9.5 in order to avoid dissolution of the 

silicate (Thompson and Butterworth 1992). Polyalkylene glycol was then added to the 

aqueous clay suspension and the entire mixture exposed to ultrasonication before 

extraction of the deionized water in a high vacuum oven at 40 °C. For a clay volume 

fraction of approximately 0.001 and larger, the resulting suspensions were 

homogeneous translucid gels, stable over several months. Other methods aiming at 

incorporating directly the nanoclay in polyalkylene glycol, based on both sonication 

and high shear mixing, were observed not to induce gel formation. The mechanical 

energy involved in these two methods, conjugated with the good affinity between the 

clay and the polyalkylene glycol, does not suffice to overcome the energy of adhesion 

between the clay layers and hence hinders the polyalkylene glycol intercalation 

(Bousmina 2006). For the confocal laser scanning microscopy studies described below 

the natural clay was tagged with Safranine-O, C20H19CIN4, (Sigma-Aldrich), a 

fluorescent cationic dye, taking advantage of its cation exchange capacity (CEC). 

Fluorescent suspensions were prepared using the procedure described above with the 

addition of an appropriate amount of Safranine-O (equivalent to 5 % of the clay CEC 

(92.6 mmol/100 g clay)) in deionized water. The low amount of adsorbed Safranine-O 
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on the clay surface is later shown not to affect noticeably the rheological properties of 

the suspensions. 

b) Non-polar suspensions 

The non-polar system is based on a sodium montmorillonite (Cloisite® 15A, Southern 

Clay products) organically modified with a dimethyl dihydrogenated quaternary 

ammonium salt, CH3CH3N+HTHT, where HT refers to the hydrogenated tallow of 

various carbon chain lengths: Ci§ (65%), Ci6 (30%) and C14 (5%). The longest Qg 

chains have an estimated length of 2.67 nm (Ho et al. 2001). A second organomodified 

montmorillonite (Cloisite® 30B, Southern Clay products) with a methyl 

dihydroxyethyl, quaternary ammonium salt, CH3N
+[CH2OH]2, was also used for 

comparison. The non-polar suspending fluid selected was a mixture of two Newtonian 

polybutenes, R[CH2CCH3CH3]x[CH2]yR, of different molar mass, respectively 910 

g/mol (76.4 mass %, Indopol H100, BP) and 1300 g/mol (23.6 mass %, Indopol H300, 

BP) with an overall viscosity of 28.5 Pa.s and a density of 0.89 g/mL at 25 °C. Clay 

volume fractions used are comprised between 0.0075 and 0.04. The non-polar 

suspensions were prepared following two different procedures, both resulting in stable 

homogeneous translucid gels. The first procedure consists of incorporating directly the 

organomodified montmorillonite by ultrasonication. Details about the procedure and 

characterization of the corresponding dispersions are reported elsewhere (Mobuchon et 

al. 2007). The second procedure via solution mixing from toluene is equivalent to the 
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procedure described above for the polar suspension. Toluene was selected, since the 

organomodified montmorillonite can be dispersed in it to yield a transparent gel (Ho et 

al. 2001). The fluorescent organoclay used for the confocal laser scanning microscopy 

studies was prepared separately from its suspensions. In brief, Safranine-0 was 

dissolved in ethanol/deionized water (1:1) solution and stirred overnight after the 

addition of organoclay. The treated organoclay was filtered and washed with a hot 

solution of ethanol in deionized water (1:1 at first and then 4:1) until the filtrate became 

colorless. The fluorescent organoclay was then dried in a vacuum oven overnight and 

pulverized into fine powder. The non-polar suspensions based on the resulting 

fluorescent organoclay were prepared via the previously described ultrasonication and 

solution mixing methods. 

c) Note on particle interactions 

In non-aqueous systems, the interaction potential between clay platelets includes short-

range van der Waals attraction and forces induced by polymer chains and excluded 

volume. The potential of the van der Waals forces can be quantified by the Hamaker 

constant AH, which is a function of temperature and differences in refractive index and 

dielectric constants of the two phases. In the case of the non-polar suspensions, a steric 

barrier to the van der Waals forces is expected due to the compatibility between the 

surfactant hydrocarbon tails and the suspending fluid. A steric barrier is also expected 

in polar suspensions with the adsorption, during the solution mixing step, of the 
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polyalkylene glycol chains on the clay surface. Depending on the extent of steric 

stabilization, the suspensions can belong to hard solid dispersions, where the van der 

Waals interactions are negligible relative to the Brownian motion, and in other cases, to 

the weakly or strongly aggregated dispersions. 

5.4.2. Rheometry 

The rheological characterization of the suspensions was performed using a stress-

controlled rheometer (Anton-Paar, Physica MCR 501). A cone-and-plate geometry 

with a radius of 50 mm and a cone angle of 0.04 rad was used for the tests performed at 

25 °C, while a parallel plate geometry of 50 mm radius was employed for the 

investigation of the temperature effect. Actually, the true gap option of the MCR 

parallel plate geometry allows to monitor the gap and to keep it constant while the 

temperature of the instrument is changing. The steady-shear viscosity was measured by 

applying stepwise shear rate-decreasing ramps from 25 to 10"3 s"1. Linear viscoelastic 

measurements were conducted at a fixed strain of 0.005, which is below the limits of 

linearity, y , for all suspensions. The limits of linearity were determined, at a frequency 

of 6.28 rad.s"1, as the strain at which G' deviates from its plateau value by 10 %. To 

ensure controlled initial microstructures (Mobuchon et al. 2007), all the dynamic 

measurements were preceded by a pre-shearing at a defined shear rate Yi until steady 

state was reached, and then followed by a rest time of 5400 s. For the stepwise shear 

rate measurements, the data were considered after a period of 0.04 s, time required to 
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reach the specified shear rate within an error of less than 2 %. The standard deviation 

on the rheological data was estimated to be less than ± 9%. Investigations using various 

gaps and different roughness values for the parallel plates ruled out slip or wall effects 

for the two suspensions. However, flow instabilities with sample fracture localized in 

the middle of the gap was observed for clay volume fractions above 0.005 and 0.03 for 

the polar and non-polar suspensions, respectively, prepared by solution mixing (this 

phenomenon was never observed for the non-polar suspension prepared by 

ultrasonication). The same phenomenon was observed for non-polar suspensions based 

on low viscosity polybutene mixtures (0.2 and 2 Pa.s) and prepared by ultrasonication. 

The fracture was observed independently of the gap used and for the entire shear rate 

range investigated (from 25 to 10" s" ). At low shear rates, the occurrence of fracture 

was inferred from the measured stresses, which were smaller than the value for the 

suspending fluid alone. The identification of the mechanisms leading to sample fracture 

is beyond the scope of this article, but one may argue that the high elasticity of theses 

suspensions drives this phenomenon. Hence, all results reported for samples prepared 

by solution mixing are for volume fractions smaller than the critical values for sample 

fracture. 
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5.4.3. Optical measurements 

a) Confocal laser scanning microscopy (CLSM) 

The large-scale structures of the clay suspensions were directly observed using a 

confocal laser scanning microscope (Zeiss, Axioplan 2 & LSM 510 MET A) equipped 

with a commercial optical shear cell (Linkam Scientific Instruments, CSS450). The 

homogeneity of the imposed shear flow through the gap was established with a long 

working distance lens (Leica, 20x/0.33 numerical aperture, n.a.). Higher resolutions oil 

immersion 40x/1.3 n.a. lens of 0.2 mm working distance (Caii-Zeiss, Plan-Neofluar), 

and water immersion 40x/1.2 n.a. lens of 0.29 mm working distance (Carl-Zeiss, C-

Apochromat) were used to observe the suspension microstructures. The original top 

plate of the shear cell is not compatible with a low working distance lens due to the 

thickness of its fixed parallel quartz disc. It was therefore necessary to replace it by a 

homemade lid with a glass cover of 160 u:m depth that acted as the fixed parallel plate. 

The Safranine-0 was excited at 488 nm, and its fluorescence was detected at 

wavelengths X above 560 nm through a filter system. The lateral and focal plane 

resolutions were estimated to be about 0.17 (~ 0.4A,/n.a.) and 0.46 (~ 1.4A/n.a.~) |im 

(Pawley 2006), respectively. The spatial resolution of the images was chosen above the 

lateral resolution of the CLSM and the dynamic range of their intensity was 8 bits. The 

time resolution of the CLSM turned out to be enough to acquire images under flow at 

shear rates up to 0.1 s"1 and during relaxation. The real-space images were 
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quantitatively analyzed to extract their characteristic length scale and to assess their 

isotropy (Kaufman et al. 2005, Lin et al. 2007). The image processing consisted firstly 

in a binarization of gray scale images with the threshold defined by their mean 

intensity, and pixels with intensity above the threshold were considered to be part of 

the clay particles. A two-dimensional median filtering using 2-by-2 neighborhoods was 

then applied to remove "salt and pepper" noise (isolated pixels). The distances, £,, 

between nearest neighbors of pixels above the threshold were then determined within 

each row (x) and column (y). Their distribution, P(£,), along these directions follows an 

exponential decay: P(Q °= exp{-2 £j t$), where ^o represents an average measure of the 

spatial correlation at the micro-scale. The same row and column distributions, P(£), and 

density distribution are expected in the case of an isotropic image. Finally, the ratio of 

the number of pixels above the threshold with the total number of pixels was used to 

estimate the amount, A, of surface occupied by the clay particles. 

5.5. Results and discussion 

5.5.1. Scaling behavior with flow history 

As previously reported (Mobuchon et al. 2007), the linear viscoelastic properties of 

layered silicate suspensions are strongly correlated with the flow history. This behavior 

is illustrated in Figure 5.1 for the non-polar suspension prepared by ultrasonication for 

(]) = 0.01 (co = 126.5 rad.s"1). Upon cessation of the steady-shear flow, the storage 
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modulus, G', is shown to grow from an initial value G'i to a time invariant value G'm 

following an exponential form adapted by Mobuchon et al. (2007) from Dullaert and 

Mewis (2005): 

G'{t) = G't + (G',XJ - G'O ( l - exp [- fy™]) (5.8) 

with m the stretching exponent, and x the characteristic time. The values of G't and G'« 

resulting from the data of Figure 5.1 are shown in Figure 5.2a (unfilled and filled 

circles, respectively) to significantly decrease from high to low plateau values for 

increasing pre-shearing rate, YJ. Therefore the non-equilibrium structures under flow, 

characterized by G'i, evolve at rest towards different metastable structures with larger 

elastic modulus G'«> values. The effect of the flow history is observed to hold for a 

wide range of conditions: the initial modulus G'i and time invariant modulus G'K are 

reported in Figure 5.2a for various clay volume fractions (0.01 and 0.04), temperatures 

(25 and 40 °C) and methods of preparation. In order to compare the flow history 

dependency for these various conditions, the moduli have been normalized using the 

data of Figure 5.1 (measured for a volume fraction of (j) = 0.01 and T = 25 °C ). The 

normalized moduli are plotted in Figure 5.2a as functions of the pre-shearing rate, 

expressed in terms of the initial Peciet number, Pe; = Yi/Dr, where y, is the pre-

shearing rate and Dr the rotary diffusion coefficient. The rotary diffusion coefficient 

(Ren et al. 2003) of the clay layers is given by D, =3£B774r|<i3, where kB is the 

Boltzmann constant, T is the absolute temperature, r\ is the viscosity of the suspension 
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at high shear rate (Moan et al. 2003) and d is the particle diameter. The smaller volume 

fraction (0.01) is close to the fluid- to solid-like transition of the suspension (shown 

later), while the higher temperature (40 °C) leads to an increase by almost three times 

of Dr. Nevertheless, the flow history dependency of G', and G 'ro shows no significant 

qualitative differences for this range of parameters, while the same trend is observed 

for the non-polar suspension prepared by solution mixing (triangular symbols). In a 

similar fashion, the linear viscoelastic properties of the polar suspension (Figure 5.2b) 

are sensitive to the flow history, but differ in the extent of the structural recovery that 

tends to vanish as the pre-shearing amplitude decreases. It is noteworthy to mention 

that a similar flow history dependency was also observed for organo-modified 

suspensions prepared by ultrasonication with synthetic layer silicates of different aspect 

ratios,/?, (results not shown): a hectorite with/? ~ 50 (Lucentite SANS, CBC Co.) and a 

fluoromica with p < 6000 (Somasif MAE, CBC Co). This behavior appears to be a 

universal feature of strongly concentrated attractive colloidal suspensions. 

As a consequence of the flow history dependency, the polar and non-polar suspensions 

undergo a fluid- to solid-like transition due to pre-shearing. The transition is depicted in 

Figure 5.3 where their linear viscoelastic properties as a function of frequency are 

reported after different initial shear rates YJ. The low frequency elastic modulus of the 

non-polar (Figure 5.3a, ty = 0.04) and polar suspensions (Figure 5.3b, (|) = 0.003), 

measured after a 5400 s rest time, is actually shown to evolve from a liquid-like 

behavior for high pre-shearing rates towards a non-terminal flow behavior (i.e. nearly 
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independent of to) as the initial shear rate is decreased. Note that the volume fraction of 

the polar suspension is about 9 times smaller than that of the non-polar one. Despite the 

large dependence of the low frequency elastic modulus on the pre-shearing rate (more 

than two fold increases for the polar suspension), the elastic and loss moduli of the non-

and polar suspensions can be respectively scaled in two single master curves (Figure 

5.3c). For each suspension, an excellent superposition of the viscoelastic data of Figure 

5.3a and Figure 5.3b is achieved when a shift factor, K, is used to reduce the modulus 

and the frequency (not shown). This shift factor, K, is defined as the ratio of G'o and a 

reference modulus, G'or, following a pre-shear rate, Yir- F° r these suspensions, G'o 

reflects the elasticity induced by the presence of the clay particles since the suspending 

fluids are inelastic. Then, the crossover frequency, coo, (i.e. where both moduli are 

equal) and G'or are used to make single master curves as reported in Figure 5.3c. This 

scaling behavior suggests strong similarities between the metastable microstructures 

induced by different pre-shear rates and between those of the polar and non-polar 

suspensions 

5.5.2. Scaling behavior with volume fraction 

Figure 5.4a shows the frequency dependence of the elastic modulus at various volume 

fractions, <|>, ranging from 0.0075 to 0.04 for the non-polar suspension prepared by 

ultrasonication. Prior to all measurements, the samples were systematically pre-sheared 

at a low initial Peclet number (Pe; < 1, y, = 10"3 s"1), and then allowed to rest during 
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5400 s to ensure similar flow history. As the volume fraction increases, the elastic 

modulus becomes significantly larger and displays a wider plateau at low frequencies, 

characterized by G'o- The dependence of the plateau value, G'o, on (j) will be discussed 

further in relation to the nature of the clay network. An excellent superposition of the 

linear viscoelastic properties with the volume fraction is obtained, based on the scaling 

factor K as shown in Figure 5.4b. In this case, K is defined as the ratio of G'o and a 

reference modulus, G'or, corresponding to a volume fraction, ())ref, arbitrarily chosen 

equal as 0.02. This scaling is similar to that reported by Hobbie et al. (2007) for 

concentrated nanotube suspensions. It is also in agreement with the universal scaling 

behavior of weakly attractive particles discussed by Trappe et al. (2000; 2001). Figure 

5.5 shows that the scaling behavior applies for all the data obtained under various pre-

shearing rates, preparation methods and different suspensions. For the non-polar 

suspension (4>ref = 0.02), the superposition of the data following a pre-shearing at a high 

initial Peclet number, Pe, > 1 (Yi = 0-3 s" ), only differs at low frequencies compared to 

the case at the low Peclet number, Pe; < 1 (y; = 10"3 s"1), with G' going towards a lower 

G'o, in agreement with the results of Figure 5.3. Also, for the non-polar suspension 

with Pe, < 1, the preparation method based on solution mixing (<j)ref = 0.02) leads to a 

larger G'o in comparison with the preparation method based on ultrasonication. Rather 

surprisingly, the reduced storage modulus of the polar suspension shows a similar 

behavior than that of the non-polar suspensions, while the reference volume fraction is 
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nearly ten times smaller (cj)ref = 0.003). Note that for the fluorescent suspensions used in 

CLSM, the low-frequency data of G' are unaffected by the presence of Safranine-O 

(Figure 5.5), suggesting that it does not perturb the interaction potential between the 

clay platelets. 

Finally, a scaling is proposed for the steady-state data (stress vs. shear rate), this time 

suggested by the Bingham equation and based on the apparent yield stress. Actually, 

the behavior of the layered silicate suspensions is typical of a yield stress material, as 

described by the Bingham equation: o = o~0 + u0y, where a, oQ and |i0
 a r e t n e steady 

stress, the apparent yield stress and the high-shear rate viscosity of the suspension, 

respectively. The shift factor, L= oQ/a0^ref where CTQÎJ, is the apparent yield stress 

for the reference volume fraction, is applied to reduce the steady stress a and the shear 

rate y. Figure 5.6 shows that the scaling reduce effectively the data of the non-polar 

suspensions prepared by ultrasonication and by solution mixing in single master curves 

(c|)ref = 0.02). On the other hand, the yield stress for the polar suspensions was not well 

defined and it was deduced from the scaling procedure itself. A similar scaling 

behavior was observed for concentrated nanotube suspensions by Hobbie and Fry 

(2007) and is expected for other Bingham fluids (Trappe and Weitz 2000). The values 

of the plateau storage modulus G 'o and of the yield stresses a0 used to calculate the 

shift factors, K and £, are plotted in Figure 5.7a as functions of the clay volume 

fraction, while Figure 5.7b presents the limit of linearity j of the two suspensions. The 
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similarity within the behavior of these suspensions is discussed in the scope of the 

microstructure in Section 4. 

5.5.3. Scaling behavior with temperature 

The significant effect of temperature, T, on the non-equilibrium structures of the non-

polar suspension prepared by ultrasonication (§ = 0.04) and the polar suspension (0 = 

0.003) is illustrated in Figure 5.8. The stress, a, reduced by contribution of the 

suspending fluids, am, is plotted at different temperatures as a function of the Peclet 

number. Since the suspending fluids are Newtonian, the reduced stresses correspond to 

the contributions of the clay structures. The Peclet number was selected since it allows 

comparing reduced stresses at different temperatures for the same ratio of the 

hydrodynamic (yn) and Brownian (3&#774<i3) forces. The hydrodynamic contributions 

vary considerably over the temperature range covered experimentally. This is 

principally due to the viscosity changes of the suspending fluids with temperature 

(multiplied by ~8 and ~5 for the non- and polar suspensions, respectively, when the 

temperature is decreased from 65 to 15 °C), while the Brownian force is only slightly 

affected. The non-superposition of the reduced stresses brings out the strong 

temperature dependency of the interaction potential between the clay platelets. The 

yield stress, and hence, the attraction potential (Trappe et al. 2001) are shown to 

increase with decreasing temperature for both suspensions. In the same manner than for 

the volume fraction, the shift factor £ based on yield stress allows to superpose the flow 
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curves at different temperatures (filled symbols in Figure 5.7 with Tref - 40 °C and 65 

°C for the non- and polar suspensions, respectively). It will be shown below that, 

remarkably, the shift factors C, of the non- and polar suspensions follow the same 

exponential decay dependency with temperature. 

To investigate the effect of temperature on the metastable structures, the frequency 

dependency of the elastic modulus was measured in the same temperature range as the 

stress measurements and the results are reported in Figure 5.9. All the dynamic 

measurements were preceded by a pre-shearing followed by a 5400 rest time. For the 

non-polar suspension, two pre-shearing amplitudes were tested with initial Peclet 

numbers equal to 1 and 103, while a pre-shearing at Pe, < 1 with Yi = 103 s"1 was used 

for the polar suspension. The variation of G' induced by the temperature dependency of 

the suspending fluid was taken into account by applying time-temperature 

superposition. For that reason, the data were horizontally shifted with the respective 

factors aT of the suspending fluids, relative to the reference temperature, Tref, of 25 °C. 

The non-superposition of the plateau storage modulus, G'o, at low frequencies shown in 

Figure 5.9a for both suspensions reflects structure differences with temperature. 

However, in Figure 5.9b the data are shown to scale in single master curves using the 

shift factors aT of the suspending fluids and K. The shift factors K for the non-polar 

suspension following a pre-shearing at high (Pe; =10") and low Peclet (Pej = 1) number 

and for the polar suspensions (Pej < 1) are reported in Figure 5.10, along with the shift 

factors C, used for the non-equilibrium structures (used in Figure 5.8). Both shift factors 
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are shown to follow the same exponential decay dependency with temperature within 

measurement accuracy, but they are not equal for all conditions investigated. 

Nevertheless, the temperature dependencies of the polar and non-polar suspensions as 

well as the temperature dependencies of the equilibrium and non-equilibrium structures 

are similar. The main difference between the polar and non-polar suspensions lays in 

the fact that the polar suspensions exhibit a non-reversible behavior with temperature. 

This is illustrated in Figure 5.9a for the G' data obtained after measurements performed 

at 45 and 65 °C (labelled respectively as "after 45" and "after 65"). Following these 

measurements, a second pre-shearing at 25 °C was applied at the same Peclet number. 

We observe a significant decrease of the elastic modulus with respect to the initial 25 

°C measurements. We note that the storage modulus remains at the same level as 

observed after pre-shearing at higher temperature, suggesting the persistence of the 

structures induced at high temperature. This behavior is unexplained. In contrast for the 

non-polar suspensions, the resulting storage modulus remains at the same level as 

observed after the first pre-shearing. Finally, it should be pointed out that under static 

conditions, i.e. when the temperature is just held at 65 °C without shearing after the 

first at 25 °C, the same suspension was observed to be reversible (results not shown). 

5.5.4. Correlation between rheological properties and microstructure 

The power-law dependencies of G'o and of the apparent yield stress, a0, on the volume 

fraction depicted in Figure 5.7a suggest that the microstructures of the polar and non-
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polar suspensions are fractal in nature. The scaling exponents n for G 'o and t for a0 of 

the two suspensions do not differ much within their determination accuracy (see Table 

5.1). Note that the two different pre-shearing conditions (low and high PeO lead to 

similar exponents n. The limit of linearity of 7° for the two suspensions is also shown to 

follow a power-law relationship with the volume fraction (Figure 5.7b) with a negative 

exponent B (Table 5.1). As mentioned earlier, the limit of linearity was established 

according to the variation of G' with strain. Above 7°, while G' decreased 

continuously, G" exhibited a maximum (results not shown). This behavior was 

reported by Yziquel et al. (1999) for fumed silica suspensions and by Page et al. (2002) 

for coating colors. The maximum (overshoot) was observed to strongly decrease with 

increasing frequency and decreasing volume fraction. It allows classifying the 

nonlinear viscoelastic behavior of these suspensions to type III or weak strain 

overshoot, according to Hyun et al. (2002). From the fractal scaling theory of Shih et 

al. (1990), a decrease of y0 with increasing volume fraction indicates that the elasticity 

of the system is ruled by the intra-microscopic elasticity K~c , which is lower than the 

inter-microscopic elasticity Ki. However, in the case of our suspensions the volume 

fraction dependency of y° is weak, which suggests mutual contributions of the two 

levels of elasticity. Actually, the theory of Shih et al. (1990), which only considers 

Ki in the strong-link regime, fails by predicting an unphysical negative value for the 

fractal dimension x of the clusters in the case of our suspensions. On the other hand, the 



154 

scaling model of Wu and Morbidelli (2001) takes into account the two levels of 

elasticity with a parameter a ranging from 0 to 1 for the strong-link and the opposite 

weak-link regime, respectively. The determined power-law exponents n and B lead for 

the two suspensions to a ^ 0.4 if a realistic value of the fractal dimension x is 

considered (in the range of 1 to 1.3 for a colloidal gel). Consequently, the two 

suspensions belong to the transition regime for which both levels of elasticity 

contribute significantly to the overall elasticity. The values of the fractal 

dimensionalities Df of the two suspensions derived from Equations 5.5 and 5.6 are 

close to 2 (see Table 5.1). This supports the fact that their structures are similar. They 

are also in good agreement with the predictions only based on yield stress (Equation 

5.7 and Table 5.1). 

Real space observations of the microstructures of the non- and polar suspensions were 

done using confocal laser scanning microscopy (CLSM). Figure 5.11 shows 

microstructural images from CLSM when no pre-shearing, except a slight squeezing 

flow to insert the sample within the CLSM holder gap, was imposed prior to their 

acquisition. The areas rich in fluorescent layered silicate appear bright in the 

micrographs. The dense regions in layered silicate within the non-polar suspensions 

prepared either by ultrasonication (Figure 5.11a, (|> = 0.02) or by solution mixing 

(Figure 5.11b, (() = 0.02), and the polar suspension (Figure 5.lie, § = 0.003), form a 

continuous network with an overall appearance similar to those reported for polymer 

gels (Bremer et al. 1993, Crompton et al. 2005, Firoozmand et al. 2007, Hirokawa et 
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al. 1999). The space-filling networks are consistent with the fractal structures inferred 

previously. At the micro-scale, these networks were shown to be static over the time 

scale of observation (~ 60 min), indicating the dominance of prevailing attraction 

forces over Brownian forces. It is also noteworthy to mention that the non-polar 

suspension based on the more polar organomodified montmorillonite (Cloisite 30B) did 

not exhibit such networks (Figure 5. lid). At the same volume fraction (j) = 0.02, the 

microstructure of the non-polar suspension prepared by ultrasonication (Figure 5.11a) 

is shown to contain some large agglomerates in contrast to the suspension prepared by 

solution mixing (Figure 5.11b). The clay platelets contained within these agglomerates 

do not contribute to the network, which explains the weaker rheological properties 

reported previously for this suspension (Figure 5.5 & Figure 5.6). By considering 

Equation 5.5 with the low plateau value of the storage modulus G'o given in Figure 5.5 

(with Pej < 1) and assuming the same fractal dimensionality Df and similar P (Table 

5.1) for both suspensions, the network induced by ultrasonication is expected to include 

only approximately one half of the total clay volume fraction. Consequently, and due to 

its fractal nature, it should have a characteristic length scale, £o, larger than that of the 

network prepared by solution mixing (Equation 5.1, assuming ô proportional to ^c 

(Gefen et al. 1981)). Its coarser microstructure observed by CLSM (Figure 5.11a vs. 

Figure 5.1 lb) qualitatively confirmed this trend, but this should be considered with care 

since the two preparation methods involve different flow histories. In the next 

paragraph, the microstructure characteristic size ô is actually observed to depend on 
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the pre-shearing rate. Similarly, a more open network is seen when the volume fraction 

of the non-polar suspension is decreased by half to 0.01 (Figure 5.11c compared to 

Figure 5.11b). In contrast, the polar suspension exhibits the same behavior when the 

volume fraction is decreased from 0.003 (Figure 5.1 le) to 0.0015 (Figure 5.1 If). Figure 

5.12 presents the distance distribution function, P(£,), used to quantify the network 

characteristic length scale ô of the CLSM images of Figure 5.11. The observable 

isotropy of the quiescent microstructures is confirmed by the similarity of the 

\ distributions along the x- and y-directions. The corresponding characteristic length 

scales, £o> (shown in the legends of Figure 5.12a & Figure 5.12b) are in agreement with 

the main concept of fractal scaling theories described by Equation 5.1. Actually, 

according to this equation and the mass-fractal dimensionalities, Df, given in Table 5.1, 

an increase by a factor of two of the volume fraction would result in a decrease of ô 

by a factor of 0.5 and 0.6 for the polar- and non-polar suspensions prepared by solution 

mixing, respectively. These theoretical factors are in close agreement with their 

corresponding experimental factors equal to 0.5 ± 0.05 for the two suspensions. In 

addition, the order of magnitude of the characteristic length scales, ^o, of the non-polar 

and polar suspensions are similar while the volume fraction range for the polar 

suspension is one decade smaller. The differences in the range of volume fractions 

result in different sizes aeff of the compact building blocks of the clusters, as calculated 

from Equation 5.1. This equation predicts that the compact building blocks of the non-



157 

polar suspension are almost three times larger than those of the polar suspension (ratio 

of Equation 5.1 for the non- and polar suspensions estimated from ^ of Figure 5.12 

and the fractal dimensions from Table 5.1). This is attributed to differences in the 

nanoscale interactions between the particles during the solution mixing step in 

preparing the suspension. Actually, it has been shown that the organomodified clay in 

toluene forms tactoids of three to six platelets whereas the natural clay is fully 

exfoliated in deionized water (Ho et al. 2001, Ho et al. 2002, Ho and Glinka 2003). 

Finally, the comparable rheological properties of these suspensions observed on 

different volume fraction ranges are explained by differences in the elastic constant K. 

From Equation 5.5 and using the scaling exponents and fractal dimensions given in 

Table 5.1, one obtains the elastic constant K for the polar suspension nearly one 

hundred times larger than for the non-polar suspension. Assuming that the elasticity is 

governed by the interaction potential between particles and clusters (Pantina and Furst 

2006), the interaction potential level within the polar suspension is therefore much 

higher than that within the non-polar suspension. 

Figure 5.13 reports micrographs for the metastable microstructures of the non-polar 

suspension prepared by solution mixing ((j) = 0.02) and polar suspension (<|) = 0.003) 

following various pre-shearing rates y, from 10 to 10" s" . Their elasticity is given by 

G'oo in Figure 5.2. These metastable microstructures reflect their corresponding non-

equilibrium microstructures, since no overall structural recovery at the micro-scale was 

observed in CLSM upon cessation of steady shear flow. Therefore, the structure build-
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up at rest resulting in the increase of G' from G', to G'« depicted in Figure 5.1 is due to 

local rearrangements at smaller length scales. The lack of micro-structural recovery 

towards a single equilibrium structure outlines the high interparticle attraction energy 

(> 20 ksT), a characteristic of strongly aggregated systems. On the shear rate range 

-9 1 

investigated, from 10" to 10 s" , the metastable microstructures of the polar suspensions 

display no apparent anisotropy, while for the non-polar suspension a slight one along 

the vorticity direction is distinguishable, with the difference in the \ distributions along 

the x- and y-directions. A constant surface coverage by the structure was also observed 

on the shear rate range explored, with A (described in the optical measurement section) 

equal to 0.48 +0.02 and 0.39 ±0.02 for the non- and polar suspensions, respectively. 

The metastable structures and, hence, the non-equilibrium structures differ essentially 

from each other by their characteristic length scale, £$, which tends to decrease for 

increasing pre-shearing rate amplitude y, as revealed quantitatively in Figure 5.14. A 

comparable aggregation process was recently reported by Rahatekar et al. (2006) for a 

carbon nanotube suspension in epoxy. The dependency of the rheological properties 

with the pre-shearing and shearing amplitudes (Figure 5.2, Figure 5.3 & Figure 5.8) 

results consequently from the shear-controlled characteristic length scale of the 

microstructure, as supported by the strong correlation between G'x (Figure 5.2) and ô 

(Figure 5.14). This structural dependency is attributed to a reversible shear-induced 

aggregation. As a result, £o follows a power-law dependency at intermediate shear rates 

with a power exponent m = - 0.22 for the non-polar suspension and in = - 0.42 for the 
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polar suspension. Sonntag and Russel (1986; 1987) have reported a value of m - - 0.35 

for their dilute flocculated suspensions (polystyrene lattices). These values are within 

the limits of - 0.23 and - 0.5 determined by Potanin (1993) using computer simulations. 

The low limit is related to the non-central components of the particle attraction 

potential (function of the angle between adjacent bonds), while the high limit belongs 

to the purely central component (function of the distance between the centers of 

neighboring particles). 

The shear-induced aggregation has been directly visualized during stepwise reductions 

in shear rate from 10 to 10"2 s"1. Figure 5.15 reports the resulting transient stress 

response, o\ and characteristic length scale, £,o, as a function of strain for the polar 

suspension ((j) = 0.003). The first decrease in a" at short times, corresponding to the 

viscoelastic response of the suspension (stress relaxation), is followed by a monotonic 

increase as ô starts to increase due to the shear-induced aggregation. The transient 

stress response at large deformations is therefore shown to be governed by a structural 

evolution at the micro-scale. Similar observations have been made for the non-polar 

suspensions. 

5.6. Concluding remarks 

Motivated by the jamming phase diagram for attractive particles proposed by Trappe et 

al. (2001), we have investigated the scaling behavior of the viscoelastic properties of 
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non-aqueous layered silicate suspensions with flow history (stress), volume fraction, 

and temperature (interaction energy). Single master curves of their linear and nonlinear 

viscoelastic properties have been obtained using respectively a shift factor K based on 

low frequency plateau values of the elastic modulus G'o, and a shift factor £ derived 

from the yield stress Go. The scaling is established for both the non- and polar aqueous 

layered silicate suspensions. 

The power-law dependencies of the shift factors with the volume fraction have been 

interpreted in light of the fractal nature of the suspensions. Fractal dimensions close to 

2 were estimated using the scaling model of Wu and Morbidelli (2001). Direct 

observations of the microstructures using confocal laser scanning microscropy (CLSM) 

confirmed the presence of fractal networks with fractal dimensions ~2. As far as we are 

aware, such CLSM observations for colloidal suspensions under shear flow have never 

been reported. The similar rheological properties of the non-polar and polar 

suspensions, while the volume fraction range for the polar suspension was ten times 

smaller, was explained to arise from differences in particle interaction potential. 

The attraction potential responsible for the fractal networks was clarified owing to its 

temperature dependency. The exponential decay of the shift factors with temperature 

was shown to be similar for the two suspensions. Nevertheless, the polar suspension 

differs from the non-polar suspensions by its non-reversible temperature behavior 

under flow. 
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By increasing the shearing amplitude, the characteristic length scale of the non-

equilibrium microstructures was shown to decrease from high to low plateau values. 

This structural variation with the shearing amplitude was attributed to a reversible 

shear-induced aggregation. Upon cessation of flow, no overall structural recovery at the 

micro-scale was observed in CLSM, leading to metastable microstructures with the 

same characteristic length scale than their non-equilibrium counterparts. Consequently, 

the thixotropic behavior of these suspensions is due to local rearrangements at the 

nano-scale and its physical interpretation should be elucidated using wide-angle 

scattering techniques. Based on these findings, the rheological dependency on the flow 

history is attributed to the shear-controlled characteristic length scale of the 

microstructure. 
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Figure 5.1 : Thixotropic behavior of the non-polar suspension prepared by 

ultrasonication for § = 0.01. G' as a function of time, t, measured at a frequency of 

125.6 rad.s-1 upon cessation of steady shear flow. Symbols indicate the values of the 

initial shear rate yt of steady shear flow; the solid lines represent best fits using 

Equation 5.8. 
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Figure 5.2 : Dependence of G'i (unfilled symbols) and G'ao (filled symbols) on the pre-

shearing amplitude (normalized data). Non-polar suspension (a) prepared by 

ultrasonication for ((> = 0.01 and T = 25 °C (circle, taken as reference), ty = 0.04 and T = 

25°C (hexagon), (j) = 0.04 and T = 40 °C (diamond) and prepared by solution mixing 

with (j) = 0.02 and T = 25 °C (triangle). Polar suspension prepared by solution mixing 

(b) with <|> = 0.003. All measurements were done at 126.5 rad.s"1. The solid lines are 

drawn to guide the eyes. 
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Figure 5.3 : Flow history dependency of linear dynamic moduli (a & b) and their 

scaling behavior (c). Non-polar suspension prepared by ultrasonication for (J) = 0.04 

(unfilled symbols) and polar suspension prepared by solution mixing for 0 = 0.003 

(filled symbols). T= 25 °C. 
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Figure 5.4: Viscoelastic properties of the non-polar suspension prepared by 

ultrasonication for different volume fractions (j). G' as a function of co (a) and scaled 

moduli, G'/K and G"/K, as a function of the scaled frequency, CO/K (b) ((j)ref = 0.02 and 

Pe; < 1). The solid line in the bottom figure represents the loss modulus of the 

suspending fluid. T=25 °C. 
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Figure 5.5 : Scaling behavior of G' as a function of scaled frequency CO/K as ty is varied 

for the polar suspension ((j)ref = 0.003) and the two non-polar suspensions prepared by 

solution mixing and ultrasonication ((j>ref = 0.02). Fluorescent suspensions (with 

Safranine-O) are indicated with the following symbols: [•] non-polar suspension 

prepared by ultrasonication with <|)= 0.02; [A] non-polar suspension prepared by 

solution mixing for (j) = 0.02; [ <•] polar suspension for <|) = 0.003. 
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Figure 5.7 : Volume fraction dependence of G'o (circle: Pej < 1 and diamond: Pe; > 1) 

and Go (triangle) (a) and of j (b) for the non-polar suspension prepared by 

ultrasonication (unfilled symbols) and the polar dispersion (filled symbols). 
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Figure 5.11 : Confocal scanning laser microscopy images of the quiescent 

microstructures of the layered silicate suspensions. Non-polar suspensions prepared by 

ultrasonication (a) 2 vol. %, by solution mixing (b) 2 vol. %, (c) 1 vol. %, (d) 2 vol. % 

(Cloisite 30B), and polar suspension prepared by solution mixing (e) 0.3 vol. %, (f) 

0.15 vol. %. White areas are rich in layered silicate. The scale bars represent 50 (im. 

The insets show the corresponding image part after binarization. The images were 

taken at room temperature (about 23 °C). 
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Figure 5.12: £ distributions along x- (unfilled symbols) and y- (filled symbols) 

directions for the non-polar suspensions (a) and polar suspensions (b). The dashed lines 

represent log-linear regressions. 
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Figure 5.13 : Effect of the pre-shearing amplitude on the flow-induced metastable 

microstructures of the layered silicate suspensions. Non-polar (right, 2 vol. %) and 

polar (left, 0.3 vol. %) suspensions prepared by solution mixing (a) 10 s"1, (b) 1 s"1, (c) 

0.1 s"1, (d) 0.01 s"1. The scale bars represent 25 \im. The pre-shearing direction is from 

bottom to top. The insets show the corresponding image part after binarization. The 

images were taken at room temperature (about 23 °C). 
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Figure 5.15 : a~ (unfilled symbols) and ô (filled symbols) as a function of y after a 

stepwise reduction in shear rate from 10 to 10"2 s"1 for the polar suspension ((|) = 0.003). 

The insets show CLSM images at different deformations: (a) 0.13, (b) 10 and (c) 29. 

The solid line is drawn to guide the eyes. 
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Table 5.1 : Values of the scaling exponents n, B, (3, and t and fractal dimensions Df of 

non- and polar suspensions; a non-polar suspension prepared by ultrasonication, Df 

derived from Equation 7. 

non-polar suspension prepared by ultrasonication. 

Sample 
non-polar 
suspension3 

polar 
suspension 

P e j < l 

Pej> 1 
Pe;< 1 

n 
2.2 

2.6 
2.6 

B 
-0.7 

-

-0.6 

Df 

1.7 

-

2 

3 
2.8 

-

2.6 

t(Df) 
1.7 
(1.8) 
-

2.3 
(2.1) 

Df derived from Equation 5.7. 
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CHAPITRE 6 - DISCUSSION GENERALE ET CONCLUSION 

Les nombreuses etudes publiees sur le comportement rheologique des nanocomposites 

polymere/phyllosilicate interpreted leur comportement rheofluidifiant et thixotrope 

sous la seule perspective de revolution d'orientation de leurs feuillets ou 

d'empilements de feuillets tandis que la percolation de ces derniers est evoquee pour 

expliquer leur comportement pseudo-solide. La contribution majeure de cette these est 

de considerer non seulement revolution de la distribution d'orientation mais egalement 

revolution de la distribution spatiale des feuillets lors de 1'analyse de leur 

comportement rheologique, et d'appuyer leur description par des techniques de 

mesures inedites. 

La premiere contribution originale a ete de mettre en evidence Pinfluence de l'histoire 

d'ecoulement sur les proprietes viscoelastiques lineaires et non lineaires de suspensions 

polaires et non-polaires de phyllosilicate. La consequence la plus frappante au niveau 

de leurs proprietes viscoelastiques lineaires est leur transition d'un comportement 

pseudo-liquide a un comportement pseudo-solide avec la diminution de 1'amplitude du 

pre-cisaillement. Elle temoigne de 1'existence de structures metastables dont la 

comprehension de leur origine et la description de leur nature ont motive la suite de ce 

travail. 

La nature microscopique et les proprietes auto-similaires des structures metastables ont 

ete deduites de l'analyse fractale de leurs proprietes viscoelastiques lineaires et du 
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profil d'intensite de leurs cliches de diffusion de lumiere en deux dimensions. La 

microscopie confocale a balayage laser a permis d'observer directement les 

microstructures metastables et de confirmer leur nature fractale par la mesure de leur 

distance caracteristique a differentes fractions volumiques. Le comportement pseudo-

solide de ces suspensions est done attribue a la presence d'un reseau d'agregats de 

feuillets de nature fractale en masse. 

Sous ecoulement, des mesures de dichroi'sme ont permis de suivre 1'anisotropic 

developpee dans les plans de vorticite et du gradient de cisaillement. Dans le plan de 

vorticite, la structure s'oriente progressivement selon la direction d'ecoulement avec 

l'augmentation de la vitesse de cisaillement. Une fois le plateau de viscosite atteint, 

revolution de la distribution spatiale des agregats s'accompagne d'une augmentation 

de 1'anisotropic dans le plan du gradient de cisaillement. Suite a un pre-cisaillement, 

1'absence de relaxation de 1'anisotropic induite par ecoulement est explicitement 

montree avec des mesures de 2D-SAOS. Les microstructures metastables ont par 

consequent la meme nature anisotrope que leur contrepartie sous ecoulement. 

Toutefois, l'anisotropie reste faible comme le suggere les cliches de diffusion de 

lumiere, et comme l'attestent les observations directes par microscopie confocale a 

balayage laser. Les structures metastables different en fait principalement par leur 

distance caracteristique. Elle diminue avec la vitesse de cisaillement d'une haute a une 

faible valeur au plateau. L'evolution structurelle est attribuee a une agregation 

reversible induite par ecoulement. Suite a un pre-cisaillement, aucune relaxation 
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structurelle a l'echelle microscopique n'a ete observee en microscopie confocale a 

balayage laser. Le comportement thixotrope de ces suspensions implique alors des 

rearrangements a l'echelle nanoscopique. Les microstructures sous ecoulement ont 

done la meme distance caracteristique que leur microstructure metastable subsequente. 

Le comportement rheofluidifiant de ces suspensions decoule ainsi de revolution de la 

distribution spatiale des feuillets. A la connaissance de l'ensemble de ces resultats, 

l'influence de l'histoire d'ecoulement est expliquee par la persistance des distances 

caracteristiques controlees par la vitesse de cisaillement. 

Bien que les tendances affichees par les proprietes viscoelastiques lineaires et non 

lineaires de ces suspensions aient ete generalisees en etudiant le comportement 

d'echelle avec la temperature, la fraction volumique, et l'histoire d'ecoulement, elles ne 

represented qu'une description partielle de ces systemes limitee au cas d'un potentiel 

d'attraction fort entre les feuillets. A 1'image des travaux de Trappe et al. (2001), leur 

connaissance approfondie necessiterait d'etablir leur diagramme de phase 

(liquide/solide) en fonction de la contrainte, de la fraction volumique, et du potentiel 

d'attraction entre les feuillets. Une description multi-echelle des phases accompagnee 

de leur caracterisation rheologique permettrait de reellement evaluer le potentiel de la 

rheologie comme technique d'etude de l'etat de dispersion des suspensions non-

aqueuses de phyllosilicate. 
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CHAPITRE 7 - PERSPECTIVES 

Les travaux presentes meriteraient d'etre etendus dans la perspective du diagramme de 

phase de Trappe et al. (2001), et tout particulierement pour differentes amplitudes du 

potentiel d'attraction entre les feuillets. Une diminution du potentiel d'attraction des 

particules colloi'dales en suspension dans un solvant organique est le plus souvent 

observee avec la temperature. II serait alors interessant d'etendre l'etude en temperature 

de la suspension non-polaire a de plus hautes temperatures voisines de celles 

rencontrees lors de la mise en forme des nanocomposites a base de thermoplastique. 

Pour le systeme polaire, l'amplitude du potentiel d'interaction pourrait etre variee en 

jouant notamment sur le poids moleculaire du polyalkyleene glycol adsorbe a sa 

surface. Une caracterisation precise des proprietes physiques des composants des 

suspensions (indice de refraction, constante dielectrique, parametres de solubilite, poids 

moleculaire, etc.) permettrait une approche plus rationnelle du potentiel d'interaction. H 

serait egalement profitable d'etendre la mesure de leurs proprietes viscoelastiques 

lineaires a de plus faibles frequence selon les methodes de Wyss et al. (2007) et de 

Helgeson et al. (2006). 

La caracterisation de l'etat de dispersion a l'echelle du nanometre par diffraction des 

rayons X permettrait d'identifier les rearrangements responsables du comportement 

thixotrope des suspensions. De plus, elle renseignerait sur les mecanismes de rupture 

observee a de faibles deformations lors des demarrages a vitesse imposee. 
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ANNEXE A - MODELE STRUCTURAL 

Au regard du portrait rheologique des suspensions non-aqueuses de phyllosilicate 

dresse lors de cette etude, un modele phenomenologique inspire des travaux d'Yziquel 

et al. (1999) est propose. L'objectif premier lors de sa formulation est d'etre a meme de 

prendre en compte Finfluence de l'histoire d'ecoulement. II a pour base le modele de 

Jeffreys : 

i y + ^ = ( 1 + ^ ) t + 1 - | ( ^ ) <A.1> 

avec rioo la viscosite en 1'absence de structure, et G le module elastique et T| la viscosite 

definis selon les travaux d'Yziquel et al. (1999): 

G(]Q = G0S + Goo (A.2) 

n ( 0 = ^ (A.3) 

avec n0 une viscosite caracteristique, Gm le module elastique en l'absence de structure, 

et G0 + GQO le modules elastique pour le plus haut niveau de structure. Une nouvelle 

fonction de structure / est posee de fa§on a obtenir tout comme Yziquel et al. (1999) 

une viscosite selon une loi de puissance avec une viscosite limite aux hauts taux de 

cisaillement en regime permanent: 

/ ( 0 = [ ( ± - l ) p ^ (A.4) 

avec n l'indice de la loi de puissance, et w un indice lie a l'exposant m de la 

dependance de ô avec Yi donnee a la figure 5.14. 
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Conceptuellement, on differencie revolution de structure a l'echelle microscopique 

induite par cisaillement de celle presente aux plus petites echelles. Le parametre de 

structure, ,̂ est pour cela dissocie en une contribution dite microscopique, 2;m, et une 

autre dite locale, ^ : 

5 = m̂ + $1 (A.5) 

Une equation cinetique est ecrite pour chacune des contributions : 

^ f = fcid - Sm)lYR 0— - k2^U<r-Y\ (A.6) 
at T|0 

Ml 
dt ^ ( T ^ ^ ) - ^ 1 (A-7) 

AQ \ a / T|O 

avec A0 un temps caracteristique, et k], k,2, k^, k4 des constantes cinetiques. La perte de 

structure due aux forces hydrodynamiques est supposee fonction du taux d'energie 

dissipee (Yziquel et al. 1999). Elle peut egalement etre consideree dependante de la 

vitesse de cisaillement. La fonction de structure/et les equations cinetiques s'ecrivent 

alors respectivement de la facon suivante : 

/© = [g-l)f^ (A.8) 

^ f = fc^l - U l v l V ^ ™ WVi02 (A.9) 

ft=i^-^-TM^ (A.10) 

Finalement, elle est supposee fonction des contraintes normales, et imposer la 

formulation suivante : 

w(i -n ) 

/ © = [ g - 1 ) V C G ^ T G ^ ] 2 ^ (A. 11) 
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^^.(l-UlYR^-g^Jg (A.12) 

Dans tous les cas, ^m represente l'agregation induite par cisaillement, et il est 

directement lie a £o. 1̂ quant a lui permet de tenir compte de la thixotropie des 

suspensions, et ainsi des rearrangements a l'echelle nanoscopique responsables de 

revolution de G' suite a un pre-cisaillement. Le modele se reduit a celui d'Yziquel et 

al. (1999) en 1'absence de structuration a l'echelle microscopique. 

La reponse du modele selon le taux d'energie dissipee lors d'un cisaillement en regime 

permanent est illustree a la Figure A.l avec les parametres donnes a la Table A.l. Le 

parametre de structure est donne sous ecoulement (indique par y) et au repos (indique 

par Y0- II suit bien qualitativement revolution du module elastique donnee a la figure 

5.1b. 
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Tableau A. 1 : Parametres du modele consideres a la Figure A. 1 

G'o G'oo ki k2 ki k4 Xo r\™ n w a 
(Pa) (Pa) (Pa.s) Pa.s" 
0.9 0.1 1 1 1 1 1 1 0 2 4 

10"; 10 101 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

*u» 

102 10"1 10° 

Figure A. 1: Viscosite r\ en fonction du taux de cisaillement y, et fonction de structure £ 

en fonction du taux de cisaillement y et du taux de pre-cisaillement Yi (Hgnes 

discontinues). 


