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Introduction générale    

 

L'un des objectifs les plus importants de la recherche de l'emballage alimentaire est le 

développement de matériaux d'emballages innovants et durables, capables de réduire l'impact 

environnemental global de la chaîne alimentaire, tout en restant économiquement compétitifs.  

Réduire l'impact environnemental global nécessite de traiter à la fois (1) les problématiques liées 

à la conservation des produits et la réduction des pertes et gaspillage alimentaire tout en 

maintenant la qualité et sécurité des aliments et (2) les problématiques à long terme liées à 

l’accumulation de déchets plastiques persistants dans l’environnement et à la préservation des 

ressources en pétrole et en denrées alimentaires (Guillard V. et al. 2018).  

 

Dans ce contexte, l'un des principaux objectifs de la recherche dans le domaine de l'emballage 

alimentaire est de concevoir et de fournir des matériaux capables de protéger les aliments de 

l'environnement extérieur et de maintenir leur qualité tout au long de leur durée de vie (par 

exemple, en protégeant de l’oxydation ou en limitant la croissance microbienne via le contrôle du 

transfert d'oxygène de l'environnement extérieur vers le produit alimentaire) tout en utilisant des 

matériaux respectueux de l'environnement (bio-sourcés et biodégradables).  

 

Les matériaux bio-composites à base de fibres végétales constituent des matériaux d'avenir, 

surtout lorsque la matrice et la charge sont toutes les deux biodégradables. Ils représentent une 

source de développement prometteuse pour les matériaux d'emballage écologiques. L'ajout de 

fibres à faible coût dans une matrice bio-polymère permet de diminuer le coût global du matériau 

final tout en conservant ses caractéristiques de fin de vie (par exemple la biodégradabilité) et de 

moduler ses propriétés fonctionnelles comme par exemple la propriété de perméabilité à la vapeur 

d’eau (Berthet M.-A. et al. 2015 ; 2016). 

 

Parmi les propriétés fonctionnelles clefs gouvernant la conservation des produits au cours du 

stockage, les propriétés de transfert de matière (diffusion, sorption, perméation) de gaz et vapeurs 

sont d'une importance primordiale car elles contrôlent la vitesse des réactions de dégradation de 

l'aliment emballé. Ces propriétés de transfert peuvent être modulées en incorporant des fibres 
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végétales tout en maintenant les propriétés mécaniques requises pour une application en emballage 

alimentaire. (Berthet M.-A. et al. 2015 ; 2016 ; Wolf C. et al. 2016 ; Thoury-Monbrun V. 2018). 

 

Pour optimiser les propriétés de transfert de matière des matériaux composites et répondre aux 

besoins des aliments en termes de conservation, elles doivent être analysées en fonction de la 

structure des composites, c'est-à-dire de la nature, la forme, la taille, la dispersion et l’orientation 

des particules ajoutées dans la matrice (e.g. phase continue). Cette connaissance du lien structure 

et propriété de transfert est également fondamentale dans les approches de retro-ingénierie, 

permettant de concevoir à façon des composites aux propriétés ciblées. Devant la complexité des 

structures analysées, le recours à la modélisation mathématique pour comprendre et prédire 

l’impact de la structure des composites sur leurs propriétés de transfert macroscopique est 

indispensable. Elle permet notamment de limiter les approches expérimentales de type essai/erreur 

et d’explorer l’impact de paramètres structuraux (orientation de fibres, présence d’interphase, 

etc.) que l’approche expérimentale seule ne permet pas d’évaluer.  

 

Les approches de modélisation existantes (analytiques ou numériques) parmi celles référencées 

dans la littérature scientifique, présentent de nombreuses limitations qui empêchent leur utilisation 

dans un objectif de prédiction de la perméabilité dans le cas spécifique où la phase dispersée 

contribue fortement au transfert de masse global (cas d’intérêt pour le présent travail) et que des 

effets d’interphase et de percolation entre ces interphases se produisent. Par ailleurs, elles ne 

considèrent pas l'hétérogénéité granulométrique et la dispersion spatiale non uniforme des 

particules, concomitante à la présence d'une interphase (troisième phase à l'interface 

matrice/particule).  

 

Dans ce contexte, l'objectif de la présente thèse est de permettre une meilleure compréhension de 

la modulation des propriétés de transfert de matière d’un composite suite à l'incorporation de 

particules-perméables dans une matrice polymérique. Face à la complexité du système étudié et 

étant donné que l'objectif final est de pouvoir prédire la perméabilité des composites, une approche 

de modélisation est nécessaire. Pour surmonter les limitations des approches analytiques et 

numériques actuelles et pallier les manques rencontrés dans l'état de l'art dans ce domaine, cette 
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thèse a pour objectif de développer des modèles numériques 3D, tri-phasiques, explicatifs et 

prédictifs des transferts de matière dans les bio-micro-composites.  

 

La thèse se focalise sur les questions scientifiques fondamentales suivantes :  

 

1. Quel est le rôle de l'incorporation de particules perméables (en considérant la géométrie 

réelle des particules et la structure réelle du composite) et de la présence d'une interphase 

(composite tri-phasique) sur la modulation des propriétés de transfert de matière des 

micro-composites ? 

2. Comment les caractéristiques structurelles mesurées à différents niveaux d'échelle 

notamment l’échelle microscopique, peuvent-elles être combinées dans une approche de 

modélisation multi-échelle pour prédire les propriétés macroscopiques de transfert de 

matière des micro-composites ? 

3. Comment la modification des propriétés locales (microscopique) de transfert de matière 

peut-elle influencer les propriétés globales (macroscopique) de transfert de matière, 

notamment au niveau de l’interphase ? 

4. Comment simplifier nos modèles numériques développés tout en conservant leur 

représentativité (approches 2D versus 3D, simplification de la géométrie des particules, 

distribution des tailles, réduction des paramètres, optimisation des calculs, symétrie, ...) ? 

 

Pour répondre à ces questions, la stratégie de cette thèse est de développer une approche de 

modélisation multi-échelle basée sur la méthode des éléments finis (FEM) pour la prédiction du 

transfert de matière dans des micro-composites bi-phasiques où la matrice et les inclusions 

contribuent au transfert de matière global. La modélisation FEM a été appliquée sur des 

géométries 3D simplifiées mais représentatives des structures micro-composites qui sont le résultat 

d'une analyse approfondie des observations microscopiques expérimentales des matériaux. Cette 

approche a pour objectif de mieux comprendre l'impact de la morphologie des particules (e.g. 

forme, taille, orientation, ...), de leur dispersion (e.g. distribution hétérogène, agglomération, 

fraction volumique, ...) et de la présence d'une troisième phase avec ses propres propriétés 

structurelles et de transfert de matière (e.g. interphase) sur les phénomènes de transport (système 
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tri-phasiques). Les géométries 3D utilisées dans cette approche ont ensuite été simplifiées de 

manière à s’affranchir de l’hétérogénéité des particules puis de la forme des particules, pour arriver 

ensuite à des structure 2D. L’objectif finalisé de cette dernière partie est de pouvoir déterminer à 

quel point le modèle FEM 3D proposé peut-être simplifié tout en gardant le maximum de 

représentativité. 

 

Cette thèse a été réalisée au sein de l'équipe ePOP (UMR IATE 1208 associant l’INRA, 

l’Université de Montpellier, Cirad et Montpellier SupAgro). ePOP travaille depuis plus de 15 ans 

au développement de matériaux d'emballage durables en se focalisant sur leurs propriétés de 

transfert de matière, propriétés clés pour les applications d'emballage alimentaire. ePOP développe 

une approche expérimentale et de modélisation afin d'acquérir des connaissances dans le domaine 

des sciences des matériaux et de développer des outils de prise de décision dans le domaine de 

l'emballage. Cette thèse a été menée dans la continuité de quatre travaux expérimentaux 

antérieurs qui ont alimenté le présent travail numérique en données expérimentales (ex. images, 

diffusivité, données de sorption, etc.) (Wolf C. 2014 ; Berthet M.-A. 2014 ; Thoury-Monbrun V. 

2018 ; David G. et al. 2019).  

 

Ce projet de thèse, entrant dans le cadre du projet GLOPACK, a été financé par le programme 

de recherche et d'innovation Horizon 2020 de l'Union européenne dans le cadre de la convention 

de subvention n° 773375. 

Le projet européen GLOPACK, coordonné par l'Université de Montpellier et regroupant 16 

partenaires de 7 pays vise à concevoir des solutions d'emballages alimentaires innovantes et 

entièrement durables en associant les caractéristiques suivantes : 

(i) matériaux biodégradables issus de la conversion des résidus agroalimentaires 

(ii) matériau actif (absorbeur d'oxygène et émetteur antimicrobien) 

(iii) matériau intelligent (capteur végétal couplé à puce RFID comme indicateur de 

fraîcheur des aliments) 
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Ce manuscrit de thèse comporte six chapitres. 

 

Le premier chapitre présente une synthèse de l’état de l’art sur les différentes approches de 

modélisation, analytiques et numériques, développées pour prédire les transferts de matière par 

diffusion à travers des bio-composites contenant des particules perméables. A la fin de ce chapitre, 

nous présentons la stratégie et démarche adoptées durant la thèse pour lever les barrières et 

manques rencontrés dans l’état de l’art. Le deuxième chapitre, Matériel et Méthodes, propose 

une description globale des moyens et outils répondant aux besoins et objectifs de la thèse (images 

microscopiques 2D/3D des particules et composites étudiés, données expérimentales des propriétés 

de transfert, outils de génération de structures et simulations MATLAB & COMSOL). Le 

troisième chapitre évalue l’aptitude de modèles analytiques recensés dans la littérature à prédire 

les perméabilités à la vapeur d’eau expérimentales mesurées sur deux composites qui sont Poly(3-

HydroxyButyrate-co-3-HydroxyValerate)/fibres de pailles de blé (Wolf C. 2014) & 

Polypropylène/cellulose (Thoury-Monbrun V. 2018). Le quatrième chapitre présente le modèle 

numérique 3D bi-phasique et tri-phasique développé pour prédire la perméabilité de la vapeur 

d’eau à travers le composite PHBV/fibres de pailles de blé. Les structures du modèle 3D sont 

basés sur des observations sur des images 2D microscopiques de fibres de pailles de blé. Le 

cinquième chapitre présente une étude de l’impact des différentes morphologies et distributions 

de taille des particules pour prédire la perméabilité de la vapeur d’eau à travers le composite 

PP/cellulose précédent à la différence que cette fois, les structures 3D sont basées sur des 

informations et observations 3D obtenues par tomographie à rayon X sur le système d’étude 

composite PP/cellulose. Le sixième chapitre étudie la possibilité de simplifier le modèle 3D tri-

phasique par un modèle 2D tri-phasique de structures générées aléatoirement. Pour ce faire, les 

résultats de perméabilités du modèle 3D, de leur coupes 2D et de structures 2D générées 

aléatoirement (avec différentes morphologies et distributions de taille des particules) sont 

comparés et discutés. 
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Chapter I. State of the art 

 

L’objectif de ce chapitre consiste à effectuer une synthèse de l’état de l’art sur les différentes 

approches de modélisation, analytiques et numériques, développées pour prédire les transferts de 

matière par diffusion à travers des bio-composites contenant des particules perméables. 

La première partie présente des généralités sur les matériaux composites, avec un focus sur les 

matériaux bio-composites et leurs applications.  

La seconde partie est un rappel sur les bases du transfert de matière, ses lois et grandeurs 

caractéristiques (diffusivité, perméabilité, etc). Quelques exemples de phénomènes mettant en 

évidence le rôle de la structure des bio-composites sur leurs propriétés de transfert de matière sont 

également donnés dans cette partie. 

La troisième partie a pour objectif de mettre en évidence l’importance de la modélisation des 

transferts de matière dans les systèmes composites afin de mieux comprendre les phénomènes mais 

également de les prédire. 

Enfin, la quatrième partie présente une revue exhaustive des différents modèles analytiques et 

numériques existants, développés pour prédire les transferts de matière à travers des systèmes 

composites comportant des particules perméables ; du simple système bi-phasique au plus 

complexe, système tri-phasique (e.g. comportant autour des particules dispersées une interphase 

ayant des propriétés propres, différentes de celle de la matrice et de la particule) et système multi-

phasique (e.g. deux différents compartiments ou plus se situant entre la particule et matrice et 

ayant leurs propres propriétés, différentes de celle de la matrice et de la particule). 

En conclusion, nous présenterons la stratégie et démarche qui ont été adoptées durant la thèse 

pour déverrouiller les blocages et manques rencontrés dans l’état de l’art, notamment, sur 

comment combler le manque de connaissances sur l'impact de la structure réelle des bio-composites 

sur le transfert de matière dans les systèmes tri-phasiques. 
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Research in food packaging mainly focus on the study of mass transfer properties (e.g. permeability 

or barrier properties) of new designed materials ((nano)composites, bio(nano)composites, 

multilayer materials, etc.). Indeed, mass transfer is a key functional property for food packaging 

applications that determine the ability of the packaging material to protect food during storage 

and preserve it from degradation reactions (oxidation, remoistening, microbial development, etc) 

that are regulated by the exchanges between internal and external atmospheres (Angellier-Coussy 

H. et al. 2013 ; Guillard V. et al. 2018). 

In this context, predicting key mass transfer properties (permeability, diffusivity and sorption) is 

essential to anticipate mass transfer in the food/packaging system in order to estimate the shelf 

life of packed foods. Predictive modelling of such properties is also of primary importance to design 

new tailored materials corresponding to the food requirements in terms of protection. The recent 

popularity of composite and especially (bio)composite materials, thanks to its good mechanical 

properties, has made mass transfer prediction approaches particularly challenging. In such 

(bio)composite, particles dispersed in the matrix highly contribute to the overall mass transfer 

through the material and necessitate some models that considered both matrix and particles 

properties and structure.   

 

1. What is a composite? 

 

A composite material is formed by the combination of two or more distinct materials to form a 

new material with enhanced properties. The oldest composites are natural wood which consists of 

cellulose fibers in a lignin matrix. A bio-composite is a composite material formed by at least one 

phase issued from the biomass. Generally, it is composed of a matrix (e.g. polymer or resin) and 

reinforcements of natural fibers (extracted from the biomass). A third compartment can be 

considered, i.e. interphase at the filler/matrix interface with its own physical, chemical, mechanical 

and mass transfer properties.  

 

One of the roles of the matrix in the composite material is to provide a coating while ensuring the 

bonding between the fillers, in order to optimize the overall functional properties (mechanical, 

mass diffusion, …). The reinforcing fillers have significantly better mechanical properties (i.e. 
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stiffness and resistance) than the matrix because of the low probability of defects in small bodies 

such as fillers. Thus, thanks to the embedded fillers, the composite has better mechanical 

properties than the matrix if the polymer/filler adhesion is strong. Another advantage is that the 

addition of low cost reinforcements in the matrix reduce the cost of the finished product. 

 

Composites materials are generally classified in three main categories on the basis of the type of 

fillers (Barbero E. J. 2018): (i) composites with reinforcements, (ii) laminated composites and (iii) 

hybrid composites. These three categories of composites are described below (Figure 1 & 2): 

(i) Composites with reinforcements consist in matrix covering incorporated grainy 

fillers (particles) or fibers. We distinguish three classes of composites with 

incorporated reinforcements, namely, composite with continuous long fibers (Figure 

2a), composite with discontinuous fibers (Figure 2b) and particulate composite 

(Figure 2c).  

(ii) Laminated composites are constituted of superposed layers of fibers (oriented or 

not) impregnated with polymer resins (Figure 2d). 

(iii) Hybrid composites can be defined as the materials that consist of two or more kinds 

(e.g carbon, glass,…) of fillers embedded in a single matrix (e.g. carbon-glass fiber 

in polymer matrix). The fillers can be fibers, particles or layers or a mix of them. 

 

 

Figure 1 : Schematic representation of classification of composite materials. This classification 

is issued from (Barbero E. J. 2018). 
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Figure 2 : (a) Composite with continuous reinforcement fibers (b) Composite with discontinuous 

reinforcement fibers (c) Particulate composite (d) Laminated composite.  

 

Composites with reinforcements are the most widespread type of polymer composite used today 

when mechanical reinforcement is targeted: they usually display good mechanical properties (such 

as stiffness and strength). Long fiber composites present better mechanical behavior than short 

and particulate composites (Berthet M.-A. et al. 2017). In addition, longer fiber composites can 

present a more pronounced increase in permeability with increasing filler content compared to 

short fiber composite, as observed in a study of water vapor transfer in composite of Polypropylene 

matrix including natural cellulose fibers (Thoury-Monbrun V. 2018). For the short and long fiber-

reinforced material, the orientation of the fibers has an important impact on the mechanical 

properties of the material since it affects the anisotropy of the composite (Tossou E. 2019). Parallel 

long fiber composites exhibit anisotropic mechanical behavior, while composites with randomly 

oriented short fibers and particulate composites exhibit approximately isotropic behavior. It 

should be noted that in particulate composites, particles have no preferred orientation comparing 

to long and short fibers since orientation is of little importance on quasi-spherical particles. 

The laminated composites (Figure 2d) are obtained by stacking layers, generally with 

unidirectional reinforcement arranged in different orientations. They are often used for the most 

advanced applications (e.g aerospace, aircraft and automotive industry). 
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Association of polymer matrices and natural fillers can give rise to materials with new features 

and promise a great potential for many different applications: packaging, automotive, 

construction, agriculture, aeronautics and sports.  

These composite materials are also developed to reduce the environmental impact by using 

environmentally friendly materials such as bio-sourced and biodegradable components. 

In order to improve their performances and better implement bio-composites at an industrial scale, 

various strategies are currently carried out concerning the selection and processing of the raw 

materials and the improvement of the fiber/matrix interface quality. 

The final performances of any composite system strongly depend on the filler content and its 

intrinsic properties (i.e. stiffness, strength, mass transfer properties, aspect ratio, morphology) but 

also on the properties of the filler/matrix interface region, which strongly depends on the 

compatibility between fibers and matrix. Thus, the choice of fillers and matrix is based on their 

properties, their ability to mix effectively, their cost and the target application for the composite. 

Addition of a filler in a matrix, even in case of high compatibility, may lead to a modification of 

the matrix structure and properties in the vicinity of the particle, creating a third compartment 

named interphase (Kamangar M. A. et al. 2020). Interphase may influence a lot the macroscopic 

properties of the composite.  

 

Face to the complexity of such composite structure, modelling is essential to simplify - without 

losing too much significance - the composite structure in order to understand the impact of the 

structure on the overall mass transfer properties and anticipate, using predictive modelling, impact 

of formulation changes (e.g. increase filler content) saving time and money compare to an 

experimental testing approach (e.g. production and testing of a full experimental design).  
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2. Mass transfer properties  

2.1. Basics on mass transfer 

 

Basically, mass transport in a film is related to the ease with which gas molecules can penetrate 

and get through the material. It is described by a solution-diffusion mechanism.  

At a given temperature, the transport of a gas molecule through a homogeneous film in a 

permeation mode is the result of a three-step process (Figure 3): (1) sorption of the component at 

the upstream face of the film, followed by (2) diffusion/solution through the material cross-section 

under the influence of the applied driving force (pressure gradient which corresponds to a chemical 

potential gradient) and (3) finally desorption at the downstream face of the film.  

In a Fickian transport mechanism, the time necessary to reach interfacial equilibrium is much 

shorter than the characteristic time of the diffusion process, which is then the governing process 

of the transport mechanism. Both the solubility and diffusion parameters are dependent on the 

nature of the film material and of the permeating gases. 

In a Fickian mechanism, the permeability coefficient, denoted by P, is the product of the diffusion 

coefficient D and the solubility coefficient S, described in equation (Eq. 1):  

 Eq. 1 

The solubility coefficient   has a thermodynamic origin and depends on the 

molecule–polymer interactions, on the polymer free volume as well as on the ability of the gas to 

condense. Indeed, the solubility characterizes the number of moles of a molecular specie sorbed 

into the material. Moreover, the solubility is related to the local concentration of the gas (c) 

dissolved in the polymer and to the gas pressure (p). For dilute system, at equilibrium, Henry’s 

law gives the equation (Eq. 2): 

 Eq. 2 

Diffusion is the process by which the small molecule is transferred in the system due to random 

molecular motions. Therefore, the diffusion coefficient D  is a kinetic term related to the 

free volume and the molecular mobility in the polymer phase. 

Mass transfer properties of molecules through a film are often described as an irreversible 

mechanism (Miller D. G. 1960). As mentioned, diffusion is often the dominant mechanism of the 
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transport process. It is described by Fick’s law, which assumes a proportionality relationship 

between the diffusive flux and the concentration gradient. By analogy to Fourier’s law of heat 

conduction, the first Fick’s law for one-dimensional diffusion states: 

 Eq. 3 

where  is the solute diffusive flux and  is the solute concentration gradient. 

It is important to remind that the assumptions of the Fickian model are the following: 

 There is no change of volume during diffusion (no swelling) 

 We only consider the diffusion of the molecule of interest 

 The material is dense (not porous) 

Later, Fick developed the unsteady form of this equation that relates the rate of change of 

concentration to the diffusive flux, described by equation (Eq. 4): 

 Eq. 4 

In the case of one-dimensional diffusion, the equation Eq. 4 could be written as follows: 

²

²
 

 

Eq. 5 

If  is the thickness of the polymer membrane, under the assumptions of steady state and constant 

diffusion coefficient, and by combining equations (Eq. 2) and (Eq. 3), the first Fick’s law could 

be expressed for a mono-directional flux through a plane sheet of material as follows: 

 Eq. 6 

where  and  (resp.  and ) are the migrant concentration (resp. partial pressure) on the 

two sides of the film and  is the thickness of the film. Thus, by introducing the equation (Eq. 1) 

in the equation (Eq. 6), the flux  can be related to the permeability  as follows: 

 

 

Eq. 7 

As we mentioned before, the permeability coefficient is a macroscopic property that represents 

the overall mass transport through polymer films, including composite materials. Thus, in the 
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examination of gas transfers in a solid material, both the kinetics (to assess the diffusivity) and 

thermodynamic (to assess the solubility) aspects need to be analyzed.  

 

 

Figure 3 : Mass transfer through a film of thickness of l 

 

2.2. Water vapor transfer properties in bio-composites  

 

Moisture sensitivity and transfer in bio-composites containing natural fibers is important and a 

good knowledge of the impact of each constituent on the overall water vapor transfer is required 

to design materials which are tailored to the targeted applications.  

Indeed, several studies have revealed that the addition of natural fibers such as cellulose or ligno-

cellulosic fibers which are much more permeable to water vapor than the matrix, tend to highly 

permeabilize the composite to water vapor, leading to a large upturn of the permeability curve as 

a function of filler content. 

 

This phenomenon was observed by Wolf  and Berthet treating a composite consisting of Poly(3-

HydroxyButyrate-co-3-HydroxyValerate) (PHBV) matrix and Wheat Straw Fiber (WSF) 

particles (Berthet M.-A. 2014 ; Wolf C. 2014), by Thoury-Monbrun treating the composite 

consisting of polypropylene (PP) matrix and cellulose particles (Thoury-Monbrun V. 2018) and 

by David treating the composite PHBV/cellulose fibers (David G. et al. 2019) and PHBV/vine 

shoot fibers (David G. et al. 2020). 

 



Chapter I. State of the art 

34 

 

In their work, they well highlighted that the hydrophilic nature of natural fibers (i.e. WSF or 

cellulose, or vine shoot fiber) play a major role on the overall water vapor sorption behavior and 

the water vapor permeability of the composite. Indeed, sorption isotherm curve of water vapor 

deeply increased in the composites compared to that of the neat matrix (i.e. PHBV or PP) and 

the water vapor permeability of the composite increased with increasing fiber particles volume 

fraction. 

They noted that contribution of both polymer matrix and natural fibers to the composite water 

sorption isotherm did not follow the single rule of mixture. Concomitantly, although the water 

vapor diffusivity coefficient was higher in natural fibers than in polymer matrix, they noted that 

the effective diffusivity in the composites was always lower than in the polymer matrix. 

Thus, these findings prove that the overall property in the composites does not result from a 

simple addition of the contribution of each single constituent, which suggests that processing 

constituents into a composite could therefore modify their individual behavior. 

 

Several assumptions were proposed to explain such unexpected behavior: 

 

(i) changes of structure and properties of the natural fibers once embedded in the polymer 

matrix as for example particles swelling under water vapor sorption effect,  

(ii) changes in the polymer matrix structure such as modification of polymer crystallinity 

or polymer plasticization due to fillers addition, that induce change in diffusivity 

property,  

(iii) presence of an interphase between the matrix and particles with its own physical 

properties, 

(iv) Percolation phenomenon when filler content increases above a threshold value; this 

creates a preferential pathway for water diffusion between highly hydrophilic fillers or 

interphase in contact. 

 

Examples of interphase phenomena that could appear include the presence of interfacial void space 

between the two phases due to bad adhesion between the matrix and the particle (Moore T. T. 

et al. 2005) or free volume increase in polymer matrix in the vicinity of particles (Cong H. et al. 
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2007)(Shariati A. et al. 2012). Both lead to deterioration in polymer properties, such as higher 

diffusivity, leading to higher mass transfer in the composite. 

Another cases concern the rigidification of the polymer matrix in contact with the inclusions, or 

the partial pore blockage of the particles by the polymer chains (Chung T. S. et al. 2007). Both 

lead to decreasing transfer properties in the interfacial region, which can improve the barrier 

properties in the composite, such as decrease of overall permeability. 

 

Embedding natural fillers in polymer matrix induces changes in matrix structure, as observed by 

Berthet and co-authors (2015) with the PHBV/WSF composite (Berthet M.-A. et al. 2015). 

Indeed, the authors measured by WAXD a decrease of crystallinity from 68.1 to 46.8% (increase 

of amorphous zones), between neat matrix and composite containing 20 % /  of WSF. In 

parallel to the decrease of crystallinity, addition of fibers induced a decrease of polymer molecular 

weight (219340 to 169906 g mol 1). The authors also highlighted the increasing of the size of 

crystals in the polymer matrix from 1.03 to 1.18 nm in the presence of WSF. These three 

aforementioned phenomena could potentially induce higher mobility of the polymer, which is 

generally ascribed to higher diffusivity values.  

 

It is worth noted that permeable particles incorporated in permeable matrix could reduce its 

transfer properties, as observed by Viscusi and co-authors (Viscusi G. et al. 2021). Indeed, they 

revealed that the hemp fiber in the pectin matrix results in a decrease of its hydrophilic character 

and capacity of water uptake, that contribute to the improvement of barrier properties of the 

composite. 

It is important to mention too that the permeabilization effect of hydrophilic fibers also highly 

depends on the crystalline structure of the fiber itself once incorporated in the matrix. Indeed, 

Qasim and co-authors (2020) recently observed a decreased of both WVTR (Water Vapor 

Transmission Rate) and OTR (Oxygen Transmission Rate) in biocomposites (PLA or PHB 

containing pure cellulose) exhibited efficient barrier properties that are approximately 3 to 4 times 

better than pure polymers (Qasim U. et al. 2020). This improved barrier performance of the bio-

composites was ascribed by the authors to the highly crystallinity rate of the cellulose used 

(crystallinity: 74.10%), which would act as efficient nucleating agent resulting in the high degree 
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of crystallization and impermeable regions in the polymer matrix. As the permeant does not diffuse 

through the crystallite, it is believed that the presence of nucleated crystals increases the effective 

travel paths for water vapor and oxygen movements through the composites, making the path 

length more tortuous, lowering the permeation as usually reported in composites with impermeable 

particles. 

 

3. Importance of modelling mass transfer properties in composite systems 

 

In the previous sections, we have shown that the presence of highly water permeable particles in 

a hydrophobic matrix plays a major role in the behavior of the overall water vapor permeability 

of the composites. However, the impact of these water vapor permeable particles is difficult to 

anticipate, as it does not result from a single mixing rule considering that each component (fiber 

and matrix) acts on the macroscopic water vapor property proportionally to their respective 

volume fraction and value of the individual property. 

Furthermore, the anticipation of the permeability behavior in the composites is necessary for the 

development of decision aid applications, where material need to meet specific functional 

properties, especially in food packaging field. Indeed, the wide variety of food products to be 

packaged requires, in particular, a wide range of mass transfer properties (as permeability) in 

material (Petersen K. et al. 1999). A high permeability can be required for respiring fresh products 

such as cheese, fruits and vegetable because of their transpiration, whereas a low permeability 

would be required for water sensitive dry products such as sandwiches (Petersen K. et al. 1999). 

Thus, mathematical modelling appears as an ineluctable tool in front of the diversity and the 

complexity of the implied materials. 

In the last 50 years, a serious interest has been devoted to the modelling of mass transfer properties 

of composite materials and more particularly of gas and vapor permeability. 

Modelling approaches have either been based on the application of analytical models or on the 

development of numerical approach (such as finite element method) for the prediction of mass 

transfer properties in composites. Existing models in literature are discussed in the following 

section. 
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4. Review of the current, available modelling approaches 

Preamble: In the following, we will focus only on bi-phasic or tri-phasic systems where inclusions 

are permeable and contribute to the overall mass transport phenomena. That means that all 

modelling approaches developed for (nano)composites with impermeable fillers are not considered 

here. 

 

Face to the importance of mass transfer properties into composites, researchers have immediately 

sought to model and predict these properties. The main advantage of predictive modelling is to 

avoid systematic experimental characterization of each new composite materials developed which 

is time and cost consuming. Therefore, first models appeared in the end of 19th century and were 

regularly updated by different groups of researchers in order to allow them to represent more and 

more complex systems. 

First modelling approaches were based on simple equations related macroscopic diffusivity or 

permeability to one or more structural or morphological properties; they are the analytical models, 

appeared in the 50s and following. Secondly, with the improvement of computing performance, 

numerical approaches emerged at the end of 90s. 

In the case of bi-phasic system with permeable particles, as the one under study in this thesis, the 

most relevant models were proposed and applied in membrane science on Mixed Matrix 

Membranes (MMMs). They thus constitute important references in the following state-of-the art. 

It must be highlighted that in the field of material and packaging sciences, such system with 

permeable inclusions were only scarcely considered. 

 

4.1. Analytical models for permeation prediction 

 

4.1.1. Bi-phasic analytical models 

 

First models proposed to estimate macroscopic permeability or diffusivity into bi-phasic system 

with permeable inclusions were developed in the early 50s, from analogy between 

electrical/thermal conductivity properties and permeability properties.  



Chapter I. State of the art 

38 

 

These models focused principally on permeability property as it is the main functional properties 

of interest in membrane science and technology (MMMs), field where these models were first 

developed and used. In the following we will thus focus on permeability prediction only. 

The most simple models were developed for bi-phasic system and related the effective permeability 

of the composite  as function of the matrix permeability  (continuous phase), the particles 

permeability  (dispersed phase) and at least the volume fraction of the particles . These 

models were then updated by different groups of researchers (Table 1 & 2). In particular, most 

advanced analytical models considered a tri-phasic system (Table 2), where a third compartment 

with its own mass transfer properties, different from those of the particle and the matrix, is 

existing around the inclusions, or even more than three phases (e.g. presence of voids in a tri-

phasic system).  

 

a- First basic analytical equations 

 

The first well-known models applied for the prediction of the effective permeability are the parallel 

(Eq. 8) and the series (Eq. 9) models reported in Table 1. These models idealized the composite 

as a bi-phasic laminated composite comprising alternated multiple sheets of the phases, which 

were oriented in parallel (or normally) to the flow direction. The effective permeability, predicted 

by the series and parallel model, were usually considered as lower and upper boundaries for the 

permeability value, respectively.  

Another model is the weighted geometric mean model (Eq. 10) that is used to calculate effective 

permeability of a migrant penetrant in a mixed matrix membranes under random particle 

distribution condition (Gonzo E. E. et al. 2006).  

 

b- Maxwell-based analytical equations 

 

Next models consider the particle geometry that is most of the time considered as a sphere. These 

models includes Maxwell model (Eq. 11) that is the oldest and original equation in that field and 

inspired from the Treatise on Electricity and Magnetism (Maxwell J. C. 1873). Maxwell equation 

has been widely used in membrane applications for the prediction of permeability in bi-phasic 



Chapter I. State of the art 

39 

 

systems composed of dilute dispersion of spheres (Monsalve-Bravo G. M. 2018). Its use is restricted 

to particles volume fraction lower than about 20%v/v under the assumption that the flux pattern 

around one particle was not affected by the presence of neighbor particle. This model then 

disregarded particle interaction. Also, the effects of particle size distribution, particle shape, and 

aggregation of particles are ignored (Pal R. 2007)b. 

Another form of Maxwell equation could be found in the literature including a  term (Eq. 12). 

 is a parameter expressed as a function of ratio of permeabilities between the two phases (matrix 

and inclusions) (Eq. 13). This form was found more convenient by some researchers to upgrade 

the Maxwell relation in more complex equations (Gonzo E. E. et al. 2006); (Monsalve-Bravo G. 

M. 2018).  is bounded by 1/2 1, where the lower and upper limits correspond to totally 

non-permeable and to perfectly permeable filler particle respectively, while, 0 , implies 

/ 1 (equal permeability in both phases).  

Maxwell model was later extended to spheroids by Wagner and Sillars (Banhegyi G. 1986). This 

consideration led to equation (Eq. 14) in Table 1, referred as the Maxwell-Wagner-Sillars model. 

The parameter n in this model represents the shape factor of the particle and takes different values 

according to the geometry of the particles. For 0 1/3, the particle is an elongated spheroid 

whose the longest axis is directed along the diffusion direction. For 1/3 1, the particle is a 

flattened spheroid whose the shortest axis is directed along the diffusion direction. In the limits, 

when 0, 1 and 1/3, the equation Eq. 14 can be rewritten and simplified as equation 

of the parallels model (Eq. 8), the series model (Eq. 9) and Maxwell model (Eq. 11), respectively. 

As for the basic expression of Maxwell, Maxwell-Wagner-Sillars model use is restricted to particles 

volume fraction lower than about 20%v/v and does not consider either the particle size 

distribution, particle shape, and aggregation of particles (Bouma R. H. B. et al. 1997). 

Following, Rafiq and co-authors (2015) upgraded the Maxwell-Wagner-Sillars model to consider 

the effects of size, shape and aggregation of particles (Rafiq S. et al. 2015). This consideration led 

to equation (Eq. 15) in Table 1. 

Several empirical modifications of Maxwell model have been proposed for concentrated composites. 

In this regard, Chiew and co-authors proposed an improvement of Maxwell equation to consider 

high volume fraction and the interaction between particles (percolation phenomena)(Chiew Y. C. 

et al. 1983). They extended Maxwell equation (Eq. 11) in terms of  to obtain the equation (Eq. 
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17) in Table 1, referred as Chiew-Glandt model. The term in first degree  represents the 

interaction between the particles and the matrix and the term in second degree  represents 

the interaction between particles themselves. Chiew-Glandt model is applicable to moderate/high 

filler loadings 0.645 (Monsalve-Bravo G. M. 2018). 

Alternatively, Higuchi and co-authors developed in 1960 an extension to the Maxwell model for 

the prediction of diffusion through heterogeneous bi-phasic composites (Higuchi W. I. et al. 1960). 

They introduced empirical parameter  to the Maxwell model to account for particle-particle 

interactions and asphericity effects arising from particle shape variation. The obtained equation 

(Eq. 18) is reported in Table 1 and is referred as Higuchi model. Higuchi model is used for the 

prediction of permeability properties in composites at low fiber volume fraction with random 

dispersion of spheres. On the basis of experimental data, the domain 0 0.78  was 

considered for spherical particles (Monsalve-Bravo G. M. 2018). Thus, Higuchi model reduces to 

Maxwell model (Eq. 11) when 0. Higuchi suggested that particle aggregation, sedimentation 

and surface effects may affect the  value (Maghami S. et al. 2017).   

Other models based on Maxwell include Lewis-Nielsen model (Eq. 21) that was basically developed 

in 1970 for the estimation of elastic modulus of particulate composites (Lewis T. B. et al. 1970) 

and later it was adapted for the prediction of permeability (Eq. 19). This model empirically embeds 

packing-related effects and variation in filler properties, such as particle size distribution, particle 

shape, and aggregation of particle, within a single parameter, i.e. the maximum packing volume 

of particles parameter , . This model proposes to cover a broad range of 0, ,  and 

, 0.64 corresponds to random close packing of uniform spheres (Pal R. 2007)b.  

Lewis–Nielsen model is known to describe the conductivity of composites very well as observed, 

for example, in the comparison between this model predictions and experimental thermal 

conductivity data of particulate composites (Pal R. 2008), whereas the Maxwell model 

underpredicts the thermal conductivity especially at high values of , see Figure 1 of (Pal R. 

2007)b. 

To eliminate limitations imposed by the sphere or spheroid geometry, that physically limits the 

maximal volume fraction investigated (random packing of congruent spheres imposed a non-

negligible lattice volume), Papadokostaki and co-authors recently proposed change in particle 

shape from spherical to cubic. They showed that this approach provided (in the practically 
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important region of 0 / 10) a satisfactory analytical theoretical basis for meaningful 

application of the Maxwell equation in the higher  range, comparable with that afforded by the 

existing lattice-of-spheres analytical treatments in the lower  region (Papadokostaki K. G. et 

al. 2015). 

 

c- Bruggeman-based analytical equations 

 

Few years after Maxwell and co-workers, another pioneer in the field, Bruggeman, proposed an 

implicit model to predict permeability into composites with permeable inclusions (Eq. 20).This 

model is inspired from the prediction of dielectric constant of particulate composite materials 

(Bruggeman D. A. G. 1937). In comparison with Maxwell equation, this model is applicable to 

higher filler content 0 0.40 (while Maxwell was limited to 0.20) but it is more 

particularly appropriate when there are small differences between the matrix and the particles 

permeability / 1  which prevents it from treating composite cases with highly permeable 

inclusions in comparison to permeability of the matrix (Monsalve-Bravo G. M. et al. 2020). In 

addition, as for Maxwell, same restrictions on particle size distribution, particle shape, and 

aggregation of particles applied. Finally, from a practical point of view, because it is an implicit 

relation, Bruggeman model is less convenient to use. 

The well-known model extracted from the Bruggeman model was Pal model (Eq. 21) that was 

developed in 2007 for the prediction of thermal conductivity of particulate composites (Pal R. 

2007)a and later it was adapted for the prediction of permeability (Pal R. 2007)b. As Lewis-

Nielsen model, this model includes the parameter of maximum packing volume of particles ,  

which is sensitive to the particle size distribution, shape and aggregates. Also, this model proposes 

to cover a broad range of 0, ,  and , 0.64 corresponds to random close packing 

of uniform spheres (Pal R. 2007)b. Further, Pal model always predicts higher values for the 

effective permeability than that of Bruggeman model for a given system (Monsalve-Bravo G. M. 

2018). This model can be reduced to Bruggeman model when , 1. 
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d- Other analytical equations 

 

Another pioneer is Böttcher whose model developed in 1945 for the estimation of dielectric 

constant of particulate composite materials (C. J. F. Böttcher 1945), was later adapted for the 

prediction of permeability in composites (Eq. 22) at low fiber volume fraction with random 

dispersion of spheres (Petropoulos J. H. 1985). This model is implicit as the Bruggeman model, 

which limits its easiness of use. Same limitations than for Maxwell and Bruggeman as regard 

effects of particle size distribution, shape and agglomerations applied.  

 

Some authors have tried to estimate the effective permeability of a composite from the percolation 

theory. Percolation is the propagation of a migrant in partially interconnected random composite. 

The migrant starts to diffuse totally from one side to the other of the composite when percolation 

threshold is attained (e.g. critical particles volume fraction). Among the most well-known and 

basic equations in this field is the simple power law referenced by (Eq. 24) in Table 1 (Stauffer D. 

et al. 2003). 

We can cite other pioneer works in the field of permeability prediction in bi-phasic models, for 

instance the Lichtenecker model referenced by (Eq. 23) in Table 1 (Lichtenecker K. 1926). 

 

4.1.2.  Tri-phasic and multi-phasic analytical models  

 

The aforementioned models assumed ideal contact between the particles and the matrix, i.e. a 

well-defined interface. However, experimental data suggests that well dispersed particles within a 

polymer matrix induce a significant interphase zone in the vicinity of the inclusions. This 

interphase zone displays altered polymer (or filler) property and plays an important role in the 

composite final properties (Moore T. T. et al. 2005 ; Qiao R. et al. 2009).  

Three cases of interphase zone appear frequently in the literature (Moore T. T. et al. 2005).  

(1) The first case concerns the polymer zone in the vicinity of the particles which becomes 

more permeable. This could be due to, for example, interfacial void space between the two 

phases due to bad adhesion between the matrix and the particle (Moore T. T. et al. 2005) 

or  free volume increase in polymer matrix in the vicinity of particles (Shariati A. et al. 
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2012 ; Cong H. et al. 2007). Both lead to degraded polymer properties such as higher 

diffusivity leading to triggered mass transfer within the composite. This is all the most 

important that interphase zone can lead to a percolating interphase network inside of the 

composite when overlapping of interphase zones occur (Petsi A. J. et al. 2012 ; Qiao R. et 

al. 2009). 

(2) The second case concerns the polymer zone in the vicinity of the particles which becomes 

less permeable as for example when rigidification of the polymer matrix occurs in contact 

with the inclusions that may lead to improvement of macroscopic composite properties, 

such as decrease of overall permeability (Chung T. S. et al. 2007). 

(3) The third case concerns the particle zone in contact with the polymer, which becomes less 

permeable as for example in the case of partial pore blockage of the particles by the 

polymer chains that may contribute to modification of macroscopic composite properties, 

such as decrease of overall permeability (Chung T. S. et al. 2007).  

When interphase zone interferes in the composite mass transfer property, the predictions of the 

bi-phasic analytical models fail due to non-ideality of composites morphology. 

In order to take into account the presence of interphase zones in composites, several authors have 

tried to propose more complex model to predict the effective permeability of the composites. Two 

types of tri-phasic models have been proposed where interphase zone is taken into account either 

by:  (i) assuming the particle-interphase system as a pseudo-phase dispersed in the polymer matrix 

or (ii) solving directly, using dedicated equation, the transport problem in a composite comprising 

spherical core-shell inclusions. 

 

a- Equations based on bi-phasic models (pseudo bi-phasic models) 

 

In the first group of tri-phasic models correspond to upgrades of previous bi-phasic equations (e.g. 

Maxwell, Maxwell-Wagner-Sillars, Lewis-Nielsen, Bruggeman and Pal) ((Eq. 25 to 38 in Table 2) 

that consider three-phase media with a double binary formula application that consider first 

particles with interphase (surrounding zones) as pseudo-particles of effective permeability  

dispersed in the bulk matrix.  is identified using a standard analytical formula for binary 

medium. Same standard analytical formula is then applied to the virtual binary composite 
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containing the pseudo particles. First group of authors to propose this approach is Mahajan and 

Koros, who originally evaluated the influence of the interfacial layer on gas separation performance 

of MMMs, applying the Maxwell model two times in a sequential way as detailed below (Mahajan 

R. et al. 2002)a (see Figure 4a): 

(a) First, Maxwell equation is used to obtain the permeability in the pseudo-particles  by 

assuming the interphase region (phase i) as the continuous phase and particles (phase p) as the 

dispersed phase. 

(b) Finally, the migrant permeability  is obtained by applying the Maxwell equation once more 

considering the polymer matrix (phase m) as continuous phase and the pseudo-particles (phase 

p+i) as dispersed phase.  

Some pseudo-biphasic models successfully predicted permeability of several gases behavior of the 

MMMs as observed in the studies compiled in the article (Maghami S. et al. 2017). 

 

Afterwards, Li and co-authors and more recently Fang and co-authors applied Maxwell model 

three times for prediction of effective permeability in a four-phase system to account for existence 

of two different interphase zones, a first one with partial pore blockage at the particle surface and 

a second one surrounding the first one corresponding to polymer chain rigidification. The pseudo 

tri-phasic Maxwell model (Eq. 39 to 41 in Table 2) consists of the following steps (see Figure 4b): 

the two first steps are similar to the ones used by Mahajan and Koros, assuming first, pseudo-

particles (phase p+i) made of the first interphase region (phase i) as the continuous phase 

including particles (phase p) as the dispersed phase to calculate . Then second, pseudo-particles 

(phase p+i+j) made of the second interphase zone (phase j) as continuous phase and the pseudo-

particles (phase p+i) as dispersed phase to calculate . Third, considering the polymer matrix 

(phase m) as continuous phase and the pseudo-particles (phase p+i+j) as the dispersed phase to 

calculate  (Fang M. et al. 2015 ; Li Y. et al. 2006). The pseudo tri-phasic Maxwell model 

successfully predicted permeability of gases behavior of the MMMs as observed in the Li (2006) 

study for dioxygen gas and Fang (2015) study for nitrogen and propane gases. 

 

Recently Petropoulos and co-authors also used this approach of pseudo bi-phasic Maxwell model 

to evaluate impact of interphase in bi-phasic system with spheroids (Petropoulos John H. et al. 



Chapter I. State of the art 

45 

 

2015). To eliminate limitations imposed by the sphere equations, i.e. physically limiting the 

maximal volume fraction investigated (random packing of congruent spheres imposed a non-

negligible lattice volume), they proposed to change particle shape from spherical to cubic (much 

easier to pack). They found this change not significant, at least in the polymer-gas permeability 

area, while permitting to consider highly concentrated particle fraction  (Papadokostaki K. G. et 

al. 2015). However, their approach is restricted to regular dispersion of homogenous particle size 

and it could not take into account heterogeneity in interphase thickness, particles size and 

distribution into the matrix.   

 

Figure 4 : Schematic representation of (a) tri-phasic and (b) four-phase composite systems. The 

indices m, p, i and j represent the region of the matrix, the particle, the interphase and the second 

interphase respectively. 
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Apart on Maxwell equation, this strategy of successively applying bi-phasic equations to tri-phasic 

(and more) system was also applied to other equations such as the Maxwell-Wagner-Sillars, Lewis-

Nielsen, Bruggeman, Pal (Table 2), Chiew and Glandt model, etc.. (Shimekit B. et al. 2011 ; 

Maghami S. et al. 2017 ; Shariati A. et al. 2012). Among the advantages of this approach, is that 

it remains valid for an arbitrary number of phases, hence, one can use it for mixed matrix 

membranes with multiple types of inclusions and variable degree of adherence to the polymer, as 

reflected through the thickness of the corresponding interphase layer (Sabzevari S. A. et al. 2013). 

However, some of the main assumptions assumed in the classical Maxwell and Bruggeman models 

are violated by this tri-phasic and multi-phasic models. Specifically, the interphase material is not 

dispersed randomly within the continuous phase (polymer matrix), as typically assumed in the 

classical Maxwell and Bruggeman effective medium theories, but extends over the interface 

between the inclusions and the matrix, implying strong correlation between interphase regions 

and inclusions. Furthermore, although successful in predicting the effective permeabilities for 

dilute dispersions, the aforementioned approximations do not account for interphase overlapping.  

Indeed, in the actual composites, interphase layers may overlap to a degree that depends on the 

volume fraction of the interphase material and the method of film preparation. This overlap may 

affect drastically the overall permeability of the composite, especially at volume fractions that 

allow the formation of percolating pathways made up of interconnected interphase material.  

 

b- Equation solving spherical core-shell inclusions problem 

 

The aforementioned models were characterized by the double or triple application of the bi-phasic 

models (ideal models), which can be less practical. Then, the next models we present, were 

characterized by the fact that the parameters of all phases are combined into a single equation. 

This strategy was applied much more recently than the pseudo-biphasic approach. Examples of 

these models are principally those of Felske and later Pal’s adaptation (modified Felske model). 

In those models parameters of all phases are combined into a single equation unlike the first group 

models (Eq. 42 to 45 in Table 2). Felske model (Eq. 42 in Table 2) was initially developed in 2004 

for estimation of effective thermal conductivity of composites containing complex particles 

(encapsulated particles by interfacial layer) (Felske J. D. 2004).  
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The exact expression for the thermal conductivity was later adapted for evaluation of MMMs 

permeability (Monsalve-Bravo G. M. 2018). The parameter  in the model represents the ratio of 

the radius of the spherical pseudo-particle (particle + interphase) to the radius of the spherical 

particle (Felske J. D. 2004). Then, when 1 the interfacial layer is absent. Even though Felske 

model is slightly simpler than the pseudo bi-phasic Maxwell model because used only once, it has 

been found that this model has the same restrictions than the Maxwell’s one (filler content < 20 

%v/v, homogeneous particle shape and size distribution, no agglomeration of particles). Felske 

model gives almost the same predictions as the pseudo bi-phasic Maxwell model as it reduces to 

the latter when 1, that is, when the interfacial layer is absent (Shimekit B. et al. 2011). 

 

Pal (2007) updated the Felske model by adding the empirical parameter ,  (same concept 

than the one applied in the upgraded Bruggeman version of Pal for bi-phasic system) that permits 

to adapt to different morphology, heterogeneous size distribution and higher filler content up to  

,  (Pal R. 2007)b (see Eq. 45 in Table 2). Although the modified Felske model has relatively 

an improved permeation prediction within the limit , , it has the similar limitations 

than the other models. For instance, when , 1 this modified Fleske model reduces to its 

original, the Felske model. Moreover, when 1, the modified Fleske’s model reduces to the 

Lewis–Nielsen model. Also, when 1 and , 1, the modified Fleske model reduces to the 

Maxwell model. Pal (2007) compiled several studies showing that the experimental permeability 

of different gases through MMMs can be well described by the modified Felske model for particles 

volume fraction up to 40%v/v (Pal R. 2007)b. 

 

4.2. Numerical models for diffusion or permeation prediction 

 

To overcome the limitations of analytical approaches, some authors have proposed numerical 

models that attempt to consider the real 3D structure of the composite system and that solve the 

mass transfer using generally, Finite Element Method (FEM). This approach is much more flexible 

to consider complex particle shape, heterogeneous particle size distribution, presence of an 

interphase, etc. Thus, numerical models require more information on microstructure compared 

with analytical models, but they are, therefore, closer to the actual microstructure. As the system 
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of interest in this work is bi-phasic system where the particles contribute to the mass transfer of 

the composite, thus, we will mainly focus on numerical models considering permeable particles. 

As the majority of existing 2D models did not consider permeable particles, they will not be 

discussed extensively in this section, except in specific cases where they brought specific 

improvement in the modelling approach (eg case of interphase modelling). We will present the 

existing numerical models, starting with those dealing with a simple structure to the most complex 

one. Besides, the works cited will be not necessarily presented in chronological order. 

In the literature, there are authors who determined numerically the effective permeability of 

composites and others who preferred estimating the effective diffusivity of composites. The 

numerical models focusing principally on permeability property are more numerous as the 

permeability is the main functional properties of interest in membrane science (MMMs), field 

where these numerical models were first developed and used.  

The simplest models were developed for bi-phasic systems, with particles of simple geometry (e.g. 

sphere), homogeneous size distribution, lower filler content and ordered or uniform dispersion of 

particles in the composite. Afterwards, more complex models appeared, by considering other 

particle shapes (e.g. ellipsoid, disk and cylinders), higher filler content, heterogeneous size 

distributions, random dispersion and orientation of particles, real structures from 3D tomographic 

images and tri-phasic system with the presence of an interphase between the matrix and the 

particles with its own mass transfer properties. Existing numerical models with these 

characteristics will be discussed in the following.  

 

4.2.1. Bi-phasic numerical models 

 

Among the simplest numerical models, we can mention the works of Monsalve-Bravo and co-

authors (2017) and Sharifzadeh and co-authors (2019) who developed 3D FEM models of bi-phasic 

composites with randomly dispersed homogeneous spherical particles to simulate gas diffusion 

behaviour through mixed-matrix membranes (Monsalve-Bravo G. M. et al. 2017) (Sharifzadeh M. 

et al. 2019). The two studies have confirmed that the MMMs permeability is positively correlated 

to filler volume fraction and particle size.  
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The 3D model of Sharifzadeh and co-authors that consider overlapping spherical particles, well 

predicted the experimental permeabilities of CO2 and CH4 gases through the MMM (Sharifzadeh 

M. et al. 2019). Moreover, their 3D model was more predictive than some analytical tri-phasic 

models that they evaluated (Pseudo-bi-phasic Maxwell, Pseudo-bi-phasic Pal, Felske and modified 

Felske models). 

 

Other particle shapes have been tested, as in the two works of Wang and co-authors (2015 and 

2016). Indeed, the authors proposed 3D bi-phasic numerical models to estimate the diffusivity 

through mixed matrix membranes containing disc-shaped and cylinder-shaped particles, 

respectively, of homogeneous size and randomly dispersed and oriented in the composite (Wang 

T. ping et al. 2015 ; 2016). These proposed models explicitly account for the effects of filler volume 

fraction, spatial distributions, aspect ratios, and orientation. The authors revealed that these 

parameters affected the predicted MMM diffusivity.  

For low and medium particles volume fraction ( 20% / ), the predictions of the 3D model 

proposed by Wang and co-authors (2015) with permeable tubular fillers with no preferred 

orientation (random) presented closer agreement to the experimental diffusivity of nitrogen gas 

and ethanol vapor through the MMMs compared with Maxwell and KJN model estimations 

(evaluated bi-phasic models) (Wang T. ping et al. 2015). However, for high particles volume 

fraction ( 20% / ), their 3D model underestimated the experimental data that the authors 

explained by probable modification of the mass transport properties of the matrix once the fibers 

are embedded. 

Concerning the other 3D model proposed by Wang and co-authors (2016) with permeable size-

homogeneous disc-shaped fillers with random orientation, it presented good prediction of the 

experimental diffusivity of CO2  gas through the MMM, that Maxwell and Cussler models could 

not (evaluated bi-phasic model) (Wang T. ping et al. 2016). Then, they concluded that the 

orientations and spatial distributions of disc-shaped fillers play critical roles that existing 

analytical models do not take. 

 

Monsalve-Bravo and co-authors proposed 3D bi-phasic model to predict permeability of CO2 and 

CH4 gases through the MMM containing spherical particles with heterogeneous sizes which is often 
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the case in real bio-composites (Monsalve-Bravo G. M. et al. 2020). They found that mass transfer 

properties were weakly sensitive to non-uniform particle size distributions in bi-phasic MMMs, for 

which case the MMM mass transfer properties can be based on the mean particle size of the 

system. Their proposed 3D bi-phasic model underestimate the experimental permeability of CO2 

and CH4 gases through the MMM. 

 

In order to consider higher filler content, some authors have proposed to modify the filling 

configuration of the structures. For example, in order to achieve a sphere volume loading of 60%, 

Van Soestbergen and co-authors (2021) decided to place the homogeneous spheres in an RVE with 

a face-centered cubic lattice (van Soestbergen M. et al. 2021). Also, Minelli and co-authors (2013) 

achieved particles volume loading of up to 100% by replacing spheres with cubes packed in a 

simple cubic lattice (Minelli M. et al. 2013).  

 

Moreover, the effect of the packing configuration has been investigated in Monsalve-Bravo and 

co-authors (2017) work. To this end, 3D MMMs were built with filler particles located in simple 

cubic (SC), body-centered cubic (BCC), face-centered cubic (FCC) and hexagonal-closed packed 

(HCP) lattices (Monsalve-Bravo G. M. et al. 2017). They showed that no apparent improvement 

on the effective permeability compared to the random case was achieved with change in the 

packing configuration.  

 

At the opposite of simplifications made in the aforementioned models, some authors tried to 

consider directly the true internal 3D microstructure as Jiang and co-authors (2020). They 

simulated with a 3D FEM modelling approach, water diffusion in jute/PLA composite using a 

real structure observed by X-ray tomography and mass transfer properties of the individual 

components (Jiang N. et al. 2020). The numerical results were in good agreement with 

experimental measurements. Nevertheless, since the simulations were only performed on a unique 

and small volume of material observed by X-ray tomography, the representativeness of the 

macroscopic diffusion in the material in its wholeness were questionable.  
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4.2.2. Tri-phasic numerical models 

 

More recently, several authors have been interested in adding an interphase between the matrix 

and the particles in their models. This need has been accentuated by numerous experimental 

observations of interphase role that would have its own mass transfer properties and thickness. 

The value of this latter depends on the properties of the individual phases, the material scale (e.g. 

nano or microcomposite) and the thickness measurement methods (Kim J.-K. et al. 2003)(Joliff 

Y. et al. 2014) (Kamangar M. A. et al. 2020).  

 

Among the recent works where tri-phasic numerical models were developed, we can cite those of 

(Petsi A. J. et al. 2012),  (Zid S. et al. 2019)a and (Monsalve-Bravo G. M. et al. 2020). The 

authors confirmed that the interphase parameters (i.e. its thickness and diffusivity) have a strong 

impact on the effective mass transfer properties, which extends the range of fitting of these 

numerical models to the experimental data. 

 

The role of the matrix/inclusions interphase layer in the mass transfer was investigated by Petsi 

and Burganos through a 2D model structure that allowed free overlapping of the interphase layer 

around the disk-shaped inclusions (Petsi A. J. et al. 2012). They considered two scenarios, namely 

an interphase of fixed thickness regardless of the particle size and an interphase dependent on the 

particle size. First, they showed that if the interphase thickness remains constant and particle 

volume decreases, the role of the interphase layer increases (ratio of interphase volume to particle 

volume increases) inducing the effective permeability increase, and this if the interphase 

permeability is higher than matrix permeability Pi>Pm (regardless Pp>Pm or Pm>Pp). Secondly, 

they revealed that if the interphase layer thickness scales in proportion to the particle volume 

(ratio of interphase volume to particle volume constant), the effective permeability remains 

constant and this if Pi>Pm (regardless Pp>Pm or Pm>Pp). 

Moreover, Petsi and Burganos observed that the 2D structures with uniformly sized inclusions 

and particle sizes following a lognormal distribution presented the same permeability results  (Petsi 

A. J. et al. 2012). 
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To evaluate the moisture diffusivity through polymer composites, Van Soestbergen and co-authors 

developed a 3D tri-phasic model considering structures with impermeable equal-sized spherical 

particles (van Soestbergen M. et al. 2021). They showed that the effective diffusivity does not 

only depend on the composite tortuosity and the interphase diffusivity, but also on the interphase 

volume fraction and the formation of aggregates. Indeed, they observed a rapid increase in effective 

diffusivity with the particles volume fraction upon reaching a percolation limit, i.e. a threshold 

filler content approximating   29 %v/v, value that was found theoretically for a “Swiss cheese” 

structured model with mono-sized spheres (Lorenz C. D. et al. 2001). This percolation can be 

explained by the formation of large clusters of the highly permeable interphase. Moreover, from  

 60 %v/v, the effective diffusivity decreased, that the authors explained by the rapidly increase 

in tortuosity, but also, by the reduced growth in the volume fraction of the interface fraction at 

high  (van Soestbergen M. et al. 2021). 

 

Monsalve-Bravo and co-authors (2020) developed a 3D bi-phasic and tri-phasic models considering 

permeable spherical particles randomly distributed to predict permeability of CO2 and CH4 gases 

through the MMM. They revealed that the particle size distribution has no effect on the gas 

permeability with a bi-phasic model. However, with a tri-phasic model, the structures with size-

homogeneous particles returned deviated effective permeability from that of the structures with a 

wide particle size distribution (i.e. when there is a large difference between the particle sizes in 

the system). As the 3D bi-phasic model overestimated the experimental permeabilities in the 

MMM, the addition of an interphase (region of modified matrix surrounding the particles) of 

constant thickness, less permeable than the bulk matrix, allowed to decrease the numerical 

permeability of the MMM and thus to match the experimental data (Monsalve-Bravo G. M. et 

al. 2020).  Results of some existing tri-phasic models (Pseudo-bi-phasic Maxwell, Bruggeman and 

Chiew-Glandt models and Felske model), evaluated in their work and based on their 3D structures 

information, were found to deviate significantly from the results of their 3D numerical model, 

which proves that the explanatory aspect of these analytical models is not reliable.  
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Table 1: Main analytical approaches proposed for modelling permeability in bi-phasic composites 

Model Expression Additional expression 
Fitting 

parameters 

Particles 

geometry 

& 

Validity domain 

in  

Parallel 

(Petropoulos J. 

H. 1985) 

1 1  

(Eq. 8) 

  
Ellipsoid 

All  

Series  

(Petropoulos J. 

H. 1985) 

1 1  

(Eq. 9) 

  
Ellipsoid 

All  

Weighted 

geometric 

mean 

(Gonzo E. E. et 

al. 2006) 

 

 

 

(Eq. 10) 
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Maxwell 

(Maxwell J. C. 

1873) 

2 1 1 2

2 1
 

(Eq. 11) 

It could be expressed in another form: 

1 2

1  
 

(Eq. 12) 

1

2
 

 
1

2
1 

(Eq. 13) 

 
Sphere 

0 0.2 

Maxwell-

Wagner-

Sillars 

(Banhegyi G. 

1986) 

1 1

1
 

(Eq. 14) 

  : Shape factor 
Sphere or  Ellipsoid 

0 0.2 

Modified 

Maxwell-

Wagner-

Sillars 

(Rafiq S. et al. 

2015) 

1 1

1
 

(Eq. 15) 

max 

,
 

(Eq. 16) 

 : Shape factor 

 : Shape factor 

of the particles 

in z-direction 

,  :  

Maximum 

packing volume 

fraction of fibers 

Ellipsoid 

0 0.2 
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Chiew-Glandt 

(Chiew Y. C. et 

al. 1983) 

1 3  

(Eq. 17) 

 

1

2
  

  
1

2
1 

/    

0,002254 0,123112

2,93656

1,6904  

0,0039298 0,803494

2,16207  

6,48296 5,27196  

 
Sphere 

Low  

 

 

Higuchi 

(Higuchi W. 

1958) 

 

 

 

 

 

1
3

1 1
 

(Eq. 18) 

 

 

1

2
   

 
1

2
1 

 : Empirical 

constant 

Sphere 

Low  
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Lewis-Nielsen 

(Lewis T. B. et 

al. 1970) 

 

1 2

1  
    

(Eq. 19) 

1

2
   

 
1

2
1 

1
1 ,

,
 

,  :  

Maximum 

packing volume 

fraction of fibers 

All geometry 

0 ,  

Bruggeman 

(Bruggeman D. 

A. G. 1937) 

1
1  

(Eq. 20) 

  
Sphere 

0.2 

Pal 

(Pal R. 2007)a 
1

1
,

,

 

(Eq. 21) 

 

,  :    

Maximum 

packing volume 

fraction of fibers 

All geometry 

0 ,  

 

Böttcher 

(C. J. F. 

Böttcher 1945) 

 

 

1 2 3 1    

(Eq. 22) 

  
Sphere 

Low  
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Simple power 

law 

(Stauffer D. et 

al. 2003) 

 

(Eq. 23) 
 

 : Percolation 

threshold 

(critical volume 

fraction of the 

filler) 

 : Critical 

exponent 

 

Lichtenecker 

(Lichtenecker K. 

1926) 

 

(Eq. 24) 

  
All geometry 

All  
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Table 2: Main analytical approaches proposed for modelling permeability in tri-phasic composites or more 

Model Expression Additional expression Parameters 

Pseudo-bi-

phasic 

Maxwell 

 

 

(Mahajan R. 

et al. 2002)a 

(Mahajan R. 

et al. 2002)b 

 

 

Phase (pi) = Particles (p) + Interphase (i) 

2 1 1 2

2 1
 

(Eq. 25) 

 

Global system = Phase (pi) + Matrix (m) 

2 1 1 2

2 1
 

(Eq. 26) 

 

1 2

1
      

(Eq. 27) 

 

 

Phase (pi) = Particles (p) + Interphase (i) 

 

 

For equal-sized spherical particles of 

radius  surrounded by interphase of 

thickness : 

 

 

Global system = Phase (pi) + Matrix (m) 

 

 : Particles volume fraction 

in the phase (pi) 

 

 : Particles plus Interphase 

volume fraction in the whole 

system 

 

 : Particles volume fraction 

in the whole system 

 

 : Interphase volume fraction 

in the whole system 
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Pseudo-bi-

phasic 

Maxwell-

Wagner-

Sillars 

Phase (pi) = Particles (p) + Interphase (i) 

1 1

1
 

(Eq. 28) 

 

Global system = Phase (pi) + Matrix (m) 

1 1

1
 

(Eq. 29) 

 

1  1

1
 

   

(Eq. 30) 
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Pseudo-bi-

phasic 

Lewis-

Nielsen 

Phase (pi) = Particles (p) + Interphase (i) 

1 2

1  
 

(Eq. 31) 

 

Global system = Phase (pi) + Matrix (m) 

1 2

1  
 

(Eq. 32) 

 

1 2

1  
 

   

(Eq. 33) 

Phase (pi) = Particles (p) + Interphase (i) 

1

2
 

 
1

2
1 

1
1 ,

,
 

Global system = Phase (pi) + Matrix (m) 

1

2
 

 
1

2
1 

1
1 ,

,
 

,  :  Maximum packing 

volume fraction of fibers 
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Pseudo-bi-

phasic 

Bruggeman 

 

 

(Shariati A. et 

al. 2012) 

 

Phase (pi) = Particles (p) + Interphase (i) 

/

1
1  

(Eq. 34) 

 

/

1           

(Eq. 35) 

 

Global system = Phase (pi) + Matrix (m) 

/

1
1  

(Eq. 36) 
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Pseudo-bi-

phasic Pal 

 

 

 

(Shimekit B. 

et al. 2011) 

 

 

 

Phase (pi) = Particles (p) + Interphase (i) 

1
1

,

,

 

(Eq. 37) 

 

Global system = Phase (pi) + Matrix (m) 

1
1

,

,

 

(Eq. 38) 
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Pseudo-tri-

phasic 

Maxwell 

 

 

 

(Fang M. et 

al. 2015) 

 

 

 

 

 

Phase (pi) = Particles (p) + Interphase (i) 

2 1 1 2

2 1
 

(Eq. 39) 

 

Phase (pij) = Phase (pi) + Interphase (j) 

2 1 1 2

2 1
 

(Eq. 40) 

 

Global system = Phase (pij) + Matrix (m) 

2 1 1 2

2 1
 

(Eq. 41) 

Phase (pi) = Particles (p) + Interphase (i) 

 

 

Phase (pij) = Phase (pi) + Interphase (j) 

 

 

Global system = Phase (pij) + Matrix (m) 

 

 

 

 : Particles volume fraction 

in the phase (pi) 

 

 : Particles plus Interphase 

i volume fraction in the phase 

(pij) 

 

 : Particles plus Interphase 

i plus Interphase j volume 

fraction in the whole system 

 

 : Particles volume fraction 

in the whole system 

 

 : Interphase i volume 

fraction in the whole system 

 

 : Interphase j volume 

fraction in the whole system 
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Felske 

 

 

(Felske J. D. 

2004) 

 

 

 

2 1 1 2 /

2 1 /
 

(Eq. 42) 

 

2 2 1  

1 2 1  

(Eq. 43) 

 

 

2 1  

1 2  

   

(Eq. 44) 

 

1 /
 

 

 

 

 

 

 : Ratio of outer radius of 

interface to the core particle 

one 

 

 : Particles plus Interphase 

volume fraction in the whole 

system 
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Modified 

Felske 

 

 

(Pal R. 2007)b 

 

 

1 2 / 2

1 / 2
 

(Eq. 45) 

Same parameters than Felske model 

 

1
1 ,

,
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5. Conclusion and thesis’ strategy and outline 

 

This bibliographic review has clearly shown the limitations of both analytical and numerical 

models. 

 

In spite of their practical and fast usage, the main drawback of analytical models is that they are 

not explanatory. Indeed, the majority of these models contain parameters that have no physical 

meaning and, in most models, several structural features are considered by a single parameter, 

which makes understanding of the analytical model very complicated. On the contrary, the 

numerical approach is much more flexible to consider the complex shape of the particles, the 

heterogeneous particle size distribution, the presence of an interphase, etc. Thus, the field of 

explanation of the structures in the numerical approach is much wider than that in the theoretical 

approach although it remains less fast and practical to use. However, in available numerical 

approaches, the structural parameters (e.g. size and orientation distribution) of the particle 

considered are rarely or never based on real data (e.g. real distribution extracted from real images) 

but only on simplified geometries. In addition, they did not consider the role of interphase in 

association with heterogeneous particles’ size. Finally, in all existing models discussed above, 

whether analytical or numerical, the percolation phenomena has never been treated and deeply 

discussed although it is an unavoidable phenomenon especially in composites with high filler 

content. Impact of percolation on mass transfer into composites could be decipher using 3D 

numerical models, but such models still need to be developed. 

 

Hence, the case of high filler content of heterogeneous permeable particles dispersed in a 

continuous permeable matrix and with a third phase with its own properties at the interface 

particle/matrix was, as far as we know, never modelled yet. There is clearly a gap of knowledge 

on the impact of real structure on the mass transfer into tri-phasic systems that needs to be filled. 

This is the objective of this thesis. 

To meet this objective, a 3D numerical modelling is indispensable to be able to model structures 

as representative as possible to the real ones. To do that, the global strategy of this thesis is to 

generate 3D structures from structural parameters (descriptors) as representative as possible to 
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the experimental material, extracted from experimental microscopic observations (Figure 5-i). The 

model approach must be as realistic as possible but simplified in such extend that the computation 

time remains acceptable (less than one hour for one simulation). Then, 3D generated structures 

are used to compute water vapor flux (using FEM in COMSOL) and validate with experimental 

water vapor permeability data (Figure 5-ii). 

 

Figure 5: Scheme of the global thesis’ strategy adopted: (i) 3D structure generation based on 

observation and extraction of real data on experimental composite structure and (ii) water vapor 

transfer numerical computing and validation 
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Chapter II. Materials and methods 

 

Ce chapitre rassemble une description globale des outils et moyens répondant aux besoins et 

objectifs de la thèse.  

Nous allons d’abord décrire les procédures d’analyse effectuée sur des images 2D et 3D pour 

extraire des informations sur la morphologie des particules qui nous serviront dans la génération 

des structures 3D.  

Ensuite, nous allons discuter du code Matlab utilisé dans la génération de nos structures 3D. Celui-

ci s’est inspiré du code de Tschoop (Tschopp M. A. 2017) qui a été entièrement revu et modifié 

de manière à répondre au besoin de la thèse. 

Par la suite, nous allons présenter les données expérimentales de transfert de la vapeur d’eau 

obtenues sur deux bio-composites (PHBV/fibres de paille de blé (WSF) & PP/cellulose) qui seront 

utilisées comme base de validation dans cette thèse.  

Enfin, nous présenterons l’environnement de travail de MATLAB et COMSOL (méthode 

numérique pour la résolution, module graphique, …) grâce auquel toutes les procédures de calcul 

seront effectuées (de la génération des structures jusqu’aux simulations). 
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1. Image analysis 

 

In this section, we will discuss the main steps of processing and analysis of 2D and 3D images 

from which particles morphology information will be extracted (i.e. distribution of sizes and 

orientation angles of particles) and will be a basis for the 3D generated structures in the work of 

Chapter IV, V and VI. 

 

1.1. 2D Image Analysis 

 

2D mosaic images of 3594 WSF particles deposited in glass slides were obtained by optical 

microscopy (Wolf C. 2014 ; Berthet M.-A. 2014). More precisely, WSF particles were suspended 

in ethanol solution (95 %v/v) and were dropped on each microscope glass slide. The coated slide 

was then placed in a vacuum chamber to evaporate ethanol.  

 

From the obtained grayscale images, the particles were separated and were put into individual 

images. Using “imbinarize” MATLAB function, these images of individual particles was 

transformed in binary images changing the grayscale images to a binary image: 0 for the matrix 

and 1 for the fillers. Afterwards, real particles were assimilated to ellipses (while preserving 

centroid, area and orientation) whose geometrical descriptors (e.g. sizes, orientation angles, …) 

were measured using “Regionprops” MATLAB function.  

 

The real distribution of some descriptors (i.e. major and minor axis) will be the basis of the 3D 

generated structures in Chapter IV. It is important to note that since the extracted information 

was in two-dimension, their use requires assumptions on the 3D generated particles (for more 

detail, see Chapter IV). All image analysis steps to obtain the geometrical descriptors are detailed 

in Chapter IV. 
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1.2. 3D X-ray computed tomographic image analysis  

 

3D X-ray tomography is a non-destructive technique developed initially for medical applications. 

It permits the reconstruction of an image in three dimensions of object from X-ray attenuation 

measurement. This technique ensures the examination of the center of a sample without damaging 

it. X-ray absorption is dependent on several factors including density, length of absorbing material 

traversed by beam, and the x-ray wavelength. 3D X-ray tomography was used to evaluate cellulose 

particles organization (i.e. spatial, size and orientation distribution) within PP matrix (Thoury-

Monbrun V. 2018). Microtomographs of bio-composite were created using X-ray microtomography 

on the ID19 beamline at the ESRF in Grenoble with a resolution of 0.65 m3/voxel in collaboration 

with Sabine Rolland du Roscoat (Associate Professor in CNRS Grenoble) and Laurent Orgéas 

(CNRS Research Director) in 3SR lab (Grenoble).  

 

For the needs of the thesis, we used the obtained 3D grayscale tomographic image of the 

PP/cellulose composite of filler content 2.96 % /  (Thoury-Monbrun V. 2018). Twelve 

small cores of same thickness of 250.5 µ  were extracted from different zones of this 3D 

tomographic image of real dimension of 1844 1403 298  (length x depth x thickness). 

Using the option “3D Objects Counter” in Fiji-ImageJ software (Schindelin J. et al. 2012), 

segmentation (binairization) was first applied in these 12 cores by changing grayscale images to 

binary images: 0 for the matrix and 1 for the fillers. This permits the detection and identification 

of particles. Thereafter, real particles were assimilated to spheres and ellipsoids whose geometrical 

descriptors (e.g. sizes, orientation angles, …) were measured using MorphoLibJ plugin in Fiji-

ImageJ software (Legland D. et al. 2016). The real distribution of some descriptors will be the 

basis of the generated structures in Chapter V and VI. All image analysis steps to obtain the 

geometrical descriptors are detailed in Chapter V and VI. 
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2. Three-dimensional structure generation 

 

The MATLAB code developed for generating our 3D structures was based on Tschopp MATLAB 

code (Tschopp M. A. 2017). The code generates 3D microstructures composed of a population of 

non-overlapping ellipsoidal or spherical particles of homogeneous or heterogeneous 

size/orientation, within a periodic RVE. Modifications were made to this code to be adapted to 

this thesis work. In particular, we adapted the code so that: 

 The non-overlapping of the generated particles is ensured. 

 The generated particles are oriented by the Euler angles of the desired convention. 

 MATLAB drives all simulation steps performed on COMSOL (from importing geometry 

data into COMSOL to solving problem).  

 

3. Experimental data of water vapor transfer into bio-composite structures 

 

To instantiate and validate the numerical models, two real case studies of water vapor transfer 

into bio-composite was considered. The first case study is water vapor transfer into a composite 

consisting of Poly(3-HydroxyButyrate-co-3-HydroxyValerate) (PHBV) matrix and Wheat Straw 

Fiber (WSF) particles. The measured data are based on previous experimental investigations 

performed by Wolf, Berthet and David in our laboratory (Wolf C. 2014 ; Berthet M.-A. 2014 ; 

David G. et al. 2019). The second case study is water vapor transfer into a composite consisting 

of Polypropylene (PP) matrix and short cellulose particles. The measured data are based on 

previous experimental investigations performed by Thoury-Monbrun in our laboratory (Thoury-

Monbrun V. 2018).  

In the following, I will briefly present the studied composites, the morphologies of the studied 

fibers, production process of the films (matrices and composites) and the experimental 

measurement methods of the sorption kinetics and the permeability of the water vapor in these 

materials (matrices, fibers and composites). All these works are performed by Wolf, Berthet, David 

and Thoury-Monbrun in our laboratory (Wolf C. 2014 ; Berthet M.-A. 2014 ; David G. et al. 2019 

; Thoury-Monbrun V. 2018). 
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3.1. Composites presentation 

 

PHBV/Wheat Straw Fiber (WSF) composite is fully bio-sourced and biodegradable. PHBV is a 

microbial polyester naturally produced by a wide range of microorganisms from glucidic or lipidic 

substrates, mostly as intracellular storage compounds for energy and carbon. Wheat straw is a 

by-product of wheat grain production, widely available in the world and that was ground to obtain 

wheat straw fibers.  

Polypropylene (PP)/Cellulose composite is not entirely bio-sourced and biodegradable. Indeed, it 

contains PP matrix which is a petroleum-based polymer that is neither bio-sourced nor 

biodegradable. Cellulose is the most abundant organic constituents on the planet produced by 

various sources, i.e. plants, algae and bacteria and it is obviously bio-sourced and biodegradable. 

The studied fibers (i.e. WSF and cellulose) are hydrophilic and the polymer matrices (i.e. PHBV 

and PP) are rather hydrophobic. The fiber particles have not been subject to any surface 

treatment.  

 

3.2. Fibers morphology 

 

Optical microscopy was used to obtain 2D mosaic images of fibers deposited in glass slides. These 

images are then analyzed to access size distribution of particles.  

 

WSF particles. According to Wolf/Berthet analysis, WSF particles presented 2D-projected sizes 

between 0.02 m to 2000 m (Wolf C. 2014 ; Berthet M.-A. 2014). Median (in surface) of 

elongation is 1.8 (elongation defined by max Feret diameter divided by equivalent rectangle short 

side). For more detail, see Table 17 in chapter 2 of the thesis of (Berthet M.-A. 2014). 

 

Cellulose particles. According to Thoury-Monbrun analysis, the short cellulose particles 

displayed a cylindrical shape as illustrated on SEM pictures (Thoury-Monbrun V. 2018). 

Therefore, to describe the particles, they were assimilated to cylinders with the length and the 

diameter corresponding to the major and the minor axis (descriptors of inertia ellipse collected 

from 2D images), respectively. According to Thoury-Monbrun analysis, short cellulose particles 
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consisted of non-elongated particles with a 2D-projected size ranging from 3 to 120 m (cylinder 

length) and median of size aspect ratio (ratio between length and diameter of cylinder) in volume 

of 1.6 (1.5 in number). For more detail, see Table IV-1.1. in Chapter IV of thesis of (Wolf C. 

2014). 

 

3.3. Production process of films  

 

For the two case studies, the neat polymer and the composites with different fiber weight fraction 

were prepared by melt extrusion using a lab-scale twin-screw extruder (Eurolab from 

ThermoFisher Scientific) using raw polymer pellets and fibers previously dried at 70 °C for at least 

8 hours. Afterwards, neat polymer and composite films were obtained by thermo-moulding using 

a heated hydraulic press (PLM 10 T, Techmo, Nazelles, France) (Wolf C. 2014 ; Thoury-Monbrun 

V. 2018). The films were about 300 m thick for PHBV matrix and PHBV/WSF composites and 

100 and 300 µm thick for PP matrix and PP/cellulose composites. 

 

3.4. Dynamic Vapor Sorption  

 

Moisture sorption kinetics experiments were performed at 20°C using a controlled atmosphere 

microbalance (Dynamic Vapour Sorption (DVS) apparatus; Surface Measurement System Ltd., 

London, UK). The DVS apparatus enables recording of the mass evolution with time as a function 

of relative humidity of the air in contact with the sample. In practice, successive relative humidity 

steps (from 0% to 95%, with 10% step up to 90% and 5% step beyond) were performed for a same 

sample and the remoistening kinetic was followed step by step until equilibrium between material 

and surrounding atmosphere was reached. Moisture sorption isotherms were determined from the 

equilibrium moisture contents at each relative humidity step. Duplicates were done for each 

material tested. Three replicates were realized for each sample in Wolf/Berthet and Thoury-

Monbrun works (Wolf C. 2014 ; Berthet M.-A. 2014 ; Thoury-Monbrun V. 2018).  

 

Before moisture sorption experiments, PHBV matrix and PHBV/WSF composite films were 

respectively cut into discs of 0.8 cm diameter. Native WSF were prepared with a first 
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perpendicular cut to its height in order to obtain a cylinder of 0.5 mm height, which was in turn 

cut itself vertically by it middle. The resulting half cylinder was then easily mechanically flattened 

into a square piece of approximately 0.5 × 0.5 cm2 by putting it underweight (Wolf C. 2014). 

In the case of PP matrix and PP/cellulose composite films, circular pieces of a diameter of 7.5 

mm were deposited directly in the DVS pan. In the case of cellulose, around 1 mg of cellulose 

powder was deposited in an aluminium pan, which was placed in the DVS pan (Thoury-Monbrun 

V. 2018). 

 

Experimental outputs coming from these works were used as input parameters for our numerical 

models as well as for some evaluated analytical models: water vapor diffusivity and sorption 

isotherm for both matrix and particle, both obtained from dynamic sorption experiments (DVS, 

Dynamical Vapor Sorption system, Surface Measurement System, London, UK). These two inputs 

are gathered in Table 3 & 4 for the two systems studied. 

 

Table 3: Summary of the water vapor experimental parameters (Sorption isotherm, Diffusivity 

and Permeability) based on dynamic sorption experiments (DVS) for PHVB matrix and WSF 

particle (Wolf C. 2014). The density of each phase is also mentioned.   

Sample 
Density 

 

Sorption isotherm at 

aw=100%  

 

[gwater . gdry
-1] 

Diffusivity   

 

Theoretical permeability 

(P=DxS)  

 

PHVB matrix 1.12 ± 0.01 5.96 ± 1.05 2.62 ± 0.56 4.14 ± 1.15 

WSF particle 1.69 ± 0.03 225.20 ± 8.70 18.40 ± 4.94 1664.58 ± 450.99 
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Table 4: Summary of the water vapor experimental parameters (Sorption isotherm, Diffusivity 

and Permeability) based on dynamic sorption experiments (DVS) for PP matrix and cellulose 

particle (Thoury-Monbrun V. 2018). The density of each phase is also mentioned.  

Sample 
Density 

 

Sorption isotherm at 

aw=100%  

 

[gwater . gdry
-1] 

Diffusivity   

 

Theoretical permeability 

(P=DxS)  

 

PP matrix 0.905 3.21 ± 1.11 1.32 ± 0.33 9.13 ± 3.89 

Cellulose particle 1.56 ± 0.08 241.62 ± 10.55 5.84 ± 1.37 5224.98 ± 1276.97 

 

Experimental water vapor diffusivity in Table 3 & 4 is the average value of diffusivity values 

identified from 10 transient water vapor sorption kinetics obtained between 0 < RH < 95% at 

20°C and reported in Table 5 and Figure 6 for PHBV matrix and WSF particles (Wolf C. 2014) 

and PP matrix and cellulose particles (Thoury-Monbrun V. 2018).  

Experimental water vapor sorption isotherm obtained from the values at equilibrium of water 

vapor sorption kinetics between 0 < RH < 95% at 20°C is shown in Figure 7 for PHBV and PP 

matrices and in Figure 8 for WSF and cellulose particles (Wolf C. 2014 ; Thoury-Monbrun V. 

2018). 
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Table 5: Experimental water vapor diffusivity values identified from 10 transient water vapor 

sorption kinetics obtained from dynamic sorption experiments (DVS) between 0 < RH < 95% at 

20°C for PHBV matrix and WSF particle (Wolf C. 2014) and PP matrix and cellulose particle 

(Thoury-Monbrun V. 2018). 

Relative 

Humidity 

RH (%) 

PHBV matrix 

Diffusivity 

  

 

WSF particle 

Diffusivity  

 

 

PP matrix 

Diffusivity  

 

 

Cellulose particle 

Diffusivity  

 

 

10 4.13 ± 1.21 17.34 ± 8.07 1.17 ± 0.54 25.93 ± 3.54 

20 2.39 ± 0.41 27.71 ± 11.45 1.58 ± 0.99 7.81 ± 0.39 

30 2.24 ± 0.22 29.22 ± 10.79 1.35 ± 1.54 3.43 ± 0.99 

40 2.47 ± 0.09 22.28 ± 4.08 1.76 ± 0.44 2.80 ± 1.26 

50 2.49 ± 0.15 18.99 ± 2.97 1.78 ± 0.11 2.41 ± 0.77 

60 2.32 ± 0.54 18.38 ± 3.41 0.82 ± 0.32 2.02 ± 0.38 

70 2.65 ± 0.08 17.14 ± 3.64 0.50 ± 0.14 1.61 ± 0.83 

80 2.78 ± 0.45 14.63 ± 2.38 1.21 ± 0.81 2.13 ± 4.98 

90 2.52 ± 0.02 11.63 ± 1.64 1.09 ± 0.73 6.15 ± 3.45 

95 2.16 ± 0.34 6.63 ± 0.93 1.99 ± 0.82 4.09 ± 2.53 
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Figure 6: Experimental water vapor diffusivity values identified from 10 transient water vapor 

sorption kinetics obtained between 0 < RH < 95% at 20°C for PHBV matrix and WSF particle 

(Wolf C. 2014) and PP matrix and cellulose particle (Thoury-Monbrun V. 2018). The dashed 

lines are used to guide the reader. 

 

 

Figure 7: Experimental water vapor sorption isotherm obtained from the values at equilibrium of 

water vapor sorption kinetics between 0 < RH < 95% at 20°C for PHBV matrix (Wolf C. 2014) 

and PP matrix (Thoury-Monbrun V. 2018). Representation of GAB equation (see Eq. 49) fitted 

to experimental water vapor sorption isotherm (dashed line). 
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Figure 8: Experimental water vapor sorption isotherm obtained from the values at equilibrium 

of water vapor sorption kinetics between 0 < RH < 95% at 20°C for WSF particle (Wolf C. 

2014) and cellulose particle (Thoury-Monbrun V. 2018). Representation of GAB equation (see 

Eq. 49) fitted to experimental water vapor sorption isotherm (dashed line). 

 

3.5. Gravimetric experimental water vapor permeability  

 

Water vapor permeability of films was gravimetrically determined at 20°C with a relative humidity 

gradient from 0 to 100 % using a modified ASTM procedure (ASTM E96 – Standard test methods 

for water vapor transmission of materials). The film was exposed on one side to an atmosphere 

saturated with moisture RH = 100% and on the other side to a dry atmosphere RH = 0%. Indeed, 

the film was hermetically sealed with Teflon seals in glass permeation cells containing at the 

bottom distilled water (RH = 100%). Cells were placed in a desiccator containing silica gel to 

have around 0 % of relative humidity (RH) and then the top of the film is exposed to a dry 

atmosphere RH = 0%. 
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Water vapor transfer through the exposed film area was measured from the cell weight loss as a 

function of time. Cells were weighted every day over a week period after a steady-state vapor flow 

was reached. Water vapor permeability was calculated from the following equation: 

 

    . . .  Eq. 46 

 

where  is the slope of the weight loss versus time (gwater.s-1), e is the film thickness (m) and A is 

the area of exposed film (m²).  is the differential pressure between the film,  is the 

water vapor pressure at film side exposed to an atmosphere saturated with moisture (

2338 ) and  is assumed to be zero (film side exposed to a dry atmosphere).  is the 

molecular mass of water (Mwater = 18.015 g. mol-1). 

The exposed film surface was 8.55 and 9.08 cm² in Wolf/Berthet and Thoury-Monbrun works 

respectively. Several samples of each type of film were analyzed in Wolf (7 samples), Berthet (3 

samples), David (5 samples) and Thoury-Monbrun (5 samples) works.  

 

Experimental water vapor permeabilities were used to validate our numerical computations. The 

permeability of the matrix and the composites measured with the gravimetric method are reported 

in Table 6 &  

Table 7 for case study 1 & 2 respectively. It is important to mention that experimental filler 

fraction expressed in mass needs to be converted in volume fraction to be used and in agreement 

with that use in modelling approaches. The conversion between the mass and the volume fraction 

of the particles was performed by the following formula: 

1
 

 

Eq. 47 

where  and  are the matrix and particles density, respectively, and  the true weight 

fraction of the particles. Mass fraction and volume fraction of the particles in the composites 

considered in these works are reported in Table 6 &  

Table 7 for case study 1 & 2 respectively. 
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Table 6: Summary of the experimental water vapor permeabilities into PHBV matrix and 

PHBV/WSF composites measured from gravimetric permeation experiment for 0-100% relative 

humidity (RH) gradient at 20°C (Wolf C. 2014). The mass fraction and the corresponding volume 

fraction of the particles for the composites are mentioned. 

Sample 
Particles mass 

fraction % /  

Particles volume 

fraction % /  

Permeability  

 

PHBV matrix 0 0 8.29 ± 3.96a 

PHBV/WSF 10 5.14 ± 0.98 11.74 ± 3.63b 

PHBV/WSF 20 11.4 ± 1.2 18.24 ± 2.7b 

PHBV/WSF 30 19.52 ± 1.72 59 ± 7.86b 

 

a Correspond to the average of three experimental sets of measures (Wolf, Berthet and David) made in the 

same laboratory and directly measured from gravimetric experiment (Modified ASTM procedure) 
b Correspond to the average of three experimental sets of measures (Wolf and Berthet) made in the same 

laboratory and directly measured from gravimetric experiment (Modified ASTM procedure) 

 

 

Table 7: Summary of the experimental water vapor permeabilities into PP matrix and 

PP/cellulose composites measured from gravimetric permeation experiment for 0-100% relative 

humidity (RH) gradient at 20°C (Thoury-Monbrun V. 2018). The mass fraction and the 

corresponding volume fraction of the particles for the composites are mentioned. 

Sample 
Particles mass 

fraction % /  

Particles volume 

fraction % /  

Permeability  

 

PP matrix 0 0 5.55 ± 0.265 

PP/cellulose 5 2.96 ± 0.15 6.84 ± 0.241 

PP/cellulose 10 6.06 ± 0.31 8.9 ± 0.264 

PP/cellulose 20 12.67 ± 0.65 8.95 ± 0.236 

PP/cellulose 30 19.91 ± 1.04 15.55 ± 1.23 
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It is important to emphasize that the experimental permeabilities of the composites, especially for 

the first study case, presented uncertainty and variabilities. These were induced by the embedded 

particles variability (i.e. heterogeneity of the size, shape, orientation and dispersion), the 

composites process variability (i.e. melt-compounding, compression moulding, film thickness 

variability) and the variability of the mass transfer properties measurements (i.e. sensitivity of 

the balance). 

 

4. Theoretical permeability values evaluated as the product of DxS 

 

In analytical modelling approaches, permeability of each phase is needed instead of diffusivity to 

initialize the model. This permeability value is not measurable on the particle (WSF or cellulose). 

In order to evaluate this permeability into the particle (0-100% relative humidity RH gradient at 

20°C), it is calculated as the product of experimental diffusivity by experimental solubility 

, both obtained from the dynamic sorption experiments. The permeability of each 

phase calculated with this method (P = D x S) are reported in Table 3 and 4 for study case 1 and 

2 respectively.  

 

Recall that the diffusivity D is the average value of diffusivity values identified from 10 transient 

water vapor sorption kinetics obtained between 0 < RH < 95% and reported in Table 5 and 

Figure 6. 

The calculated solubility S value for the pressure difference corresponding to the RH gradient 

applied to the composite (0-100% RH) was obtained from: 

.  
% %

, % , % 
 Eq. 48 

where % and % is the moisture content (g/g dry basis) of the film at 100% and 0% 

RH respectively,  is the film density (g of dry matter / m3 of wet product),   the saturating 

water vapor pressure of water at constant considered temperature (Pa), , % , % is 

the considered water activity difference and M is the molecular mass of water (g/mol). % 

and % are obtained after fitting GAB equation (see Eq. 49) to the values of experimental 
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water vapor sorption isotherm. The curve of GAB model fitted to the values of experimental water 

vapor sorption isotherm is represented in Figure 7 for PHBV and PP matrices and in Figure 8 for 

WSF and cellulose particles. The resulting fitted parameters (Xmono, Cg, Ka) values and the fitting 

error (RMSE) are reported in Table 8. 

The obtained % for the matrix and particles in study case 1 and 2 are reported in Table 

3 and 4 respectively ( % being null). The GAB model representing the moisture content X 

as a function of water activity aw and three parameters (Xmono, Cg, Ka) related to the water content 

is expressed as following:  

1 1
 Eq. 49 

 

Table 8: Fitted parameters values of GAB model identified from the water vapor sorption 

isotherm of PHBV matrix, WSF particle, PP matrix and cellulose particle at 20°C. The 

corresponding fitting error (RMSE) is also mentioned. 

Sample    RMSE 

PHBV matrix 0.00395 1.388 0.571 5.169 x 10-5 

WSF particle 0.0647 4.0896 0.736 9.447 x 10-4 

PP matrix 0.000428 5.674 0.866 4.231 x 10-5 

Cellulose particle 0.0948 2.117 0.679 1.738 x 10-3 

 

The calculated permeability of PHBV and PP matrices (Table 3 & Table 4) are different from 

the experimental ones (Table 6 &  

Table 7) because of uncertainties and variabilities. In addition to the variabilities that can be 

caused by uncertainties in the film production process and the mass transfer properties 

measurements, there is also the variabilities caused by the fact that the diffusivity D (in P=D*S) 

is taken as a mean value of diffusivity values obtained between 0 < RH < 95%. Also, S (in 

P=D*S) can present uncertainties because of the fact that some values of experimental water 

vapor sorption isotherm are obtained from values of water vapor sorption kinetics between 0 < 

RH < 95% that have not yet reached equilibrium (i.e. equilibrium between material and 

surrounding atmosphere). 
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5. COMSOL and MATLAB environments for model development 

 

The numerical Finite Element Method (FEM) was used to solve the boundary value problem of 

mass diffusion using COMSOL Multiphysics 5.5 software. An unstructured mesh consisting of 

tetrahedral elements was used to discretize the composite geometry. For mass diffusion simulation, 

the “Transport of Diluted Species” physics interface of the “Chemical Reaction Engineering” 

module, already integrating the 2nd Fick's law equation, was used. The CAD Import module of 

COMSOL was used to support the complex geometry (especially for tri-phasic structures) and to 

avoid as much as possible geometry and mesh errors. The numerical simulations were performed 

in DELL computer with Intel Xeon E-2176M Processor (2.7 GHz) and 32 Gb of Ram. The entire 

computational procedure (from structure generation to simulation) was driven within the 

MATLAB environment and was partially automated via the COMSOL LiveLink for MATLAB 

module (from the step of importing geometry data into COMSOL to simulation). 
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Chapter III. Suitability of state-of-the-art analytical approaches for predicting water 

vapor permeability in composites with permeable particles     

 

This chapter focuses on the evaluation of the ability of analytical models, collected in the 

literature, to predict the experimental water vapor permeabilities measured on two composites 

which are Poly(3-HydroxyButyrate-co-3-HydroxyValerate)/wheat straw fibers (Wolf C. 2014) & 

Polypropylene/cellulose (Thoury-Monbrun V. 2018). Bi-phasic and tri-phasic analytical models 

are evaluated. This first part of thesis studies, will permit to know if a bi-phasic approach is 

sufficient to represent our experimental data of permeability or a tri-phasic approach is necessary 

for this purpose. 
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As explained previously in chapter I (section 4.1), the analytical models are relating the effective 

permeability of the composite  as function of the matrix permeability  (continuous phase), 

the particles permeability  (dispersed phase) and at least the volume fraction of the particles 

. The tri-phasic analytical models, include at least two additional parameters associated with 

the interphase, namely its permeability  and its volume fraction .  

Some bi-phasic and tri-phasic models contain additional parameters such as geometrical or 

empirical ones. All the analytical models studied in this chapter as well as the parameters they 

contain are described in detail in section 4.1 of chapter I. Here, we briefly describe the geometric 

and empirical parameters that we will meet in this chapter: 

 

(i) n:  Geometrical factor that is between 0 and 1 presenting the particles as spheres 

1/3 , elongated spheroids 0 1 , whose the longest axis is directed 

along the diffusion direction, and flattened spheroids 1/3 1 , whose the 

shortest axis is directed along the diffusion direction (Banhegyi G. 1986). 

(ii) : Empirical parameter representing particle-particle interactions and asphericity 

effects arising from particle shape variation (Higuchi W. I. et al. 1960). 

On the basis of experimental data, the domain 0 0.78 was considered for 

spherical particles (Monsalve-Bravo G. M. 2018). 

(i) , : Maximum packing volume of particles parameter that empirically embeds 

packing-related effects and variation in filler properties, such as particle size 

distribution, particle shape, and aggregation of particle (Lewis T. B. et al. 1970). 

, 0.64 corresponds to random close packing of uniform spheres (Pal R. 

2007)b.  

(ii) : Ratio of the radius of the spherical pseudo-particle (particle + interphase) to 

the radius of the spherical particle (Felske J. D. 2004). 1 when the interfacial 

layer is absent. 
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Thus, experimental outputs as the matrix and particle permeability and the volume fraction of 

the particles are needed to be used as input parameters for the analytical models. For the sake of 

clarity, in the following, the models are all presented and discussed in terms of relative 

permeability, i.e., the ratio between the composite permeability and that of the neat matrix 

/ ). 

 

1. Experimental data of water vapor transfer properties  

 

Two cases of water vapor transfer into composites containing permeable particles are studied. The 

first case study is water vapor permeability into a composite consisting of Poly(3-

HydroxyButyrate-co-3-HydroxyValerate) (PHBV) matrix and Wheat Straw Fiber (WSF) 

particles. The macroscopic water vapor permeabilities of the three studied filler fractions were 

obtained previously by Wolf, Berthet and David in our laboratory (Wolf C. 2014 ; Berthet M.-A. 

2014 ; David G. et al. 2019) and are gathered in Table 6. 

For a better visibility in the texts, we will only mention Wolf's name when referring to these 

experimental permeabilities. The second case is water vapor permeability into a composite 

consisting of Polypropylene (PP) matrix and short cellulose particles. Macroscopic water vapor 

permeability was evaluated for four different filler fractions by Thoury-Monbrun (Thoury-

Monbrun V. 2018) ( 

Table 7). 

Inputs parameters required in the analytical models are the volume fraction of the particles , 

the matrix permeability  and the particles permeability . Both  and  were obtained from 

the product of experimental diffusivity by experimental solubility . Both D and S were 

obtained from dynamic water vapor sorption experiments (Table 3 & 4).  

 

It is first assumed that the addition of WSF (resp. cellulose) in PHBV (resp. PP) matrix does not 

have an influence on the polymer matrix permeability as well on that of WSF (resp. cellulose); 

therefore  and  calculated from  on the single components were applied in the 
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composite system. The hypothesis will be released in the next chapter where modification of 

 and  will be tested in a 3D numerical model. 

 

We note that the permeability of WSF (resp. cellulose), , was about 400 (resp. 600) times higher 

than that of the neat matrix PHBV (resp. PP). As expected, addition of WSF or cellulose particles 

in the polymer matrix experimentally increases the macroscopic permeability of the composite (for 

the case of PHBV/WSF composite, see the Figure 6 in (Berthet M.-A. et al. 2015) ; for the case 

of PP/cellulose, see the Figure 7 in section IV-1.3.4 in Chapitre IV of the thesis of Thoury-

Monbrun (2018)). 

 

2. Comparison between experimental and analytical permeabilities 

 

Several analytical models, 11 bi-phasic and 5 tri-phasic were selected used to predict the water 

vapor permeability into the PHBV/WSF and PP/cellulose composites (Table 1 & 2). The selection 

of the models was based on several criteria, including their frequency of use (the most quoted ones 

in state-of-the-art) and simplicity of use (especially those when the composite permeability is 

explicitly expressed as a function of the other parameters). The resulting relative water vapor 

permeability as function of the particles volume fraction were reported in Figure 9 & 10 for bi-

phasic models and Figure 11 & 12 for tri-phasic models, respectively. 

  

2.1. Precisions on the fitting procedure 

 

Numerical calculations were performed using Matlab software and its “lsqnonlin” function for the 

identification of fitted parameters. To calculate the deviation error between the experimental and 

analytical permeabilities, the Root Mean Square Error (RMSE) (Eq. 50) was used and was 

expressed as follows: 

1
/ /  Eq. 50 
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where /  and / are the experimental and the estimated relative permeability, 

respectively, i is the index of the particles volume fraction and N is the number of particles volume 

fractions tested.  

The calculated error values for the bi-phasic and tri-phasic analytical models were reported in 

Table 9 & 10 and Table 11 & 12 respectively. In these tables, the models are ranked from the best 

predictive model (lowest RMSE error) to the least predictive model (highest RMSE error). All the 

resulting fitting parameters are also gathered in Table 9 & 10 and Table 11 & 12 for bi-phasic 

and tri-phasic models respectively. 

 

2.2. Analysis of bi-phasic analytical models 

 

Among all the bi-phasic models used, only parallel, series, Maxwell, Chiew-Glandt, Bruggeman, 

Böttcher, Lichtenecker, Lewis-Nielsen and Pal model could be applied without any adjustment 

while Maxwell-Wagner-Sillars and Higuchi models required the fitting of one parameter, i.e. the 

shape factor  and an empirical parameter  respectively. These bi-phasic models are 

represented as follows:  

, , , …  Eq. 51 

Recall that Bruggeman (Eq. 20), Pal (Eq. 21) and Böttcher (Eq. 22) models are implicit and 

required a numerical solving to compute the composite permeability. It should be noted that, for 

Lewis-Nielsen and Pal models, the maximum volume packing fraction of particles was fixed 

to , 64 % / , which corresponds to random close packing of uniform spheres (Petropoulos 

J. H. 1985). According to the Figure 9 & 10 and Table 9 & 10, no model is able to accurately 

reproduce the experimental values for the 2 composite systems considered, within the [0, 20%] 

range of particle volume fraction. However they fail in different ways, some details are given below. 

The analytical models containing fitting parameters better predict the experimental data than 

those without adjustable parameters. It was somewhere expected because with one adjustable 

parameter, the shape of the analytical curve could be much more adjustable to the experimental 

one. 
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Figure 9: Prediction of the relative permeability as function of particle volume fraction with bi-

phasic analytical models (quoted in Table 1) fitted to experimental data of Wolf (2014). The curves 

of the quasi-equivalent predictions of Maxwell-Wagner-Sillars and Higuchi models were 

superimposed 

  

Figure 10 : Prediction of the relative permeability as function of particle volume fraction with 

bi-phasic analytical models (quoted in Table 1) fitted to experimental data of Thoury-Monbrun 

(2018). The curves of the quasi-equivalent predictions of Maxwell-Wagner-Sillars and Higuchi 

models were superimposed 
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Among all models tested, Higuchi and Maxwell-Wagner-Sillars are the best ones, e.g. provide the 

best fit of the experimental data. Indeed, the estimated Root Mean Square Error (RMSE) are in 

the order as follows: (i) Higuchi model > Maxwell-Wagner-Sillars model > Lichtenecker model > 

Böttcher model > Bruggeman model (Table 9) and (ii) Higuchi model > Maxwell-Wagner-Sillars 

model > Böttcher model > Bruggeman model > Lichtenecker model (Table 10). 

 

Table 9: Deviation error of the bi-phasic analytical models prediction from experimental data of 

Wolf (2014) ;  Resulting fitting parameters  

 

Model Fitted parameters RMSE 

Higuchi 0.874 0.985 

Maxwell-Wagner-

Sillars 
0.0443 0.985 

Lichtenecker - 1.949 

Böttcher - 2.402 

Bruggeman  2.635 

Lewis-Nielsen 

,  64 % /  
- 2.692 

Chiew-Glandt - 2.701 

Maxwell - 2.730 

Series - 2.990 

Pal  

,  64 % /  
-  3.356 

Parallel - 43.549 
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Table 10: Deviation error of the bi-phasic analytical models prediction from experimental data 

of Thoury-Monbrun (2018) ; Resulting fitting parameters  

 

Model Fitted parameters RMSE 

Higuchi 0.557 0.189 

Maxwell-Wagner-

Sillars 
0.149 0.189 

Böttcher - 0.241 

Bruggeman - 0.433 

Lichtenecker - 0.436 

Lewis-Nielsen 

, 64 % /  
- 0.485 

Chiew-Glandt - 0.492 

Maxwell - 0.519 

Series - 0.770 

Pal 

, 64 % /  
- 1.199 

Parallel - 61.836 

 

As expected, parallel and series models were positioned at the extremes of the graphs in Figure 9 

& 10, parallel model predicting the highest ratios while the series model the lowest ones.  

 

The prediction of permeability from bi-phasic models without fitting parameters, i.e. Maxwell, 

Chiew-Glandt, Bruggeman, Lichtenecker; Böttcher, Lewis-Nielsen and Pal models, were in good 

agreement with the experimental data for low particle volume fraction i.e.  11.54 % /  

(Figure 9) and 12.67 % /  (Figure 10). At higher loading, except for the Böttcher model 

(Figure 10), there were high discrepancies between the prediction of the permeability with these 

analytical models and the experimental data. As expected, these bi-phasic models without fitting 



Chapter III. Suitability of state-of-the-art analytical approaches for predicting water vapor 

permeability in composites with permeable particles 

 

96 

 

parameters globally failed to represent the high upturn of the curve for medium and high volume 

fractions because, by definition, these models are only valid for low filler content i.e. diluted system 

(Monsalve-Bravo G. M. 2018). 

 

Maxwell-Wagner-Sillars and Higuchi models, two bi-phasic models with a fitting parameter, are 

more able to predict the permeability than bi-phasic models without fitting parameters for loading 

11.54 % /  (Figure 9) and 12.67 % /  (Figure 10). However, these models do not 

correctly predict the permeability behavior in the composites on the entire range of filler content, 

especially for lower filler content 11.54 % /  (Figure 9) and 12.67 % /  (Figure 10).  

 

It was noted that the prediction of Maxwell-Wagner-Sillars and Higuchi models were quasi-

equivalent as shown by the superposition of the curves in the Figure 9 & 10. 

 

For Higuchi model, the fit of the experimental data of Thoury-Monbrun was obtained for 

0.557  that is comprised between 0 0.78  that correspond to spherical particles as 

previously hypothesed (Monsalve-Bravo G. M. 2018). On the other hand, the fit of the 

experimental data of Wolf was obtained for 0.874 that is out of the domain 0 0.78 

and which therefore represents ellipsoidal particles. However, it has also been shown that the  

value might be more related to the nature of the migrant than the geometry of the particle. Indeed, 

in another previous study, Sadhegi and co-authors used the Higuchi model for the prediction of 

gas permeability in membranes made of silica nanoparticles/polyether-based polyurethane and in 

their system, the value of  was comprised between 2 and 3 according to the gas nature (Sadeghi 

M. et al. 2011). The significance and relevance of this  parameter seem thus questionable. 

  

For the Maxwell-Wagner-Sillars model, the fit of the experimental data of Wolf and Thoury-

Monbrun was obtained for a geometrical factor of 0.0443 and 0.149 respectively. As a 

reminder, for 0 1/3, the particle is an elongated spheroid of which the longest axis is 

directed along the diffusion direction, for 1/3 1, the particle is a flattened spheroid whose 

the shortest axis is directed along the diffusion direction and for 1/3, the particle is a sphere 
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(Bouma R. H. B. et al. 1997). The resulting fitting  were comprised between 0 1/3 for the 

two study cases. This confirmed that globally the WSF and cellulose particles were not spherical 

but rather ellipsoidal. More precisely, the particle would be an elongated spheroid whose the 

longest axis is directed along the diffusion direction (Wolf C. 2014 ; Thoury-Monbrun V. 2018). 

  

The fact that Maxwell-Wagner-Sillars and Higuchi models quite well fit the experimental data 

could be ascribed to the fact that they contain an adjustable parameter (i.e.  and  

respectively) that compensates all the uncertainties on the structure of the system (particle size 

distribution, particle shape, and aggregation of particle, …) and on the input individual component 

permeability. However, in spite of this quite good fitting, it is obvious that the physical meaning 

of  and  remain difficult to decipher as well as its impact on the overall water transfer. It is 

not acquired that the values of  and  identified here could be extrapolated to another 

composite system. It should be noted that, Lewis-Nielsen and Pal models (with , 64 % /  

corresponding to random close packing of uniform spheres) do not provide a good prediction of 

the permeability behavior in the composites on the entire range of filler content (Figure 9 & 10), 

even when testing other values of ,  corresponding to other morphologies. 

 

Even if bi-phasic models with a fitting parameter are globally better in their prediction of the 

permeability within composites than the simplest analytical solution, they are still unsatisfactory 

for predicting the macroscopic permeability on the entire range of volume fraction investigated.  

A first hypothesis for such discrepancies could arise from the fact that these analytical models did 

not take into account structural heterogeneities, such as various particle shapes and sizes, different 

particle state of dispersion and orientation. 

It is easily understandable that high filler contents favored the occurrence of heterogeneities in 

the composite structure that hampered the prediction of the permeability by the analytical bi-

phasic models. 

 

The second, and main, hypothesis could derive from the existence of an interphase, i.e. area at 

particle/matrix interface made of polymer but that exhibit different mass transfer properties than 
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that of the neat matrix. These changes in properties would be caused by the rearrangement of 

polymer network in contact with particles (e.g. creation of interfacial voids or in the contrary 

rigidification of the polymer, change in crystallinity that could be enhanced or on the contrary 

decreased in contact with the fibers, …). These structural changes lead to an increase (for instance 

when crystallinity is decreased) or decrease (resp. when crystallinity is increased) of matrix 

diffusivity in this specific area. Analysis of experimental data of Figure 9 & 10 let think that an 

interphase with diffusivity higher than that of the neat matrix would intervene, especially for high 

filler content. Indeed, we observed a “permeabilisation” of the system with high upturn of Pc/Pm 

for filler content 11.54 % /  (Figure 9) and 12.67 % /  (Figure 10). In such cases, 

predictive models (Table 2) which considered the interphase as a third constituent should be 

preferred for the prediction of the water vapor permeability. However, it is experimentally difficult 

to get a right idea of the volume and properties of this interphase. Some hypothesis on the 

thickness and properties of this interphase may be performed first. This will be discussed in the 

following section. 

 

2.3. Analysis of tri-phasic analytical models  

 

The tri-phasic models are by nature more complex than the bi-phasic models because they consider 

in addition to the Pm, Pp and , two other parameters Pi and  that characterize the interphase:  

, , , , , …  Eq. 52 

These two parameters are usually unknown and hypothesis should be made on values of Pi and 

. One strategy could also to consider them as fitting parameters. This is the strategy used in 

this chapter. Thus in the following, five analytical tri-phasic models were fitted to experimental 

relative permeability of Wolf and Thoury-Monbrun by adjusting the couple (Pi, ). The studied 

models were the pseudo-bi-phasic Maxwell model (Eq. 25-27), the pseudo-bi-phasic Maxwell-

Wagner-Sillars model (Eq. 28-30), the pseudo-bi-phasic Lewis-Nielsen model (Eq. 31-33), Felske 

model (Eq. 42-45) and the modified Felske model (Eq. 45). As described in Chapter I, the three 

studied pseudo-bi-phasic models here consisted on a double application of the basic bi-phasic 
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formulas (i.e. Maxwell, Maxwell-Wagner-Sillars and Lewis-Nielsen models). Indeed, the bi-phasic 

formula of Pc which will be fitted depends on Pm and Ppi (pseudo-particles permeability) which is 

a bi-phasic formula that depends on Pp and Pi. In summary, the formula of Pc, depending to Pm, 

depends on Pp and Pi through the expression of Ppi. Concerning Felske and the modified Felske 

models, they consists on a single formula combining the parameters of all phases. 

 

Some of these tri-phasic models contain in addition of the interphase permeability  and its 

volume fraction , one more parameter to fit. Indeed, the pseudo-bi-phasic Maxwell-Wagner-

Sillars model contains the geometrical factor n that was supposed to be the same for the particles 

and pseudo-particles. Also, the modified Felske model contains the ratio  of the radius of the 

spherical pseudo-particle (particle + interphase) to the radius of the spherical particle. As for the 

bi-phasic Lewis-Nielsen model, the maximum volume packing fraction of particles was also fixed 

to , 64 % /  for the pseudo-bi-phasic Lewis-Nielsen and the modified Felske models. 

 

In most literature works,  can be fixed on an experimental basis depending on the type of 

interphase:  

(1) When interfacial void space between the matrix and particles is considered, due for example 

to bad adhesion between them, , which is higher than , is often assumed as the product of 

the Knudsen diffusivity through the void and the sorption coefficient of gas in the void, 

experimentally accessible (Moore T. T. et al. 2005). 

(2) When polymer rigidification is considered near the filler particle surface, the interfacial 

permeability is assumed to be reduced compared to the matrix and is often considered as a fraction 

of matrix permeability  and  / , where 0 is referred to the chain immobilization 

factor (Moore T. T. et al. 2005). In practice,   is often assumed between 3 and 4 (Moore T. T. 

et al. 2004). 

(3) Finally, when the interphase comprises a reduced permeability region in the outer layer of 

particles (extreme region included in the particle) due for example to partial pore blockage of the 

particles by the polymer chains,  is often assumed as a fraction of matrix permeability  and 
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 / , where 0 is referred to the permeability reduction factor. This parameter 

must be fit to the experimental data.  

For more detail about these three aforementioned approaches, see the Table 1 of the article (Moore 

T. T. et al. 2005). 

In the majority of literature works, the analytical equations, initially depended on , are 

transformed for practical reasons to equations depended on the interphase thickness  and sphere 

radius  assuming particles as spheres. By assuming  known and fixed,  is often fitted to the 

experimental data (Moore T. T. et al. 2005)(Monsalve-Bravo G. M. et al. 2020). 

 

Our approach for fitting the analytical tri-phasic models to experimental data consisted on 

identifying at least the couple of parameters  ;  /  and an additional adjustable parameter 

(n or ) depending to the studied model. The fitting procedure, which involves solving a non-

linear equation of these models using the Matlab function “lsqnonlin”, requires initializing the 

parameters to be fitted. The solutions (i.e. the fitted parameters) could vary according to the 

initial values of the parameters to be fitted.  

 

For analytical models, the parameter identification procedure was tested with several initial values 

of the unknown parameters, , / , n and , consistent with our real case studies. Indeed, the 

initial values were taken in the ranges (i) / / 1 10   ; (ii)  0  / 4  ; (iii) 

0 1 and (iiii) 1 5 that we expected to observe as fitted solutions. The choice of the 

bounds of the initial values was justified and explained below: 

 

(iii) As we observed a high upturn of the permeability curve for high filler content - 

much higher than the one we should obtain by the simple addition of permeable 

particles of Pp - we may reasonably hypothesis than the permeability of the 

interphase Pi is higher than that of the neat matrix Pm, Pm being the lower bound 

for Pi.  
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(iv) Since the highest experimental filler content is about 20%v/v,  should not exceed 

80%v/v / 4  to respect the condition 1, where the maximum 

filling 1 represent the case where the interphase totally replaced the 

matrix.  

 

(v) By definition, the geometrical factor n is between 0 and 1 representing particles as 

spheres 1/3, elongated spheroids 0 1  and oblate spheroids 1/3

1 .  

 

(vi) The presence of an interphase is possible only if the ratio 1. 

 

For each analytical model, the resulting fitted parameters, the corresponding initial values and 

fitting errors (i.e. RMSE) were reported in Table 11 & 12, for the fitting of experimental data of 

Wolf (2014) and Thoury-Monbrun (2018) respectively.  

 

Figure 11 & Figure 12 showed that tri-phasic models well represent the experimental data and, 

consequently, the interphase can be a good explanatory element.  The results of the fitting reported 

in Table 11 & 12 revealed that there were several combinations of fitted values (except for the 

pseudo-bi-phasic Lewis-Nielsen) presenting the same fitting error and same global good fit of the 

experimental curve (Figure 11 & Figure 12). Indeed, the predicted curves compared to 

experimental data in Figures 8 & 9 were the same for all optimized combinations of values obtained 

per model studied. In other words, there is no unique solution but a set of optimal solutions for 

each model. 
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Figure 11: Prediction of the relative permeability as function of particle volume fraction with 

tri-phasic analytical models (quoted in Table 2) fitted to experimental data of Wolf (2014). The 

curves of the quasi-equivalent predictions of the pseudo-bi-phasic Maxwell and Felske models were 

superposed. The curves of the quasi-equivalent predictions of the pseudo-bi-phasic Maxwell-

Wagner-Sillars, the pseudo-bi-phasic Lewis-Nielsen and the modified Felske models were 

superposed.  
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Figure 12 : Prediction of the relative permeability as function of particle volume fraction with 

tri-phasic analytical models (quoted in Table 2) fitted to experimental data of Thoury-Monbrun 

(2018). The curves of the quasi-equivalent predictions of the pseudo-bi-phasic Maxwell and Felske 

models were superposed. The curves of the quasi-equivalent predictions of the pseudo-bi-phasic 

Maxwell-Wagner-Sillars, the pseudo-bi-phasic Lewis-Nielsen and the modified Felske models were 

superposed. 

 

As revealed in Table 11 & 12, the pseudo-bi-phasic Lewis-Nielsen model was the only one to 

present a unique combination of fitted values, i.e.  ;  / 6.260 10  ;  4.739  and 

 ;  / 1.242 10  ; 1.629  for the fitting to experimental data of Wolf and Thoury-

Monbrun respectively. The first combination (fitted to Wolf) will not be retained in our analysis 

because / 4 is inconsistent with our study cases reality. On the other hand, the second 

combination (fitted to Thoury-Monbrun) remained coherent since  and / 4 

(where PP matrix permeability is 9.128 10   mol·m·m-2·s-1·Pa-1). 

 

In these tri-phasic models, we noted that the effective permeability Pc can vary more (or less) 

according to one parameter than to another i.e. Pc is more (or less) sensitive to one parameter 

than to another. For example, in Figure 13a we illustrated the behavior of the fitted interphase 
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permeability ,  according to the initial conditions of interphase permeability ,  for the 

pseudo-bi-phasic Maxwell model fitted to experimental data of Wolf  (Figure 13a-1) and Thoury-

Monbrun (Figure 13a-2). We can clearly see that for , /2, we obtained , ,  ,that 

mean that the model is no longer affected by the variation of , but only by the variation of 

/ .  

 

In order to explain this behavior, let us go back to the analytic form of pseudo-bi-phasic models. 

For the sake of simplicity, the pseudo-bi-phasic Maxwell model is considered here, but the results 

are similar for other pseudo-bi-phasic models. Remember that the pseudo-bi-phasic Maxwell model 

writes: 

2 1 1 2

2 1
 Eq. 53 

2 1 1 2

2 1
 Eq. 54 

For  , the term   in the first equation can become negligible, and the equation reduces to 

the degenerate form: 

2 1

2
 Eq. 55 

at least provided that  is not too close to 1 (so that first term in numerator and denominator 

are not negligible too). This latter assumption is not a strong one since 1 correspond to (i) 

an interphase volume fraction  negligible compared to  or (ii) if  is very low but generates 

an interphase which occupies the whole remaining volume. As a consequence,  and  have the 

same order of magnitude and, as we assumed  , and consider systems with  , then 

we have , . The second equation of the pseudo-bi-phasic Maxwell model, with 

1,  degenerates into: 
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1 2

1
    Eq. 56 

 

It is important to notice that to obtain Eq. 56, it is sufficient to have , without other 

consideration regarding ,  and . In this degenerated case, it is obvious that parameter 

estimation procedure applied on the pseudo-bi-phasic Maxwell will not lead to a unique set of 

parameters, as  simply disappears from the equation. 

 

In Figure 14a, the same behavior of the fitted , ,  was observed when , /2  and 

,   for the pseudo-bi-phasic Maxwell-Wagner-Sillars model fitted to experimental data of 

Wolf (Figure 14a-1) and Thoury-Monbrun (Figure 14a-2) respectively. Under the same 

assumptions presented above, the pseudo-bi-phasic Maxwell-Wagner-Sillars model (Eq. 28 in 

Table 2) degenerates into:  

1  1

1
   Eq. 57 

 

Finally, if initial guesses for parameter estimation are badly set, or simply if the physics or 

numerical calculation imposed , then pseudo-bi-phasic approaches can degenerate. The 

parameter estimation cannot lead to a unique set of parameters, and, worse, the physical meaning 

of estimated parameters is subject to caution. However, for predictive purpose, these model can 

still be used, as far as their limitations are well known. 

 

For each analytical model, we obtain several combinations of fitted values and all present the 

same fitting error (RMSE) (reported in the Table 11 & 12). For the sake of visibility, we did not 

mentioned all the fitted values combination of the couples (or triplet) in the Table 11 & 12, but 

rather the interval where the fitted values were located.  
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Figure 13: The graphs in column (1) and (2) correspond to the results of the fitting of the 

pseudo-bi-phasic Maxwell model to experimental data of Wolf (2014) and Thoury-Monbrun (2018) 

respectively. The graphs in row (a) present the behavior of the fitted ,  according to the initial 

conditions of , ; Two zones are separated by the dashed line corresponding to , /2; 

The graphs in rows (b) & (c) present the behavior of the fitted ,  according to the fitted 

/  when ,  /2 and , /2 respectively. The permeability of the fiber particle 

studied by Wolf (2014) and Thoury-Monbrun (2018) is  (1) Pp = 1.664 × 10-10  and (2) Pp = 5.224 

× 10-11  [mol m m-2 s-1 Pa-1] respectively.  
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Figure 14: The graphs in column (1) and (2) correspond to the results of the fitting of the 

pseudo-bi-phasic Maxwell-Wagner-Sillars model to experimental data of Wolf (2014) and Thoury-

Monbrun (2018) respectively. The graphs in row (a) present the behavior of the fitted ,  

according to the initial conditions of , ; Two zones are separated by the dashed line 

corresponding to (a-1) , /2 and (a-2) , ; The graphs in rows (b) present the 

behavior of the fitted ,  according to the fitted /  when (b-1) ,  /2 and (b-2) 

,    respectively. The graphs in rows (c) present the behavior of the fitted ,  according 

to the fitted /  when (c-1) , /2  and (c-2) ,   respectively. The 

permeability of the fiber particles studied by Wolf (2014) and  Thoury-Monbrun (2018)  is  (1) 

Pp = 1.664 × 10-10  and (2) Pp = 5.224 × 10-11   [ mol m m-2 s-1 Pa-1 ] respectively.  
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The tri-phasic models globally well predicted the experimental relative permeability as function 

of particle volume fraction comparing to the bi-phasic models, especially for the experimental data 

of Wolf (Figure 11). That confirms hypothesis made that presence of an interphase would explain 

the deviation to ideality (prediction of bi-phasic models) of experimental permeability for the high 

filler contents. 

Among the five tri-phasic models tested, the pseudo-bi-phasic Lewis-Nielsen and the modified 

Felske models were the best ones. Indeed, the estimated Root Mean Square Error (RMSE) were 

in the order as follows: Pseudo-bi-phasic Lewis-Nielsen > Modified Felske > Pseudo-bi-phasic 

Maxwell-Wagner-Sillars > Maxwell > Felske (Table 11 & 12). The same ranking were for the 

fitting to experimental data of Wolf (Table 11) and Thoury-Monbrun (Table 12). 

 

We proposed in the following some analysis and comment of some results of the combinations of 

fitted values reported in Table 11 & 12. 

 

The unique fitted value of /  (for the pseudo-bi-phasic Lewis-Nielsen model) and all the fitted 

value of /  (for the modified Felske model), for the fitting of experimental data of Wolf, were 

superior to 4. This corresponds to the situation where the interphase volume fraction is much 

higher than the difference between total volume and particle volume fraction, which is of course 

totally inconsistent. For the Felske model fitted to experimental data of Thoury-Monbrun (2018), 

one of the combination of fitted value corresponds to Pi = 6.364 × 10-14  [ mol m m-2 s-1 Pa-1 ] (with 

/  = 3 and  = 1.201). For the modified Felske model fitted to the same experimental data, 

one of the combination of fitted value correspond to Pi = 8.853 × 10-14  [ mol m m-2 s-1 Pa-1 ] (with 

/  = 1.628 and  = 1.205). These two fitted values of interphase permeability Pi, mentioned 

above, are lower than the permeability of water vapor in PP matrix 9.128 10 , that is 

inconsistent since we expect that  in this type of composite. But globally, the majority of 

the resulting fitted interphase permeability found were comprised between  and also 

 which is consistent with the reality. As can be seen from Table 11 & 12, for the majority 

of the tri-phasic models, the estimated values of the parameter  are greater than one 1 , 
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which indicates that the WSF and cellulose particles are indeed surrounded by the interfacial 

layer. 

 

With tri-phasic models, the multitude of resulting fitted values combination make it complicated 

to define the characteristic of the interphase. Since the effective permeability Pc of these tri-phasic 

models is more (or less) sensitive to one parameter than to another, it limits the choice of the 

study cases to be treated. It is also difficult to determine these sensitivity behaviors in preliminary, 

since a mathematical analysis on these nonlinear models is complicated. The interest of the 

presence of several varieties of tri-phasic models is limited since most of these tri-phasic models 

presented the same fit of the experimental curve as shown in Figures 11 & 12 where the curves of 

the pseudo-bi-phasic Maxwell and Felske models were superposed. The same occurs for the pseudo-

bi-phasic Lewis-Nielsen, Maxwell-Wagner-Sillars and the modified Felske models. As the bi-phasic 

models, the tri-phasic models are not explanatory and can be interesting only in terms of 

prediction. 
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Table 11: Resulting parameters of the tri-phasic analytical models fitted to experimental data of Wolf (2014); Deviation fitting errors; 

The particle permeability is Pp = 1.664 × 10-10  [ mol m m-2 s-1 Pa-1 ] 

 

Model 
Parameters 

to be fitted 

Initial values of the 

parameters to be fitted 

Number of 

combinatio

n of fitted 

values 

Fitted values of the parameters RMSE 

Pseudo-bi-

phasic Lewis-

Nielsen 

,

64 % /  

 ;   

3 10 , 0.8  

0.5, 4  

34 

3.762 10  

6.260 10  

4.739 

0.0234 

 

 

Modified 

Felske 

,

64 % /  

 

 

 ;    ;  

 

3 10 , 10  

0.5, 4  

1.2, 5  

 

 

995 

1.311 10 , 9.995  

2.181 10 , 1.663 10  

4.699, 4.791  

0.601, 14.587  

0.0234 
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Pseudo-bi-

phasic 

Maxwell-

Wagner-

Sillars 

 ;    ;  

 

 

(Figure 14a-1) 

3 10 , 10  

0.5, 4  

0.2, 1  

1313 

 

1.521 10 , 1000  

2.531 10 , 1.664 10  

3.215,4  

0.760 

0.0275 

When ,  /  

(Figure 14b-1) 
793 

 

1.521 10 , 5.472  

2.531 10 , 9.105 10  

3.219, 4  

0.760 

When , /  

(Figure 14c-1) 
520 

 

0.538, 1000  

8.946 10 , 1.664 10  

3.215, 3.238  

0.760 
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Pseudo-bi-

phasic 

Maxwell 

 ;   

 

(Figure 13a-1) 

3 10 , 10  

0.5, 4  

 

265 

1.078 10 , 1000.134  

1.794 10 , 1.664 10  

2.412, 3.997  

 

0.378 
When ,  /  

(Figure 13b-1) 
105 

1.078 10 , 2.148  

1.794 10 , 3.575 10  

2.426, 3.997  

When , /  

(Figure 13c-1) 
160 

0.446,1000.134  

7.423 10 , 1.664 10  

2.412,2.457  

Felske  ;    ;  

3 10 , 10  

0.5, 4  

1.2 ,5  

 

5300 

3.995 10 , 1000.116  

6.647 10 , 1.664 10  

2.220 , 3.999  

0.0103, 97.088  

0.378 
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Table 12: Resulting parameters of the tri-phasic analytical models fitted to experimental data of Thoury-Monbrun (2018); Deviation 

fitting errors; The particle permeability is Pp = 5.224 × 10-11  [ mol m m-2 s-1 Pa-1 ] 

 

Model 
Parameters 

to be fitted 

Initial values of the 

parameters to be fitted 

Number of 

combinatio

n of fitted 

values 

Fitted values of the parameters RMSE 

Pseudo-bi-

phasic Lewis-

Nielsen 

,

64 % /  

 ;   

2 10 , 80  

0.5, 4  

103 

2.377 10  

1.242 10  

1.629 

0.163 

 

 

Modified 

Felske 

,

64 % /  

 

 

 ;    ;  

1.74 10  ,700  

0.5, 4  

1.2, 5  

2236 

 

1.538 10 , 699.965  

8.0324 10 , 3.657 10  

1.0601, 1.664  

0.155, 39.142  

0.163 
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Pseudo-bi-

phasic 

Maxwell-

Wagner-Sillars 

 ;    ;  

 

(Figure 14a-2) 

2 10  , 10  

0.5, 4  

0.2, 1  

1326 

 

3.451 10 , 19014.625  

1.8023 10 , 9.933 10  

1.594 , 3.998  

0.604 

0.165 

When ,   

(Figure 14b-2) 
675 

 

3.451 10 , 10331.401  

1.8023 10 , 5.397 10  

1.594 , 3.998  

0.604 

When ,  

(Figure 14c-2) 
651 

 

1.632, 19014.625  

8.525 10 , 9.933 10  

1.594 , 1.605  

0.604 
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Pseudo-bi-

phasic 

Maxwell 

 ;   

(Figure 13a-2) 

2 10 , 1  

0.5, 4  

270 

2.735 10 , 1007.923  

1.4289 10 , 5.265 10  

0.827 , 3.999  

0.173 
When ,  /  

(Figure 13b-2) 
110 

2.735 10 , 14.172  

1.4289 10 , 7.403 10  

0.828, 3.999  

When ,  /  

(Figure 13c-2) 
160 

4.035 10 , 14.172  

2.108 10 , 7.403 10  

0.827, 0.892  

Felske  ;    ;  

2 10 , 10  

0.5, 4  

1.2 , 5  

 

5400 

9.702 10 , 1877.942  

5.0681 10 , 9.810 10  

0.657,4  

0.00423, 8532.509  

0.173 
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3. Conclusion 

 

Although there is a myriad of analytical models for permeation in composites, with the most 

popular ones described in Chapter I, only a few of them, all for tri-phasic approach, match 

experimental permeation data as showed in this chapter.  

 

While bi-phasic models are often used as reference in practice, they are commonly shown to poorly 

describe the experimental permeability data as those studied here where a “permeabilization” of 

the composite occur for high filler content. This permeabilization effect may be ascribed to the 

presence of an interphase with a permeability value higher than that of the matrix. In line with 

this hypothesis, tri-phasic models considering the interphase layer match better the experimental 

data. For example, the tri-phasic models could better describe the change in permeability behavior 

from 11.54 % /v (Figure 11) and 12.67 % /  (Figure 12), contrary to the bi-phasic 

models that could not from 11.54 % /  (Figure 9) and 12.67 % /  (Figure 10). However, 

all these tri-phasic models contain at least two fitting parameters that contribute to adjust the 

prediction to the experimental curve. With tri-phasic models, the multitude of resulting fitted 

values combination make them complicated to study the characteristic of the interphase. 

 

Globally, if analytical models are capable of describing more or less the behavior of the 

permeability in the composite as a function of the filler content, their main drawback is that they 

are not explanatory because they often contain parameters that have no geometrical or physical 

meaning. Indeed, most models are taken into account several structural features through a single 

parameter, which makes significance of this parameter questionable. In addition, when some 

models consider the same geometrical parameter, the resulting identified parameter value for a 

given composite can differ from one model to another and thus the fitting parameter 

representativeness remains questionable. Finally, analytical models do not take into account 

structural heterogeneities, such as various particle shapes and sizes, different particle state of 

dispersion and orientation and percolation phenomena which is unavoidable especially in 
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composites with high filler content. All these drawbacks restrict their use and interest to a small 

range of applications (e.g. interpolation of values for instance). 

 

To overcome these evoked limits, a numerical approach appears indispensable. It is indeed much 

more flexible to consider the complex shape of the particles, the heterogeneous particle size 

distribution, the presence of an interphase, etc. in a numerical approach where physics could be 

applied to tailored 2D or 3D structures.  

 

In the following, in order to fill in the gaps of existing analytical and numerical models, a three-

dimensional model based on Finite Element Method (FEM) is proposed to predict water vapor 

transfer in composite materials considering complex structures (e.g. interphase layer around 

permeable inclusions, heterogeneous particles size and orientation, random dispersion,…).
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Chapter IV. 3D modelling for predicting water vapor transfer into tri-phasic 

composites  

 

The next chapter is focusing on the modelling of water vapor permeability into tri-phasic 

composite system. It is dedicated to the building of the 3D model based on structures generated 

from real microscopic observations. This model is validated using PHBV/WSF fillers biocomposite 

system. It has permitted to explore and understand the role of interphase on the overall water 

vapor transfer into the material and especially for high filler content. This model and related 

discussion is gathered in the published article 3D Modelling of Mass Transfer into Bio-Composite 

(Polymers 2021, 13, 2257. https://doi.org/10.3390/polym13142257) which is entirely reproduced 

below in its pre-print version. 
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Abstract: A three-dimensional model structure that allows considering interphase layer around 

permeable inclusions is developed to predict water vapor permeability in composite materials made 

of a matrix Poly(3-HydroxyButyrate-co-3-HydroxyValerate) (PHBV) including Wheat Straw 

Fiber (WSF) particles. About 500 two-phase structures corresponding to composites of different 

particles volume fractions (5.14 11.4 19.52 % /  generated using experimental particles’ 

size distribution have permitted to capture all the variability of the experimental material. These 

structures have served as a basis to create three-phase structures including interphase zone of 

altered polymer property surrounding each particle. Finite Element Method (FEM) applied on 

these structures has permitted to calculate the relative permeability (ratio between composite and 

neat matrix permeability  / ). The numerical results of the two-phase model are consistent 

with the experimental data for volume fraction lower than 11.4 % /  but the large upturn of the 

experimental relative permeability for highest volume fraction is not well represented by the two-

phase model. Among hypothesis made to explain model’s deviation, the presence of an interphase 

with its own transfer properties is numerically tested: numerical exploration made with the three-

phase model proves that an interphase of 5 µm thick, with diffusivity of 1 10  m . s , 

would explain the large upturn of permeability at high volume fraction. 
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Keywords: 3D numerical modelling; three-phase model; interphase; Finite Element Method; 

water vapor permeability; composite 

 

1. Introduction 

 

In the last 10 years, a serious interest has been devoted to the modelling of mass transfer properties 

of composite materials and more particularly of gas and vapor permeability. Permeability is a key 

functional property that determine the functionality of a given material and thus its application 

(membranes, packaging, etc.) (Angellier-Coussy H. et al. 2013 ; Guillard V. et al. 2018). Predictive 

modelling of such properties is thus of primary importance to design new tailored materials 

corresponding to the application requirements. Among innovative materials, composites obtained 

with the addition of at least two non-miscible constituents with different properties, offer new 

promising possibilities in terms of applications because of the synergy between components that 

creates unique macroscopic properties that would not be achievable otherwise from the individual 

constituents (Berthet M. A. et al. 2015 ; Berthet Marie Alix et al. 2016). Incorporation of particles 

in a continuous phase as polymer matrix permits to significantly modulate the mass transfer 

properties of the resulting composite and makes this strategy very attractive for different fields of 

applications (barrier materials, membrane gas separation, etc.).  

 

A lot of studies were carried out on the modelling of mass transfer properties in (nano/micro) 

composites containing either impermeable particles for the application of barrier materials as 

reviewed, for example, by Cui et al. (2015) or Zid et al. (2018) (Cui Y. et al. 2015 ; Zid S. et al. 

2018) or permeable particles in the field of separation membranes (Monsalve-Bravo G. M. 2018). 

In the following of this state-of-the-art, we will focus principally on references dealing with mass 

transfer modelling in system where permeable particles are dispersed in a continuous polymer 

matrix. 
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Historically, first models developed were analytical relationship for estimation of the overall 

macroscopic diffusivity or permeability of a composite from structural parameters (volume 

fraction, aspect ratio, etc.) and mass transfer properties of the individual component (Fricke H. 

1951 ; Barrer R. M. et al. 1961 ; Petropoulos J. H. 1985). Based on analogies with electrics and 

thermo-mechanic theories, models based upon Maxwell, Bruggeman, Pal or Lewis-Nielsen were 

proposed (Petropoulos J. H. 1985 ; Maxwell J. C. 1873). Developed for regular dispersion of 

homogeneous-size particles of idealized geometry (e.g., spheres), they were applied with more or 

less success to predict permeability of binary systems, mostly in the field of mixed-matrix 

membranes (Monsalve-Bravo G. M. 2018 ; Gonzo E. E. et al. 2006). Their main drawbacks were 

lack of representativity of the real 3D structure of the composite, assumption of spherical shape 

of filler which renders the particle geometry insignificant (Rafiq S. et al. 2015), a validity limit 

restricted to low filler volume fraction (diluted system) (Monsalve-Bravo G. M. 2018)  and 

necessity to have access to permeability of the disperse particles which is not always easy to 

accurately determine (Thoury-Monbrun V. et al. 2018). In order to improve their reliability, efforts 

have been made to complexify the analytical models to consider, for instance, more complex 

particles geometry such as oblong prolate particles instead of spheres (Rafiq S. et al. 2015 ; 2012) 

or to extend range of validity to high particles volume fraction (Papadokostaki K. G. et al. 2015). 

 

In parallel, to overcome the limitations of analytical approaches, some authors have proposed 

numerical models that attempt to consider the real 3D structure of the composite system and that 

solve the mass transfer using generally, Finite Element Method (FEM). We can cite, as recent 

examples in that field, the work of Monsalve-Bravo and co-authors (Monsalve-Bravo G. M. et al. 

2019) who model the three-dimensional (3-D) transport problem in full-scale mixed-matrix 

membranes using FEM or the work of Sharifzadeh and co-authors (2019) who simulated gas 

diffusion behavior in 3D composite filled with permeable spherical particles randomly dispersed 

(Sharifzadeh M. et al. 2019). The two aforementioned studies confirmed that the permeability is 

positively correlated to filler volume fraction and particle size. However, they did not consider the 

heterogeneity of the particle size, which is often the case in real bio-composites. 

 



Chapter IV. 3D modelling for predicting water vapor transfer into tri-phasic composites 

 

124 

At the opposite of simplifications made in sphere-based models, some authors tried to consider 

directly the true internal 3D microstructure as Jiang and co-authors (2020) who simulated with a 

3D FEM modelling approach, water diffusion in jute/PLA composite using a real structure 

observed by X-ray tomography and mass transfer properties of the individual components (Jiang 

N. et al. 2020). The numerical results were in good agreement with experimental measurements. 

Nevertheless, since the simulations were only performed on a unique and small volume of material 

observed by X-ray tomography, the representativeness of the macroscopic diffusion in the material 

in its wholeness were questionable.  

 

In the previous cited works whether analytical or numerical ones, the presence of an interphase 

at the particle/matrix interface which exhibit mass transfer properties differing substantially from 

those of the bulk matrix is always neglected. Role of this interphase is of paramount importance 

which can lead to a percolating interphase network inside of the composite, as highlighted by Qiao 

and Brinson (Qiao R. et al. 2009) or Petsi and Burganos (Petsi A. J. et al. 2012) in mixed-matrix 

membranes and by Zid and co-authors (Zid S. et al. 2019)a on nanocomposites with impermeable 

fillers. Aforementioned studies of Qiao and Brinson and Petsi and Burganos proposed a two-

dimensional numerical model to study the impact of interphase zones on the overall properties of 

the composites (mechanical properties for Qiao and Brinson and effective permeability for Petsi 

and Burganos). In their study, Zid et al. proposed 3D finite element model to predict mass diffusion 

in (nano) composites but in their case, particles, with ideal ordered distribution, did not participate 

to the overall diffusion. Some attempts have also been made to upgrade analytical approaches 

considering three-phase media - see among others the work of Petropoulos and co-authors 

(Petropoulos John H. et al. 2015) - with a double binary formula application that consider first 

particles with interphase (surrounding zones) as pseudo-particles of effective permeability PE 

dispersed in the bulk matrix. PE is identified using a standard analytical formula for binary 

medium. Same standard analytical formula is then applied to the virtual binary composite 

containing the pseudo particles. To eliminate limitations imposed by the sphere equations that 

physically limits the maximal volume fraction investigated (random packing of congruent spheres 

imposed a non-negligible lattice volume), change in particle shape from spherical to cubic was 
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proposed and found not significant, at least in the polymer-gas permeability area (Papadokostaki 

K. G. et al. 2015). However, this approach is restricted to regular dispersion of homogenous 

particle-size and could not take into account heterogeneity in interphase thickness, particles size 

and distribution into the matrix.  

 

The objective of the present paper is to propose a three-dimension, three-phase numerical model 

to compute effective permeability of bio-composite structures where particles are permeable and 

widely contributed to the overall mass transport. This model aims at deciphering the role of each 

phase contributing to the overall transport (matrix, inclusion) and, in particular, the role of the 

third phase (interphase). To go beyond state-of-the-art, and compensate weaknesses of previous 

numerical and analytical approaches, numerical computations of the effective permeability are 

carried out on model structures stemming from experimental observation of the composite—

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) as continuous phase and wheat straw 

fibers (WSF) as dispersed phase—where particles, idealized as spheroids, are randomly distributed 

in a representative volume element (RVE). This approach allows to represent all the complexity 

of the real bio-composite while simplifying it to keep sufficiently low computation time which 

makes possible exploration of a lot of structures and filler volume fractions. Existence of an 

interphase layer around the inclusions is considered: interphase layer was built from the two-phase 

structure by allowing this layer to freely overlap with interphase layers around neighboring 

particles. The effect of the diffusivity and thickness of the interphase layer on the effective 

permeability calculated is discussed, as well as relevance of diffusivity values chosen for individual 

components (matrix and particle). Conclusions of the present work is of paramount importance 

in the field of material science where modelling of permeability in composite material considering 

at the same time 3D structure, permeable particles and presence of an interphase and percolating 

interphase network for high filler fraction was never considered before. 
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2. Materials and Methods 

 

2.1. Experimental Parameters for Water Vapor Transfer 

 

To instantiate and validate the numerical models, a real case study of water vapor transfer into 

a composite consisting of Poly(3-HydroxyButyrate-co-3-HydroxyValerate) (PHBV) matrix and 

wheat straw fiber (WSF) particles was considered, based on previous experimental investigations 

performed in our laboratory. Some experimental outputs coming from this previous work (Wolf 

C. et al. 2016) were used as input parameters for the numerical model. These inputs are explained 

below and recalled in Table 13. 

Table 13: Summary of the experimental parameters for water vapor transfer used in this work. 

 

 Effective moisture diffusivity m s  value of each phase matrix and particle. 

 The boundary concentrations of water vapor mol m  in the PHBV matrix in contact 

with dry air and with humid air (relative humidity of 95%). These concentrations were 

determined using the experimental water vapor sorption isotherm of PHBV film at 20 °C.  

 Water vapor partition coefficient 54.52, calculated as the slope of the linear relation 

between the water concentration in PHBV matrix and WSF particles, obtained from 

experimental water vapor sorption isotherm at 20 °C for matrix and particles 
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Table 13: Summary of the experimental parameters for water vapor transfer used in this work. 

Sample 

Diffusivity a  

 

 

Permeability  

 

 

Upper Boundary 

Concentration a 

 

Lower 

Boundary 

Concentration a 

 

Partition 

Coefficient a 

PHBV 

matrix 
2.615 0.56 8.29 3.96 b 337.14 0 54.52 

WSF 

particle 
18.39 4.93 1664 451 c - -  

a Obtained from dynamic sorption experiments (DVS, Dynamical Vapor Sorption system, Surface 

Measurement System, London, UK) (Wolf C. et al. 2016); b Correspond to the average of three 

experimental sets of measures made in the same laboratory and directly measured from 

gravimetric experiment (Modified ASTM procedure) (Wolf C. et al. 2016 ; David G. et al. 2019 ; 

Berthet M.-A. et al. 2015). c Calculated as the product of experimental particle diffusivity by 

experimental particle solubility obtained from dynamic sorption experiments (DVS, Dynamical 

Vapor Sorption system, Surface Measurement System, London, UK) (Wolf C. et al. 2016). 

 

2.2.  2D Image Analysis 

 

Image processing and analyzing was performed on 2D mosaic images of 2869 Wheat Straw Fibre 

(WSF) particles by using MATLAB (images provided by Wolf and Berthet from co-authors’ 

laboratory (Wolf C. 2014 ; Berthet M.-A. 2014). Real particles were assimilated to ellipses whose 

shape descriptors (major   and minor   axis) were measured. 
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2.3. 3D Structure Generation 

 

The MATLAB code developed for generating our 3D structures was based on Tschopp MATLAB 

code (Tschopp M. A. 2017). The code generates 3D microstructures composed of a population of 

non-overlapping ellipsoid particles heterogeneously distributed in size and orientation, within a 

periodic RVE. 

 

2.4. Mathematical Modelling and Geometry 

2.4.1.  3D Structure Generation 

 

Two-phase system. The two-phase composite structure is generated in a cuboid shaped 

representative volume element (RVE) defined by , , 0, 0, 0, , where z is the 

overall diffusion direction. The RVE is supposed periodic along its vertical faces, to represent an 

infinite repetitive structure along  and  axis. In the present work, particles are considered as 

elongated spheroids, i.e., ellipsoids of revolution over the first (major) axis , where the second 

axis  and the third axis  are equal and lower than the major axis (Figure 15).  

  

Figure 15: Modelling a particle as a spheroid in 3D space. (a) : major axis,   : minor axis, 

: third axis (b) : Azimuth angle. : elevation angle. 

 

Structure generation required the RVE size and the particles volume fraction  as inputs. First, 

geometric parameters of particles (major axis  and aspect ratio / ) are randomly (non-

uniform distribution) generated until the target volume fraction of particles is reached, using the 
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stop criterion , 0.01% / . Second, these particles are sequentially positioned in 

the periodic RVE, by decreasing first axis following the steps below. 

Step 1. The position (center coordinates , , ) and orientation (azimuth   and elevation 

  angle) are randomly drawn using uniform distributions.  

Step 2. The non-overlapping of the particle with the horizontal faces of the RVE ( 0 and 

 ) and with the existing particles is tested.  

If the non-overlapping tests were successful, the particle was added to the structure and then the 

next particle is considered for tests 1–2. If at least one non-overlapping condition was not satisfied, 

then a new position was drawn, orientation being unchanged, and step 2 was performed again on 

the updated particle. This last sequence was repeated until the particle was added to the structure.  

It should be noted that if a particle intercepted one of the vertical faces of the RVE then, the 

particle section outside from the RVE was shifted to the opposite face, in order to ensure the 

periodicity of the RVE (Figure 16). Organizational chart summarizing the structure generation 

algorithm could be found in supplementary material (Figure S1). 
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Figure 16. Representation of the RVE showing: (a) the boundaries conditions at the six composite 

faces and at the interface matrix-particle for a two-phase structure; (b) the boundaries conditions 

at the matrix-interphase and interphase-particle interfaces for a three-phase structure 

 

Three-phase system. The three-phase composite structure was built by adding an interphase 

of controlled but fixed thickness around each particle of the already generated two-phase 

structures. The interphase volume was thus different for each particle keeping constant the initial 

particle volume. Three different interphase thicknesses  were considered 1 2.5 5 µm. 
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2.4.2.  Governing Equations 

 

Mass transfer in the micro-composite is described by Fick’s second law of diffusion in both the 

matrix   and the particle  domains for the two-phase system (Figure 16a) and also in the 

interphase domain  for the three-phase system (Figure 16b). In stationary regime and in the 

absence of mass source, this law is expressed by the following partial differential: 

0 Eq. 58 

where 

, , , ,  in , , , ,    Eq. 59 

where ,  and  m s  are the diffusivity coefficient in the matrix, the particle and the 

interphase domains respectively and they are considered constant (not 

concentration/temperature/time dependent). k stands for the domain considered, matrix (m), 

particle (p) or interphase (i). ,  and  are thus the molar surface flux vector mol m s  

depending on ,  and  mol m  that are the concentration of the water vapor in the 

matrix, the particle and the interphase domain respectively. 

 

2.4.3.  Boundary Conditions 

 

Periodic boundary conditions were imposed on the vertical side boundaries of the RVE, which 

consist to impose equality of concentration and flux on the so-called (source) and (destination) 

boundaries (Figure 16). The periodic boundary conditions allowed simulating an infinite repetitive 

structure. Constant concentrations (cte) were imposed on the upper face ,  and the lower 

face ,  of the matrix (Eq. 60 & 61 & Figure 16a). Particle and interphase domains are 

assumed to not overlap the upper and lower faces of the RVE. 

 0 at ,  Eq. 60 

 0 at ,  Eq. 61 

Two-phase system. There are discontinuities in the concentration profile  at the matrix-

particle interface , . In that respect, matrix and particle concentrations are considered linearly 
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dependent at the matrix-particle interface ,  by the dimensionless partition coefficient 

/ . To get continuous flux at the matrix-particle interface , , a special type of boundary 

condition using the stiff-spring method (COMSOL Multiphysics 2008) was applied: 

  at /  Eq. 62 

 c  at /  Eq. 63 

where M is a (non-physical) velocity m s  large enough to let the concentration differences in 

the brackets approach zero, thereby satisfying / . This boundary condition gives a 

continuous flux across the interfaces provided that M is sufficiently large. In all simulations M 

was taken equal to 1000 m. s . 

Three-phase system. The interphase was considered to have the same sorption properties than 

the matrix, continuity of concentration at the matrix-interphase interface ,   was applied: 

c  at ,   Eq. 64 

At the interphase-particle interface , , the same condition than previously applied for the two-

phase system was adopted with partition coefficient / . The boundary conditions using the 

stiff-spring method in the three-phase system are thus: 

  at /  Eq. 65 

 c  at /  Eq. 66 

where M is the same than above.  

 

2.4.4. Effective Permeability Evaluation 

 

The solution of the boundary value problem yielded the molar concentration field 

, ,  mol m s   and the molar surface flux vector , ,  mol m s   of the 

permeating specie at the discretization points of each domain   , , . The molar flux   

[mol s  (along z-axis) across the upper , middle /2  and lower 0  cross 

sections was calculated by: 
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z  , ,   Eq. 67 

where   is the molar surface flux (along z-axis) at the discretization points. Then, the effective 

permeability mol. m. m . s . Pa   of the micro-composite was finally given by:  

 0
 Eq. 68 

where  is the surface of the faces m ,  is the RVE thickness m ,  and  are 

the water vapor pressure Pa  imposed on the upper  and the lower 0  faces of the 

RVE respectively and  is the molar flux [mol s . 

 

2.5. Numerical Simulations 

 

The 3D boundary value problem of diffusion was solved by using the numerical Finite Element 

Method (FEM) using COMSOL Multiphysics 5.5 software. An unstructured mesh consisting of 

tetrahedral elements was used for the discretization of the composite geometry. 

For simulation, the Transport of Diluted Species physics interface of the Chemical Reaction 

Engineering module and the COMSOL CAD Import module, were used. The simulations were 

performed in DELL computer with Intel Xeon E-2176M Processor (2.7 GHz) and 32 Gb of Ram.  

The entire computational procedure (from structure generation to simulation) was driven within 

the MATLAB environment and was partially automated via the COMSOL LiveLink for MATLAB 

module (from the step of importing geometry data into COMSOL). 

3. Results and Discussion 

 

The 3D modelling approach presented above was applied to the prediction of the water vapor 

permeability into bio-composite materials made of PHBV as continuous phase and WSF as 

dispersed and permeable phase. Experimental data corresponded to the average of three 

experimental sets of measures made in the same laboratory for three increasing volume fractions 

5.14 11.4  19.52 % /  (Wolf C. et al. 2016 ; David G. et al. 2019 ; Berthet M.-A. et 
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al. 2015). For the sake of clarity, in the following, the results are presented and discussed in terms 

of relative permeability, i.e., the ratio between the composite permeability and that of the neat 

matrix / ). Experimental results showed an increase of the relative permeability with 

increasing fiber particles volume fraction due to the hydrophilic nature of particles which are much 

more permeable than the PHBV matrix considered (Wolf C. et al. 2016). 

Preliminary calculations made using the analytical solution the most representative of the system 

studied here, i.e., the Maxwell-Wagner-Sillar equation (Rafiq S. et al. 2015) for dilute dispersion 

of ellipsoids, confirmed that the system was much more complex than a simple binary composite. 

Indeed, the sharp upturn of the experimental curve for the highest volume fraction (19.52 %v/v) 

was not captured by the analytical approaches (see Figure S2 in Supplementary material). Among 

hypotheses usually made explaining such a discrepancy, presence of an interphase is the most 

frequently quoted (Qiao R. et al. 2009 ; Petsi A. J. et al. 2012). A three-phase numerical model 

was thus developed to explore the role of this interphase on the effective macroscopic permeability 

of the composite. To meet this objective, the strategy applied was first to build the two-phase 

model and then to add an interphase layer around the inclusions of the two-phase structures to 

obtain three-phase systems. In order to generate simplified but representative 3D structures, the 

first step was to determine the particle morphology, size and shape distributions of particles in 

the experimental composite. 

3.1.  From Particle Morphology to 3D Structure Generation 

2D images containing a total number of 3594 WSF particles were analyzed to obtain geometrical 

descriptors of the particle morphology. Each particle was described by the parameters of its inertia 

ellipse, major axis   and aspect ratio   (ratio of major axis to minor axis Ú ), as it 

allowed to replace the actual particle by an ellipse while preserving centroid, area and orientation. 

For some additional details of the ellipse descriptors collected from 2D images, see S5 section of 

the supplementary material. It is worth noting that the very fine WSF particles 5 µm  were 

discarded, reducing the total number of particles from 3594 to 2869. Indeed, these very fine 

particles represent a negligible volume fraction, about 0.118% (volume calculated considering real 

fibers as spheroids) and their contribution to mass transfer is negligible. Moreover, for numerical 
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simulations, the absence of very fine particles allows to avoid using extremely fine meshes that 

increase the computation time. The empirical distributions (number frequency) of major axis and 

aspect ratio of the final set of particles showed monomodal shape (Figure 17) with mean 

13.15 µm and standard deviation 15.75 µm for the major axis, 1.9 and 1.17 for 

the aspect ratio, respectively.  

   

Figure 17: Comparison between experimental distribution and fitted distributions of (a) major 

axis and (b) aspect ratio obtained from 2869 particles. 

 

The distributions of these shape descriptors were fitted with three theoretical distribution laws, 

truncated normal, truncated log-normal and truncated exponential laws (Figure 17). Figure 17 

shows that the fitted truncated log-normal distribution is the closest to the real distribution. The 

identified mean and standard deviation of the truncated log-normal distribution after fitting were 

13.4 µm and 8.14 µm for the major axis, 1.97 and 0.75 for the aspect ratio. 

The expressions of the mean and standard deviation of the truncated log-normal distribution are 

given in Appendix A. Experimental means of both major axis and aspect ratio are well described 

by the truncated log-normal distribution while standard deviations are a bit underestimated. This 

latter fact is explained by the presence of a very few number of long particles which are difficult 

to capture with continuous distributions. 

In order to generate 3D structures, the particles were modelled as elongated spheroids, i.e., 

ellipsoids of revolution along the first axis, the longer one. Major axis  and aspect ratio  were 

randomly generated according to the truncated log-normal distributions. In absence of 3D 

experimental assessment of the particle morphology, assumption of spheroid shape allowed to 

mimic elongated particles, contrarily to spheres, while keeping smooth boundary which ease the 
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meshing and the numerical solving, contrarily to cylinders or ribbons. No constraints were added 

for the orientation of particles. The method used (see Section 2) allowed to generate hundreds of 

composite structures, in moderate time, with particle volume fraction ranging from 0 to 38 % /  

(equivalent to the mass fraction of 48 %wt). Figure 18 illustrates some structures obtained with 

volume fractions equal to experimental ones 5.14 11.4  19.52 % / . 

  

Figure 18: Examples of 3D composite structures (two-phase system) generated for particles 

volume fraction corresponding to true composite materials (a) 5.14 % /  (122 particles), 

(b) 11.4 % /  (214 particles) and (c) 19.52 % /  (611 particles). Examples of 3D 

composite structures (three-phase system) built by adding interphase to the two-phase structure 

(b) with different interphase thicknesses (d) 1 µ , (e) 2.5 µ  and (f) 5 µ . 
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This approach based on extracting information from real images to generate size distribution was 

rarely used in the field of mass transfer study, since in most of numerical studies in this field, the 

generated size distributions are parameterized arbitrarily as in (Zid S. et al. 2019b ; Liang M. et 

al. 2020). 

 

3.2.  Simulations of Two-Phase Model 

3.2.1.  Selection of Mesh and RVE Sizes 

 

First, the influence of the mesh size on the numerical accuracy of the solution was studied. 

Preliminary simulations performed on a hundred structures of RVE size of 100 100 300 µm  

for each composite ( 5.14 11.4 19.52 % / ) revealed that the best convergence of 

solutions was obtained with the mesh element size of 0.45 10.5  µm (predefined in COMSOL) 

which was then applied in all the further simulations. Indeed, the relative permeability stopped 

varying approximatively from the mesh element size of 0.45 10.5  µm (see Figures S3–S5 in 

Supplementary material). Generally, the mesh was more refined in the regions that require a 

higher resolution, such as near the matrix-particle interface (Figure 19a) or the matrix-interphase 

and the interphase-particle interface (Figure 19b). 

 



Chapter IV. 3D modelling for predicting water vapor transfer into tri-phasic composites 

 

138 

  

Figure 19: Tetrahedral mesh presentation of 3D composite structures corresponding to 

particles volume fraction of 11.4 % /  (240 particles): (a) two phase system and (b) 

three phase system. 

 

Then, influence of the RVE size was investigated. For the present study, fixed RVE thickness 

300 µm  was imposed which was consistent with the thickness of the material represented. 

It is indeed important to represent the water flux on the entire thickness of the material to capture 

all the complexity of the system in the direction of the monodirectional flow (with side effects on 

the upper and lower faces where particles did not outcrop as experimentally observed); therefore, 

300 µm was kept as constant value. Further simulations performed on about 100 structures 

for each RVE size 100 100 300 ;  150 150 300 ;  200 200 300 µm  and each particle 

volume fraction ( 5.14 11.4 19.52 % / ) revealed that the RVE size did not significantly 

impact the results of mass flux and permeability calculation. For example, for 19.52 %v/v the 

permeability mol m m s Pa  found were 7.87 0.29 10  for a RVE of dimensions 

100 100 300 µm , 7.80 0.21 10  for 150 150 300 µm  and 7.88 0.21 10  for 

200 200 300 µm . Therefore, a minimal RVE of 100 100 300 µm  was chosen for all 

further simulations (Figure 18), permitting to achieve reasonable computational time. 
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In total, no fewer than 500 two-phase structures of RVE size of (100×100×300 µm3) were generated 

using experimentally observed particle size distribution: 185 structures for  = 5.14 %v/v, 199 

structures for  = 11.4 %v/v and 158 structures for  = 19.52 %v/v. 

 

3.2.2.  Selection of the Number of Structures to Analyze 

 

For each filler load, the variability of numerical vapor permeability was analyzed, depending on 

the number of structures considered. As expected, accumulation of structures led to a stabilization 

of the mean permeability and a decrease of its standard deviation. Regarding the numerical 

variability obtained on water vapor permeability, it was found that numerical standard deviation 

became acceptable (i.e., less than 10%) for accumulation of results obtained on at least 10 

structures, whatever the filler load. In the following, permeability was computed for the whole set 

of structures generated in order to completely ensure stable results and also to capture all the 

numerical variability and get rid of potential outliers caused by minority structures. By 

multiplying the number of computed structures, the variability of the material structure could be 

integrated more easily, leading to a better characterization and prediction of the material 

properties compared to works relying on actual 3D structures, e.g., costly 3D tomographic pictures 

(Jiang N. et al. 2020). 

 

3.2.3.  Numerical Results of the 2-Phase Model 

 

As expected, the numerical permeability values obtained for the 2-phase system were not able to 

capture the upturn of permeability ratio for high volume fraction, even if good prediction of the 

of the experimental relative permeability ratio were obtained for the composites of 

5.14 % /  and 11.4 % /  (Figure 20).  
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Figure 20: Comparison between experimental and numerical relative permeability /  

(calculated using the 2-phase model). 

 

Three different hypotheses could be made to explain this deviation:  

1. the physical properties of the fiber particle and especially its diffusivity value would be 

modified once embedded into the polymer matrix compare to the one measure on the 

native component,  

2. the diffusivity of the polymer matrix, measured before fiber particles addition, would be 

modified after fiber particles addition and therefore not well representative of what occurs 

in the composite material,  

3. the presence of an interphase, third compartment with its own physical properties, at the 

interface matrix/particle would influence the overall permeability into the composite.  

All these hypotheses were tested in the following, especially on the composite of 19.52 % /  

where largest deviations were noted. 
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3.2.4.  Modification of Particles Diffusivity Values in the Two-Phase Model 

 

The first hypothesis tested in the 2-phase model was the modification of the diffusivity of the fiber 

particles  once embedded in the polymer matrix (Figure 21), obtained on composite (

19.52 % / ), showed that the relative permeability increased when  increased from 1

10  m s   to 1 10  m s  and reached a plateau when 1 10  m s . 

However, this increase was not enough to bring the numerical results closer to the experimental 

data for the composite of 19.52 % /  (Figure 22). 

In other words, modification of the diffusivity of the fiber particles  in the two-phase model was 

not a valid hypothesis to explain deviation of the 2-phase model. 

 

 

  

Figure 21. Effect of particle diffusivity  on numerical relative permeability /  (calculated 

using the 2-phase model) into the composite of 19.52 % /  (hypothesis tested on 10 

structures). 
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Figure 22. Comparison between experimental and numerical relative permeability /  

(calculated using the 2-phase model) for different particle diffusivity values varying from 

1 10   to 1 10   (hypothesis tested on 10 structures). 

 

3.2.5.  Modification of Matrix Diffusivity Values in the Two-Phase Model 

 

The second hypothesis tested in the 2-phase model was the modification of diffusivity of the 

polymer matrix induced by fiber particles addition. As shown in Figure 23, the numerical relative 

permeability /  sharply increased when  increased. The two-phase numerical model is 

highly sensitive to matrix diffusivity . The optimal matrix diffusivity, i.e., the one leading to 

the best fit of the experimental data, was 3.08 10 m s  for 5.14 % / , 

3.92 10 m s  for 11.4 % /  and 10.07 10  m s  for 19.52 % /

 (Figure 24). These values of the diffusivity were, as expected, close to the experimental one for 

5.14 % /  and 11.4 % /  ( 2.615 10  m s ), as the 2-phase model relatively 

well predicted the experimental relative permeability for these two particle loads. On the contrary, 

the composite of 19.52 % /  would require a matrix diffusivity about three times higher 

than that currently used in the 2-phase model. That means that the experimental relative 

permeability could be well represented by the two-phase model for 19.52 % /  when  is 
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multiplied by 3. Relevance of this increase by three orders of magnitude in the polymer matrix is 

questionable but could be justified by modification of polymer crystallinity when high volume 

fraction of particles is added in the neat matrix. Impact of crystallinity on diffusivity of small-

molecule penetrants in semicrystalline polymer is something well described in the literature 

(Hedenqvist M. et al. 1996) even if never confirmed for PHBV polymeric matrix. In the specific 

case of the PHBV matrix under study in the present work, Berthet and co-authors (Berthet M.-

A. et al. 2015) measured by WAXD a decrease of crystallinity from 68.1 to 46.8%, between neat 

matrix and composite containing 20 % /  (e.g., 11.4 % / ) of WSF (same particle and same 

polymer than in the present work). This decrease of crystallinity rate means an increase of 

amorphous zones and higher mobility of the polymer in the continuous phase, which is generally 

ascribed to higher diffusivity values. For example, Trifol and co-authors (Trifol J. et al. 2020) 

measured a water vapor diffusivity value multiplied by 2 between amorphous PLA and 

semicrystalline PLA with 35% of crystallinity. Considering the same effect (decrease of 35% of 

crystallinity rate leads to  multiplied by 2) for our PHBV/WSF composite ( 11.4 % / ) 

would lead to a  multiplied by 1.5. Extrapolating this to the 19.52 % /  composite, 

supposing that same drop of crystallinity rate would be observed between 11.4 % /  and 

19.52 % /  than between 11.4 % /  and neat matrix, would lead to a  value 

multiplied by 3. The hypothesis of strong modification of diffusivity of the polymer matrix induced 

by fiber particles addition is thus completely credible. Berthet and co-authors (Berthet M.-A. et 

al. 2015) also noted that in parallel to the decrease of crystallinity, addition of fibers induced a 

decrease of polymer molecular weight (219340 to 169906 g mol 1), which is also in favor of higher 

polymer mobility (less entanglements) and thus increased of  value in composite. A 

modification of the crystal size was also highlighted by the authors: the size of crystals was 

increased from 1.03 to 1.18 nm in the presence of WSF. This higher crystal size is also in favor of 

an increase of diffusivity in the continuous phase because of lower tortuosity in the less tight 

crystal structure. 
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Figure 23. Effect of matrix diffusivity  on numerical relative permeability /  (calculated 

using the 2-phase model) into the composite of 19.52 % /  (hypothesis tested on 10 

structures). 

 

To sum up, hypothesis of a modification of diffusivity of the polymer matrix induced by fiber 

particles addition for high filler fraction would be realistic (for 19.52 % /  it is necessary to 

multiply  by 3) and could be explained by a concomitant decrease of crystallinity rate, a 

decrease of polymer molecular weight and an increase of crystal size in the PHBV/WSF composite. 
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Figure 24. Comparison between experimental and numerical relative permeability /  

(calculated using the 2-phase model): adjustment of numerical model to experimental data by 

fitting the matrix diffusivity  (fitting performed on 10 structures for each composite). 

It is however difficult to decipher the individual role of each effect (crystal size, molecular weight, 

crystallinity rate), all the more that increase of crystal size in composite hinder fiber/matrix 

adhesion  and would lead to interfacial phenomenon such as creation of an interphase with its 

own transfer properties at the interface particle/matrix. It is thus particularly relevant to 

investigate in the following the role of this interphase. 

 

3.3. Simulations of Three-Phase Model 

 

To build the three-phase model, an interphase of controlled but fixed thickness was added around 

each particle of the two-phase structures previously generated, reflecting a fixed degree of lack of 

adherence between inclusions and polymer. Interphase layers were allowed freely to overlap with 

interphase layers around neighboring particles. Three different thicknesses were explored: 1

2.5 5 µm, 5 µm being a worst-case scenario following literature analysis on that topic. Indeed, 

relevant thickness range of 0–2 µm was found in similar composite systems (Kim J.-K. et al. 2003). 

Also, a micro-thermal analysis on a glass fiber/epoxy composite revealed the presence of a zone 
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of 4 µm thickness around the glass fibers with higher molecular mobility that is generally ascribed 

to higher diffusivity values (Joliff Y. et al. 2014).  

A total of 69 structures for 5.14 % / , 93 structures for 11.4 % /  and 39 

structures for 19.52 % /  were used for simulations (see Figure 18d–f for some examples). 

Simulations of the three-phase model were performed with several modalities for the diffusivity  

of the interphase and its thickness  . it must be noted that the standard deviation on the 

calculated relative permeability increases as the thickness and diffusivity of the interphase increase 

(Figure 25): this could be ascribed to the fact that less structures were analyzed for high  and 

high  values. Indeed, numerical constraints on structures with high  and high  have limited 

the number of structures analyzed and thus the number of permeability results considered. The 

equivalent graphs of Figure 25 for 5.14 % /  and 11.4 % /  were given in the 

supplementary material (Figures S6 and S7). 

  

Figure 25. Evolution of the numerical relative permeability of the composite ( 19.52 % /  

as a function of the diffusivity of interphase and for different thicknesses of the interphase The 

numerical results (symbols) correspond to the average of the relative permeability of 14 structures 

1 µ , 19 structures 2.5 µ  and 6 structures 5 µ . Lines represent the 

experimental relative permeability for 19.52 % / : solid line for mean value, dashed lines 

for mean ± standard deviation. 
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Figure 25 showed that the numerical relative permeability is positively correlated to  and . 

Compared to the 2-phase results ( 0), the presence of an interphase can lead to an increase of 

the relative permeability, for , or a decrease of the relative permeability, for . For 

a thin interface, 1 µm, the diffusivity of the interface, , had a strong effect on the relative 

permeability for  but very limited impacts for . For larger thicknesses ( 2.5

5 µm), the results exhibit a greater impact of  on the relative permeability for both  

and .  

The increase of  led, as expected, to an increase of the volume fraction of the interphase and so 

to an increase (resp. decrease) of the water vapor flux for  (resp. ), e.g., for 

19.52 % / , the volume fraction of the interphase was 5.58 1.37 % /  for 1 µm, 

16.03 3.2 % /  for 2.5 µm  and 29.24 5.49 % /  for 5 µm . This volume 

fraction, , can become equivalent or even higher than that of the particles, . Even if the 

relationship between volume fraction of the interphase and relative permeability is not 

straightforward (Figures S7–S9 in Supplementary material), the general trend observed is globally 

an increase of relative permeability for  when the interphase volume fraction increased. 

For high volume fraction of the interphase, the interphases are strongly connected and some 

continuous pathways appeared along the main diffusion axis (z axis), which can act as percolation 

pathways and have an additional increasing impact on the mass transfer. 

This typical impact of the presence of interphases on mass transfer within composites has already 

been observed by Zid and co-authors (Zid S. et al. 2019a) for nanocomposite with impermeable 

fillers and by Petsi and Burganos (Petsi A. J. et al. 2012) in mixed matrix membranes. Zid and 

co-authors (Zid S. et al. 2019a) noticed that the interphase layers, depending on their diffusivity 

(weakly or highly diffusive) can be either beneficial or totally detrimental to the nanocomposite 

overall barrier properties. They particularly highlighted the impact of the effect of continuous 

diffusion paths, which may occur between overlapping interphases, that are particularly critical 

for the barrier performance in the case of highly diffusive interphases. This is perfectly in line with 

what has been observed for high filler volume fraction in the present work. Petsi and Burganos 

(Petsi A. J. et al. 2012) went even further in their conclusions obtained on mixed matrix 

membranes by investigating the impact of constant interphase thickness (hypothesis made in the 
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present work) or thickness that is proportional to the particle size. They concluded from the 

numerical exploration of their system that when the interphase thickness remains constant during 

particle decrease, the permeability increased thanks to the increased role of the interphase layer. 

It may be anticipated from this result that role of interphase layer would be higher in the case of 

composite with smaller particles.  

Indeed, a more detailed analysis of the results showed that the number of particles but also the 

spatial distribution impacted the relative permeability (Figures S8–S10 in Supplementary 

material). Indeed, as the interphase thickness was considered constant for all the particles, the 

total volume of the interphase is related to the dimensions of the spheroid particles, and to the 

position of particles as intersection of interphases can occur. Consequently, two different structures 

having the same particle volume fraction but different number of particles or different particle 

spatial distributions can lead to significantly different interphase volume fractions or interphase 

shape, and so different impacts on relative permeabilities, e.g., for 19.52 % /  and 

2.5 µm: (i) 255, 15.42 % /  and (ii) 253, 13.75 % /  (Figure S9). 

Figure 25 revealed that, for 19.52 % / , the three-phase model with thickness of 1 µm 

was not sufficient to bring the numerical results closer to the experimental data whatever the  

value investigated between 1 10  and 1 10  m . s . Good fit of the three-phase model on 

experimental relative permeability for this composite could be achieved only with thicker 

interphase (either 2.5 µm or 5 µm) and by considering interphase diffusivity 1

10  m . s  for 2.5 µm of interphase thickness and 1 10  m . s  for 5 µm of interphase 

thickness. According to these results, the interphase would be as diffusive as or even more diffusive 

than the particles  . 

Considering the same interphase thickness and diffusivity for each particle volume fraction would 

not be the right hypothesis to represent the increase in relative permeability in the composite as 

a function of the particles volume fraction (Figure 26). According to Figure 26, the two-phase 

model would be enough for 5.14 % /  for a good model fitting of experimental relative 

permeability value. Considering an interphase of 2.5 µm and 1 10  m . s  would slightly 

improve prediction for 11.4 % /  even if the prediction of the two-phase model was enough 

and included in the experimental variability of results obtained at this volume fraction. On the 
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contrary, it would be absolutely necessary to consider an interphase of 5 µm (with 1

10  m . s ) for the 19.52 % / . However, reliability of this hypothesis still needs to be 

experimentally validated. 

  

Figure 26: Comparison between experimental and numerical relative permeability: Effect of the 

particles volume fraction  and effect of the diffusivity   and thickness   of the interphase. 

To sum up, the presence of an interphase layer around the inclusions, globally more diffusive than 

the particles could explain the high upturn of permeability curve for high particle volume fraction 

( 19.52 % / ). A minimal interphase thickness would be required to form a continuous 

diffusion paths, which may occur between overlapping interphases. 

 

4. Conclusions 

 

In this paper, a 3D three-phase model was developed in order to predict water vapor permeability 

in micro-composite (PHBV matrix/WSF particles). This 3D study was essential to improve 

understanding of structure/material transfer relationships in bio-composite materials containing 

permeable particles. The developed two-phase model led to good prediction of the experimental 

relative permeability for the composites of 5.14 % /  and 11.4 % / . Nevertheless, 

for the composite of 19.52 % / , the results revealed that the mass transfer properties 

cannot be predicted directly from the mass transfer properties of each phase (matrix and particle) 

considering a binary system. Among the different hypothesis tested to explain the gap between 
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model prediction and experimental results, an increase of matrix diffusivity ( 3) in the composite 

with 19.52 % /  of volume fraction would lead to a good model fitting. Alternatively, presence 

of an interphase of 5 µm between matrix and particles with its own diffusivity 1 10  m . s  

would permit to perfectly fit the experimental data for the highest volume fraction. Thorough 

analysis of published literature on PHBV based composites has permitted to conclude that 

probably both phenomena concomitantly occur. Results of this work highlighted that presence or 

not of an interphase, and thus choice of the model to be used would be strongly dependent on the 

particle volume fraction and its size distribution. This plenty justified the choice of developing a 

3D, three-phase model based on experimental particles’ size distribution to well decipher the 

determinants of permeability change in composite of high volume fraction. In addition, such 

approach has permitted to multiply the number of computed structures and thus, to take into 

consideration the variability of the material structure leading to a better characterization and 

prediction of the material properties. The 3D FEM model proposed here was necessary to capture 

all the complexity of the bio-composites studied and to better construe impact of interphase, 

matrix and particle properties on macroscopic water vapor permeability. 
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5. Supplementary Materials  

S1. Organizational chart summarizing the 3D structure generation algorithm 

  

Figure S1: Numerical process to generate the 3D microstructure of the RVE performed in 

MATLAB 
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S2. Adjustment of analytical Maxwell-Wagner-Sillar equation onto experimental 

permeability results obtained on made of PHBV as continuous phase and WSF as 

dispersed and permeable phase 

The analytic model of Maxwell-Wagner-Sillars Eq. (1) relates the composite permeability  

to the matrix permeability , the particle permeability , the particle volume fraction  and 

a shape factor . It is applicable to diluted ellipsoid dispersions.  

1 1

1
 (1) 

Eq. (1) was fitted to the experimental data showing the evolution of the ratio P/  as a 

function of fibre particles volume fraction. The value of the input particle permeability was 

calculated as the product of experimental particle diffusivity by experimental particle solubility 

obtained from dynamic sorption experiments (Wolf C. et al. 2016), 1664 451

10  mol. m. m . s . Pa . 

  The resulting fitting value of parameter 0.044  correspond to the case of particles 

representing prolate ellipsoids (0 1/3 , i.e. the longest axis of the ellipsoid is directed along 

the flux direction. 

  

Figure S1:  Comparison between experimental relative permeability /  with calculated ones 

by using Maxwell-Wagner-Sillar equation 
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S3. Evolution of the numerical relative permeability of water vapor as a function of 

the mesh element size for the two-phase model 

 

  

Figure S2: Evolution of the numerical relative permeability of water vapor as a function of the 

mesh element size for the composite of  5.14 % / . Mesh tests are performed with 10 

structures. 
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Figure S3: Evolution of the numerical relative permeability of water vapor as a function of the 

mesh element size for the composite of  11.4 % / . Mesh tests are performed with 10 

structures. 

  

Figure S4: Evolution of the numerical relative permeability of water vapor as a function of the 

mesh element size for the composite of  19.52 % / . Mesh tests are performed with 8 

structures. Numerical results corresponding to some mesh element sizes are not available due to 

mesh errors encountered on some simulations. 
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S4. Evolution of the numerical relative permeability of water vapor as a function of 

the diffusivity of the interphase  

 

  

Figure S5: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity and thickness of the interphase for the composite of 5.14 % / : Comparison 

between experimental and numerical results. The numerical results (bullets) correspond to the 

average of the relative permeabity of 20 structures 1 µ , 23 structures 2.5 µ  and 

26 structures 5 µ . The volume fraction of the interphase was 1.85 0.34 % /  for 

1 µ , 5.71 1.24 % /  for 2.5 µ  and 15.19 3.36 % /  for 5 µ . 
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Figure S6: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity and thickness of the interphase for the composite of 11.4 % / . The numerical 

results (bullets) correspond to the average of the relative permeabity of 36 structures 1 µ , 

36 structures 2.5 µ  and 21 structures 5 µ . The volume fraction of the interphase 

was 3.32 0.9 % /  for 1 µ ,  9.93 2.69 % /  for 2.5 µ , and 

22.47 6.65 % /  for 5 µ . 
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Figure S7: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of 19.52 % /  and 1 µ : Comparison 

between experimental and numerical results. The numerical results corresponded to the relative 

permeabity of 14 structures.  and  are the interphase volume fraction and the number of 

particles respectively. 
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Figure S8: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of 19.52 % /  and 2.5 µ : Comparison 

between experimental and numerical results. The numerical results corresponded to the relative 

permeability of 19 structures.  and  are the interphase volume fraction and the number of 

particles respectively. 
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Figure S9: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of 19.52 % /  and 5 µ : Comparison 

between experimental and numerical results. The numerical results corresponded to the relative 

permeabity of 6 structures.  and  are the interphase volume fraction and the number of 

particles respectively. 
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S5. Some additional details (not published) of the ellipse descriptors collected from 

2D images: 

 

The real particles were assimilated to ellipses whose geometrical descriptors (i.e. major  and 

minor  axis) were measured using “Regionprops” MATLAB function. The ellipses of inertia 

have the same first-order and second-order moments as the actual particles i.e. same center of 

inertia and orientation but not the same surface. In order to obtain ellipses of same surface as the 

real particles, the obtained axis (i.e. major  and minor  axis) must be normalized and be 

converted as follows (Eq. 2): 

 

/    ;    /      (2) 

 

when  and  are the surface of the real particle and the ellipse of inertia 

, respectively. Then, the major  and minor  axis correspond to ellipses with same surface 

as real particles.  
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Supplementary Materials: The following are available online at 

www.mdpi.com/article/10.3390/polym13142257/s1. Figure S1. Numerical process to generate the 

3D microstructure of the RVE performed in MATLAB. Figure S2. Comparison between 

experimental relative permeability P/Pm with calculated ones by using Maxwell-Wagner-Sillar 

equation. Figure S3. Evolution of the numerical relative permeability of water vapor as a function 

of the mesh element size for the composite of p = 5.14 % / . Mesh tests are performed with 10 

structures. Figure S4. Evolution of the numerical relative permeability of water vapor as a function 

of the mesh element size for the composite of p = 11.4 % / . Mesh tests are performed with 10 

structures. Figure S5. Evolution of the numerical relative permeability of water vapor as a function 

of the mesh element size for the composite of p = 19.52 % / . Mesh tests are performed with 8 

structures. Numerical results corresponding to some mesh element sizes are not available due to 

mesh errors encountered on some simulations. Figure S6. Evolution of the numerical relative 

permeability of water vapor as a function of the diffusivity and thickness of the interphase for the 

composite of p = 5.14 % / : Comparison between experimental and numerical results. The 

numerical results (bullets) correspond to the average of the relative permeability of 20 structures 

(ei = 1 µm), 23 structures (ei = 2.5 µm) and 26 structures (ei = 5 µm). The volume fraction of 

the interphase was i = 1.85 ± 0.34 % /  for ei = 1 µm, i = 5.71 ± 1.24 % /  for ei = 2.5 µm 

and i = 15.19 ± 3.36 % /  for ei = 5 µm. Figure S7. Evolution of the numerical relative 

permeability of water vapor as a function of the diffusivity and thickness of the interphase for the 

composite of p = 11.4 % / . The numerical results (bullets) correspond to the average of the 

relative permeability of 36 structures (ei = 1 µm), 36 structures (ei = 2.5 µm) and 21 structures 

(ei = 5 µm). The volume fraction of the interphase was i = 3.32 ± 0.9 % /  for ei = 1 µm, i = 

9.93 ± 2.69 % /  for ei = 2.5 µm, and i = 22.47 ± 6.65 % /  for ei = 5 µm. Figure S8. Evolution 

of the numerical relative permeability of water vapor as a function of the diffusivity of the 

interphase for the composite of p = 19.52 % /  and ei = 1 µm: Comparison between experimental 

and numerical results. The numerical results corresponded to the relative permeability of 14 

structures. i and np are the interphase volume fraction and the number of particles respectively. 

Figure S9. Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of p = 19.52 % /  and ei = 2.5 µm: Comparison 
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between experimental and numerical results. The numerical results corresponded to the relative 

permeability of 19 structures. i and np are the interphase volume fraction and the number of 

particles respectively. Figure S10. Evolution of the numerical relative permeability of water vapor 

as a function of the diffusivity of the interphase for the composite of p = 19.52 % /  and ei = 5 

µm: Comparison between experimental and numerical results. The numerical results corresponded 

to the relative permeability of 6 structures. i and np are the interphase volume fraction and the 

number of particles respectively.  

 

Author Contributions: Conceptualization, V.G. and N.G.; methodology, M.K. and S.G.; 

software, M.K. and S.G.; validation, M.K., S.G. and V.G.; formal analysis, M.K.; investigation, 

M.K. and C.W.; resources, V.G. and N.G.; data curation, M.K. and C.W.; writing—original draft 

preparation, M.K.; writing—review and editing, V.G., S.G. and H.A.-C.; visualization, M.K. and 

H.A.-C.; supervision, V.G. and S.G.; project administration, N.G.; funding acquisition, V.G. and 

N.G. All authors have read and agreed to the published version of the manuscript. 

Funding: This project has received funding from the European Union’s Horizon 2020 research 

and innovation program under grant agreement No 773375. 

Data Availability Statement: raw simulation data used in the article could be uploaded from 

the publicly available dataset: https://doi.org/10.15454/D0GZDQ, accessed on 7 July 2021. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in 

the design of the study; in the collection, analyses, or interpretation of data; in the writing of the 

manuscript, or in the decision to publish the results. 

 

 

 

 

 

 

 



Chapter IV. 3D modelling for predicting water vapor transfer into tri-phasic composites 

 

163 

Nomenclature 

Abbreviations  

RVE Representative Volume Element 

FEM Finite Element Method 

PHBV Poly(3-HydroxyButyrate-co-3-HydroxyValerate) 

WSF Wheat Straw Fibers 

2D, 3D Two and Three Dimension 

E Mean  

SD Standard Deviation 

PDF Probability Density Function 

CDF Cumulative Distribution Function 

cte Constant value 

Latin symbols  

, ,  RVE length along x-axis, y-axis and z-axis m  

, ,  Major, minor and third axis of the particle m  

, ,  Center coordinates of the particle m  

 Diffusivity of water vapor in the phase k m s  

 Permeability of water vapor in the phase k mol. m. m s Pa  

 Permeability of water vapor in the composite mol m m s Pa  

 Concentration of water vapor in the phase k mol m  

 Molar surface flux vector of water vapor in the phase k mol m s  

 Water vapor pressure differential across the film Pa  

K 
Partition coefficient: concentration ratio between particles and matrix at

equilibrium c /c  (-) 

M Velocity (non-physical property) m s  

 Interphase thickness m  

 Number of particles (-) 

Greek symbols  
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 Aspect ratio: ratio between major and minor axis of the particle ( /  (-) 

 
Volume fraction of the phase k: ratio between the volume of the phase k and the

composite volume % /  

 Molar flux (along z-axis) of water vapor across a composite face mol s  

 
Azimuth angle: angle between the x-axis and the orthogonal projection of the semi-

major axis onto the xy-plane (degree°) 

 
Elevation angle: angle between the semi-major axis and its orthogonal projection

onto the xy-plane (degree°) 

Subscripts  

m Matrix 

p Particle 

i Interphase 

 

Appendix A 

 

Probability Density Function (PDF) of log-normal distribution  of random variable x 

with parameters  and  was defined as 

 0    (A1)

The mean , variance V and standard deviation SD of log-normal distribution were: 

  ;  1 µ ;    (A2)

PDF of truncated log-normal distribution  of random variable x with parameters , , 

 and  was defined as: 

   ,   (A3)

where  is the PDF of log-normal distribution and /  is the Cumulative 

Distribution Function (CDF) of the standard normal distribution. The mean  , 

variance V  and standard deviation SD  of truncated log-normal distribution were: 
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   (A4) 

V   (A5) 

SD V   (A6) 

with 

T
  

   (A7) 

T
 

 
 

   (A8) 

T
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 2   (A9) 
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Chapter V. From 3D real structure to 3D modelled structure: modelling water 

vapor transfer in polypropylene/cellulose composite 

 

This chapter complements the previous chapter by evaluating the importance of the geometry and 

size distribution of the particles in the composite system. For this purpose, the FEM model was 

applied to 3D structures reconstructed from three-dimensional information from tomographic 

analyses of the PP/cellulose composite. Six cases of structures were considered, from the most 

complex system (particles considered as ellipsoids of heterogeneous sizes generated from 

distribution laws fitted on image analysis data) to the most simplified system (spherical particles 

of homogeneous sizes). The role of the interphase, added to the role of the geometry and size 

distribution of the particles on the overall water vapor transfer into the material, will be explored. 

 

The present chapter is the draft of a future publication to be submitted in journal of “Composites 

Part B: Engineering” 
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Abstract. A three-dimensional model structure considering interphase layer around permeable 

inclusions is developed to predict water vapor permeability in composite materials made of a 

matrix Polypropylene (PP) including cellulose particles. About 300 bi-phasic structures including 

six cases of particles morphology considering spherical and ellipsoidal particles of homogeneous 

and heterogeneous sizes for different true composites of 2.96 6.06 12.67 19.91 % /  

were studied. These structures have served as a basis to create tri-phasic structures including 

interphase zone of altered polymer property surrounding each particle. Finite Element Method 

(FEM) applied on these structures has permitted to calculate the relative permeability (i.e. ratio 

between composite and neat matrix permeability  / ). With the tri-phasic model, a good 

prediction of experimental relative permeability in all  range was observed and the particles 

shape and size distribution impact was identified. This model also permitted to better construe 

the role of particles agglomeration and percolation pathway on the macroscopic mass transfer 

properties. Indeed, the observed exponential increase of the relative permeability with  for some 

structures of two cases of particles morphology (i.e. spheres of homogeneous sizes and ellipsoids of 

heterogeneous sizes) could be explained by the presence of percolation zones formed by the 

overlapped interphases. The two cases of particles morphology did not have the same percolation 

behavior, especially for high filler content 19.91 % /  with thickness of 2 µ , that was 
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caused by the variability in the interphase structure (e.g. difference in interphase overlapping 

frequency,…) that increased with the variability in the composite structure (i.e. different shape, 

size distribution, number of particles). Although all the cases of particles morphology could predict 

the experimental data, the case of spheres of homogeneous size is preferred for a predictive use of 

our model, because it presents less structural parameters to define (i.e. only the particles number 

and a diameter) allowing to largely reduce the variability of the structure and to reduce the 

simulation time. For an explanatory study, the case of ellipsoids of heterogeneous sizes is more 

interesting to use as it represents structures with particles of shape, size, orientation and number 

close to reality and to experimental observations. 

 

Keywords: 3D numerical modelling; tri-phasic model; interphase; particles morphology; 

percolation; Finite Element Method; water vapor permeability; composite 

 

1. Introduction 

The modelling of mass transfer properties of composite materials and more particularly of gas and 

vapor permeability has been of serious interest in the last decades. 

 

One of the original models for transfer in a composite system was proposed by Maxwell model, in 

the Treatise on Electricity and Magnetism (Maxwell J. C. 1873). This model is an analytical 

relationship which considers spherical particles which are assumed to be far from each other. Its 

use is generally restricted to low particles volume fraction 20% /  and does not consider 

either the particle size distribution, particle shape, aggregation of particles and even less the spatial 

distribution. Several bi-phasic models were derived from Maxwell analytical for estimation of the 

overall macroscopic diffusivity or permeability of a composite from structural parameters (as 

particles volume fraction) and mass transfer properties of the individual component (Fricke H. 

1951 ; Barrer R. M. et al. 1961 ; Petropoulos J. H. 1985). Extension to spheroids was further 

proposed by Wagner and Sillars (Banhegyi G. 1986).   
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Another branch of analytical models arose, independently of Maxwell, from an implicit equation 

proposed by Bruggeman, and applicable to higher filler content, 0 35% /  (Bruggeman 

D. A. G. 1937 ; Monsalve-Bravo G. M. 2018). 

Papadokostaki and co-authors recently proposed change in particle shape from spherical to cubic 

for meaningful application of the Maxwell equation in the higher  range (up to 100%v/v) 

(Papadokostaki K. G. et al. 2015). 

 

In order to take into account more variabilities in a structure and be able to describe them, some 

authors proposed an extension to Maxwell equation to consider high volume fraction and the 

interaction between particles as Chiew and co-authors and Higuchi and co-authors (Chiew Y. C. 

et al. 1983 ; Higuchi W. I. et al. 1960). Chiew-Glandt model is applicable to moderate/high filler 

loadings 64.5 % /  (Monsalve-Bravo G. M. 2018). 

Other improvements of Maxwell and Bruggeman models were proposed, as in Lewis-Nielsen and 

co-authors (1970) and Pal (2007), by empirically embedding packing-related effects and variation 

in filler properties, such as particle size distribution, particle shape, and aggregation of particle, 

within a single parameter, i.e. the maximum packing volume of particles parameter ,  (Lewis 

T. B. et al. 1970 ; Pal R. 2007). Lewis-Nielsen and Pal models propose to cover a broad range of 

0, ,  and , 64% /  corresponds to random close packing of uniform spheres 

(Pal R. 2007)b. 

 

Although these bi-phasic models were largely used, they failed to predict some experimental data 

(Monsalve-Bravo G. M. 2018), which suggests that the polymer-filler interface impacts the 

polymer properties at the vicinity of filler particles. Some authors proposed tri-phasic models 

taking into account the presence of interphase zones at the interface matrix/particles and 

considering at least two supplementary parameters, i.e. mass transfer properties and volume 

fraction of interphase. 

Two groups of tri-phasic models have been proposed. The first one corresponds to a double 

application of bi-phasic equations, originally proposed by Mahajan and Koros, (Mahajan R. et al. 
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2002)a. A first bi-phasic model, selected from the large list of existing equations, is applied to the 

particle/interphase (pseudo-particle) system and a second bi-phasic model, potentially different 

from the first one, is used  for the pseudo-particle/matrix system. The second group is more recent 

and practical because it proposes a single equation combining the parameters of all phases, e.g.  

Felske and later Pal’s adaptation (Felske J. D. 2004 ; Pal R. 2007)b. In the latter, the empirical 

parameter ,  are added (same concept than the one applied in the upgraded Bruggeman 

version of Pal for bi-phasic system) that permits to adapt to different morphology, heterogeneous 

size distribution and higher filler content up to , . 

 

Although successful in predicting the effective permeabilities for dilute dispersions, all these tri-

phasic models do not account heterogeneity in interphase thickness and interphase overlapping  

that can creat partial or full percolation pathways. 

 

Globally, if analytical models, either bi-phasic or tri-phasic models, are able to predict, with 

variable accuracy,  the permeability in the composite as a function of the filler content, their main 

drawback is that they are not explanatory. Indeed, they often contain parameters that have no 

geometrical or physical meaning and, in most models, several structural parameters are aggregated 

in a single one, which hamper the use of such models for an understanding purpose. Moreover, 

they do not take into account structural heterogeneities, such as various particle shapes and sizes, 

different particle state of dispersion and orientation and percolation in the filler compartment or 

in the interphase compartment, which is unavoidable especially in composites with high filler 

content. 

 

To overcome the limitations of analytical approaches, some authors have proposed 2D or 3D 

numerical models that attempt to consider the real structure of the composite system and that 

generally use Finite Element Method (FEM) to solve the mass transfer.  
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For bi-phasic systems, we can cite the work of Sharifzadeh and co-authors who simulated gas 

diffusion behavior in 3D composite containing permeable spherical particles randomly dispersed 

(Sharifzadeh M. et al. 2019) or the work of Monsalve-Bravo and co-authors who develop three-

dimensional model to solve transport problem in full-scale mixed-matrix membranes using FEM 

(Monsalve-Bravo G. M. et al. 2019). The two aforementioned studies confirmed that the 

permeability of composite is positively correlated to filler volume fraction and particle size. 

However, they did not consider the heterogeneity of the particle size, which is often the case in 

real bio-composites. Some authors, as Jiang and co-authors, tried to consider directly the true 

internal 3D microstructure by simulating with a 3D FEM modelling approach, water diffusion in 

jute/PLA composite using a real structure observed by X-ray tomography and mass transfer 

properties of the individual components (Jiang N. et al. 2020). The numerical results were in good 

agreement with experimental measurements. 

 

In the previous cited numerical works, the presence of an interphase, between the matrix/particles, 

whose mass transfer properties differs from those of the bulk matrix is always neglected. 

 

Qiao and Brinson and Petsi and Burganos proposed a 2D numerical model to study the impact of 

interphase zones on the overall properties in mixed-matrix membranes (mechanical properties for 

Qiao and Brinson and effective permeability for Petsi and Burganos) (Qiao R. et al. 2009 ; Petsi 

A. J. et al. 2012).  Qiao and co-authors showed that the interphase is percolated when interphase 

volume fraction exceeds 70.6% and 43.0% with respect to uniform case and random case of 

particles spatial dispersion (2D viscoelastic model). Petsi and co-authors conclude that, (i) if the 

interphase thickness remains constant and particle volume decreases, the role of the interphase 

layer increases (ratio of interphase volume to particle volume increases) inducing the effective 

permeability increase, and this if the interphase permeability is higher than matrix permeability 

Pi>Pm (regardless Pp>Pm or Pm>Pp), and (ii) if the interphase layer thickness scales in proportion 

to the particle volume (ratio of interphase volume to particle volume constant), the effective 

permeability remains constant and this if Pi>Pm (regardless Pp>Pm or Pm>Pp). 
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Zid and co-authors proposed 3D finite element model with interphase to predict mass diffusion in 

(nano) composites but in their case, particles, with ideal ordered distribution, did not participate 

to the overall diffusion (Zid S. et al. 2020). Van Soestbergen and co-authors developed a 3D tri-

phasic model to evaluate the diffusivity of moisture through polymer composites containing 

impermeable equal-sized spheres that did not participate to the overall diffusion (van Soestbergen 

M. et al. 2021). They conclude that the effective diffusivity does not only depend on the composite 

tortuosity and the interphase diffusivity, but also on the interphase volume fraction and the 

formation of interphase aggregates.  

 

In our previous work (Kabbej M. et al. 2021), a 3D tri-phasic model with permeable spheroidal 

inclusions was developed to predict water vapor permeability in composite made of PHBV matrix 

and permeable WSF particles. The 3D structures were generated using experimental particles’ 

size distribution, captured from 2D images of real fibers, that have permitted to capture as much 

variability of the experimental material as possible. The presence of an interphase well predicted 

the experimental relative permeability.  

 

In the aforementioned numerical approaches, no model gathered in the same time all the criterion 

of a 3D tri-phasic numerical model with percolating structures of composite containing permeable 

particles. 

 

To go beyond state-of-the-art, compensate weaknesses of previous numerical and analytical 

approaches and continue the work carried out in our previous study (Kabbej M. et al. 2021), we 

developed in this work a 3D tri-phasic model to predict water vapor permeability in composite 

made of Polypropylene (PP) matrix including cellulose particles. Six cases of particles morphology 

considering spherical and ellipsoidal particles of homogeneous and heterogeneous sizes for different 

true composites of 2.96 6.06 12.67 19.91 % /  were studied. The shape and size 

distribution impact on experimental relative permeability (i.e. ratio between composite and neat 
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matrix permeability / ) were evaluated to better understand and construe the role of particles 

agglomeration and percolation pathway on the macroscopic mass transfer properties. 

 

In this work, the 3D model proposed here was based on 3D structures generated from tomographic 

images that provided information on the three dimensions of the particle which allows our model 

to be as close as possible to reality. This approach was rarely used in the field of mass transfer 

study. Indeed, in most of numerical studies in this field, the generated size distributions are 

parameterized arbitrarily as in (Zid S. et al. 2020) and (Liang M. et al. 2020). 

 

Also, the effect of the percolation phenomenon is discussed and explained at length according to 

the cases of particles morphology (i.e. examination of the percolating interphase from generated 

3D structures, comparison with 3D tomographic images,…). Finally, the best choices for 

“prediction versus understanding” purposes were presented and discussed. 

 

2. Materials and Methods 

 

2.1. Experimental Parameters for Water Vapor Transfer 

 

A real case study of water vapor transfer into a composite consisting of polypropylene (PP) matrix 

and cellulose particles was considered, based on previous experimental investigations performed 

in our laboratory (Thoury-Monbrun V. 2018). The relevant experimental outputs, i.e. those 

required in the modelling purpose, are listed below.  

 

 The effective moisture diffusivity D [m2·s-1] in PP matrix and in cellulose particle are 

(1.32±0.33)×10-12 and (5.84±1.37)×10-12 [m2·s-1] respectively (Thoury-Monbrun V. 2018). 

 The boundary conditions for the PP matrix are dry air on one side and saturated humid 

air on the other side. It leads to boundary relative humidity of 0-100% or water vapor 

pressure of 0-2338 Pa, working at 20°C, and then concentration of water vapor [mol·m-3] 
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of 0-161.08 [mol·m-3] respectively. These concentrations were determined using the 

experimental water vapor sorption isotherm of PP film at 20 °C. 

 Water vapor partition coefficient K, calculated as the slope of the linear relation between 

the water concentration in PP matrix and cellulose particles, obtained from experimental 

water vapor sorption isotherm at 20 °C (Thoury-Monbrun V. 2018) for PP matrix and 

cellulose particles, is K = 137.77.  

 

2.2. 3D X-ray computed tomographic image analysis 

 

3D X-ray tomography was used to evaluate cellulose particles organization within PP matrix 

(Thoury-Monbrun V. 2018). Microtomographs of biocomposite were obtained using X-ray 

microtomography on the ID19 beamline at the ESRF in Grenoble with a resolution of 0.65 

m3/voxel in collaboration with Sabine Rolland du Roscoat (Associate Professor in CNRS 

Grenoble) and Laurent Orgéas (CNRS Research Director) in 3SR lab (Grenoble). 

 

For our work, we used the obtained 3D grayscale tomographic image of the PP/cellulose composite 

of 2.96 % /  (Thoury-Monbrun V. 2018). Twelve small cores of same thickness of 

250.5 µ  were extracted from different zones of this 3D tomographic image of real dimension of 

1844 1403 298  (length x depth x thickness). Using the option “3D Objects Counter” in 

Fiji-ImageJ software (Schindelin J. et al. 2012), segmentation (binairization) was first applied in 

these 12 cores by changing grayscale images to binary images: 0 for the matrix and 1 for the fillers. 

This allows the detection and identification of particles. Afterwards, real particles were assimilated 

to spheres and ellipsoids whose shape descriptors were measured using MorphoLibJ plugin in Fiji-

ImageJ software (Legland D. et al. 2016). The real distribution of some descriptors will be the 

basis of the 3D generated structures in this work.  
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2.3. COMSOL model and numerical simulations 

 

The 3D boundary value problem of diffusion was solved by using the powerful numerical Finite 

Element Method (FEM) using COMSOL Multiphysics 5.5 software. For the discretization of the 

composite geometry, an unstructured mesh consisting of tetrahedral elements was used. For mass 

diffusion simulation, the “Transport of Diluted Species” physics interface of the “Chemical 

Reaction Engineering” module was used which already integrates the 2nd Fick's law equation. In 

order to support the complex geometry (especially for tri-phasic structures) and avoid as much as 

possible geometry and mesh errors, the COMSOL CAD Import module was used. The simulations 

were performed in DELL computer with Intel Xeon E-2176M Processor (2.7 GHz) and 32 Gb of 

Ram. The entire computational procedure (from structure generation to simulation) was driven 

within the MATLAB environment and was partially automated via the COMSOL LiveLink for 

MATLAB module (from the step of importing geometry data into COMSOL to simulation). 

 

2.4. Mathematical Modelling and Geometry 

2.4.1. 3D Structure Generation 

 

Bi-phasic system. The bi-phasic composite structure is generated in a cuboid shaped 

representative volume element (RVE) defined by , , 0, 0, 0, , where z is the 

overall diffusion direction. The RVE is supposed periodic along its vertical faces, to represent an 

infinite repetitive structure along  and  axis. In the present work, the particles are considered 

either as ellipsoids or as spheres. The ellipsoids are characterized by the three axes ,  and , 

of decreasing length  (Figure 27a), while the spheres are characterized by the 

diameter . 
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Figure 27:  Modelling a particle as an ellipsoid in 3D space. (a) : largest axis,   : medium 

axis,  : smallest axis (b) : roll angle, : elevation angle, : azimuth angle.  

 

Structure generation requires the RVE size and the target particles volume fraction ,  as 

inputs.  

First, geometric parameters of the particles are generated whose procedure differs between the 

case of particles of homogeneous and heterogeneous sizes. 

 

For a population of size-homogeneous particles, the particles are generated successively until a 

target number Np,target is reached, that is corresponds to a target particles volume fraction 

, . Np,target depends on the volume of a single particle, and so on the other hypotheses on 

morphology and size of particles. The target particles number ,  is used as stop criterion 

for the particles generation. 

 

For a size distributed population of particles, the geometric parameters of particles are randomly 

(non-uniform distribution) generated until the target volume fraction of particles is reached, using 

the stop criterion , 0.01 % / .  

 

Second, these particles are sequentially positioned and oriented in the periodic RVE, following the 

steps below.  
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Step 1. The particles position (i.e. center coordinates , , ) is randomly generated using 

uniform distribution. Note that the particles of heterogeneous size are positioned by decreasing 

the diameter (spheres) or the largest axis  (ellipsoids). At the same time, for the structures with 

ellipsoidal particles, the orientation angles (i.e. roll , elevation  and azimuth  angles) are 

randomly generated using non-uniform distribution (Figure 27b).  

 

Step 2. The non-overlapping of the particle with the horizontal faces of the RVE ( 0 and 

 ) and with the existing particles is tested. If the non-overlapping tests are successful, the particle 

is added to the structure and then the next particle is considered for steps 1–2. If at least one of 

non-overlapping condition is not satisfied, then a new position is drawn, orientation being 

unchanged, and step 2 is performed again on the updated particle. This last sequence is repeated 

until the particle is added to the structure. It should be noted that if a particle intercepts one of 

the vertical faces of the RVE then, the particle section outside from the RVE is shifted to the 

opposite face, in order to ensure the periodicity of the RVE (Figure 28).  

 

Organizational chart summarizing the structure generation algorithm could be found in 

supplementary material (Figure S1).  

 

Tri-phasic system. The tri-phasic composite structure is built by considering an interphase of 

fixed thickness around each particle of the already generated bi-phasic structures. The interphase 

volume is thus different for each particle keeping constant the initial particle volume. Two different 

interphase thicknesses  are considered 1 2 µm . For the interphase compartment, the 

periodicity at vertical faces of the RVE still applies. For particles closed to the upper (resp lower) 

face of the RVE, the interphase may intercept the boundary. In that case, the intercept with the 

exterior of the RVE is removed. 
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2.4.2. Governing Equations 

 

Mass transfer in the micro-composite is described by Fick’s second law of diffusion in both the 

matrix   and the particle  domains for the bi-phasic system (Figure 28a) and also in the 

interphase domain  for the tri-phasic system (Figure 28b). In stationary regime and in the 

absence of mass source, this law is expressed by the following partial differential: 

0 Eq. 69 

where 

, , , ,           , ,  Eq. 70 

 

where ,  and  m s  are the diffusivity coefficient in the matrix, the particle and the 

interphase domains respectively and they are considered constant (not 

concentration/temperature/time dependent). The index k stands for the domain considered, 

matrix (m), particle (p) or interphase (i). ,  and  are thus the molar surface flux vector 

mol m s  depending on ,  and  mol m  that are the concentration of the water 

vapor in the matrix, the particle and the interphase domain respectively. 

The interphase, modified region of matrix surrounding particles, is supposed to have the same 

sorption properties than the matrix. 

 

2.4.3. Boundary Conditions 

 

Periodic boundary conditions are imposed on the vertical side boundaries of the RVE, which 

consist to impose equality of concentration and flux on the so-called (source) and (destination) 

boundaries (Figure 28). The periodic boundary conditions allow simulating an infinite repetitive 

structure.  
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Bi-phasic system. Constant concentrations are imposed on the upper face ,  and the 

lower face ,  of the matrix (Eq. 71 & Figure 28a). Particles domain is assumed to not 

overlap the upper and lower faces of the RVE. 

0   at  
,

 and   0 at 
,  Eq. 71 

The concentration is discontinuous (  at the matrix-particle interface ,  where the 

dimensionless partition coefficient /  is considered. To get continuous flux at the matrix-

particle interface , , a special type of boundary condition using the stiff-spring method 

(COMSOL Multiphysics 2008) is applied: 

  at /   Eq. 72 

 c  at /   Eq. 73 

where M is a (non-physical) velocity m s  large enough to let the concentration differences in 

the brackets approach zero, thereby satisfying / . This boundary condition gives a 

continuous flux across the interfaces provided that M is sufficiently large. In all simulations M 

was taken equal to 1000 . . 

 

Tri-phasic system. Interphase domain, contrary to particles domain, could overlap the upper 

and lower faces of the RVE. The condition at the upper and lower faces is applied differently 

depending on whether the polymer or interphase is in contact with these faces. Constant 

concentrations were imposed on the upper face , , ,  and the lower face 

, , ,  of the matrix and interphase (Eq. 74 & 75 and Figure 28b): 

0 at  
,

 and 
,  Eq. 74 

 0  at ,  and  ,  Eq. 75 

By simplification (and lack of knowledge), we consider that the interphase has the same sorption 

properties than the polymer matrix. Then, same constant concentrations are applied in the matrix 

, , ,  and interphase , , ,  regions of the upper and lower faces 

of the RVE of the model (Figure 28). 
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Since the interphase is assimilated to the matrix of altered diffusivity, continuity of concentration 

is applied at the matrix-interphase boundary , : 

c  at ,   Eq. 76 

At the interphase-particle interface , , the same condition than previously applied for the bi-

phasic system is adopted with partition coefficient / . The boundary conditions using the 

stiff-spring method in the three-phase system are thus: 

  at /   Eq. 77 

 c  at /   Eq. 78 

where M is the same than above.  
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Figure 28:  Representation of the RVE showing: (a) the boundaries conditions at the six 

composite faces and at the interface matrix-particle for a bi-phasic structure; (b) the boundaries 

conditions at the matrix-interphase and interphase-particle interfaces for a tri-phasic structure. 
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2.4.4. Effective Permeability Evaluation 

 

The numerical solving of the boundary value problem gave the molar concentration field 

, ,  mol m s   and the molar surface flux vector field , ,  mol m s   of the 

permeating specie at the discretization points of each domain  , , . The molar flux  

mol s  (along z-axis) across the upper , middle /2  and lower 0  cross 

sections was calculated by: 

z  , ,   Eq. 79 

where   is the molar surface flux (along z-axis) across the face at the discretization points. Then, 

the effective permeability mol. m. m . s . Pa   of the micro-composite was finally given by:  

 0
 Eq. 80 

where  is the surface of the faces m ,  is the RVE thickness m , pupper and plower are 

the water vapor pressure Pa  imposed on the upper  and the lower 0  faces of the 

RVE respectively and  is the molar flux [mol s . 

 

2.5. 3D Structure Generation 

 

The MATLAB code developed for generating our 3D structures was based on Tschopp MATLAB 

code (Tschopp M. A. 2017). The code generates 3D microstructures composed of a population of 

non-overlapping ellipsoidal or spherical particles heterogeneously distributed in size and 

orientation, within a periodic RVE. 
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3. Results and Discussion 

3.1. Analysis of three-dimensional images  

 

In order to obtain geometrical descriptors of the filler particles, a 3D X-ray tomography image of 

a PP/cellulose composite was analyzed. In order to avoid particle aggregation into clusters, which 

can limit the assessment of actual particle shape, the composite with the lowest volume ratio was 

considered, i.e. 2.96 % / . Precisely, 12 cuboid samples of same thickness of exactly 

250.5 µ  were extracted from different zones of the 3D tomographic image of the composite of 

2.96 % /  of real dimension of 1844 1403 298  (length x depth x thickness) and 

were analyzed.  

 

To detect the particles, different thresholding values of the segmentation (binarization) were tested 

in all the 12 cores of cuboid samples. Globally, the more the thresholding increases, the more the 

volume fraction of the particles decreases. The thresholding of 105 was selected as it corresponded 

to the real volume fraction of the composite i.e. 2.96 % /  as it has been validated by 

experimental measurement by TGA (Thoury-Monbrun V. et al. 2018). 

 

Before analyzing the images to extract the geometrical descriptors, the particles intercepting the 

edges of the cores were removed. Also, the particles with less than 30 voxels were rejected reducing 

the total number of particles from 21570 to 12812. These rejected particles represent 40.60% in 

number and 0.47% in volume of the 21570 particles, respectively. Despite their large number, 

these tiny rejected particles represent less than 1% of the volume of all the particles, which is low. 

Their removal allows to avoid meshing error in the upcoming numerical simulations. In addition, 

these tiny particles may be fragments of cellulose particles but more likely image artefacts due to 

the polymer variability as they were not visible in 2D images of cellulose particles, dropped on a 

microscope glass slides as described in (Thoury-Monbrun V. et al. 2018). 

 



Chapter V. From 3D real structure to 3D modelled structure: modelling water vapor transfer in 

polypropylene/cellulose composite 

 

186 

Finally, geometrical descriptors for the 12812 real particles were measured using MorphoLibJ 

plugin in Fiji-ImageJ software (Legland D. et al. 2016) assimilating particles to spheres and 

ellipsoids. 

 

Particles assimilated to spheres. The relevant descriptor is the equivalent diameter , which 

is the diameter of a sphere having the same volume than the particle, , obtained from image 

analysis. The obtained diameters  will be used for the upcoming 3D structures generation. 

 

Particles assimilated to ellipsoids. The ellipsoids of inertia, determined by MorphoLibJ 

plugin, have the same first-order and second-order moments than the studied real particles (i.e. 

same center of inertia and orientation but not the same volume). Nine coefficients completely 

characterized the equivalent ellipsoid were collected,  

(i) coordinates of the centroid , ,  

(ii) axes , , , corresponding to the length of the largest, medium and smallest axis, 

respectively  

(iii) Euler angles  , ,  of orientation  

In order to preserve the volume, the axes obtained on MorphoLibJ plugin were normalized and 

converted as follows:  

   for i 1,2,3  Eq. 81 

where  and  are the volume of the real particle and the ellipsoid of inertia /6

, respectively. 

 

The three Euler angles , ,  with z-y-x rotation convention (also named Tait-Bryan angles) 

correspond to a succession of three rotations about the x, y and z axes. The first is the rotation 

of the ellipsoid around the largest axis (i.e. rotation about x-axis by the roll angle ). The second 

is the elevation of the largest axis on the XY plane (i.e. rotation about y-axis by the elevation 
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angle ). The third is the azimuthal rotation of the projection of the largest axis on the XY plane 

(i.e. rotation about z-axis by the azimuth angle ).  

 

The variation intervals of the angles ,  and  used by MorphoLibJ plugin are 180°, 180° , 

90°, 90°  and 180°, 180°  respectively. With these intervals of angles, we encounter cases 

where particles are oriented in a similar way but with different combinations of the triplet 

, , . Then, we reduced the variation intervals of both the angles  and  to 0°, 180° , so 

that each particles orientation corresponds to a single combination of the triplet , , . 

For the upcoming numerical simulations, it is necessary to convert the Euler angles , ,  with 

z-y-x rotation convention (also named Tait-Bryan angles) obtained from MorphoLibJ plugin of 

ImageJ to the classical Euler angles , ,  with z-x-z rotation convention that COMSOL uses 

as orientation inputs of particles. ,  and  are the intrinsic rotation angle (rotation about z-

axis), the nutation angle (rotation about x-axis) and the precession angle (rotation about z-axis) 

respectively. The conversion expressions are detailed in the Appendix A (see also the Table 1 in 

page 19 of the reference of Berner P. 2008). 

The real particles sizes , ,  and orientation angles , ,  collected will be used for the 

upcoming 3D structures generation. 

 

3.2. Three-dimensional generated structures with six different cases of 

particles morphology and size distribution 

 

In this work, six cases of particles morphology are considered to generate our 3D structures. For 

some cases, we will need to randomly generate particles descriptors (i.e. sizes and/or orientation 

angles) based on their real distributions. To do so, the non-parametric Kernel distribution model 

(proposed by MATLAB) is used to generate these descriptors, after be fitted to their real 

distributions. 

In fact, a kernel distribution is a non-parametric representation of the probability density function 

(PDF) of a random variable x. A kernel distribution is defined by a smoothing function  and 
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a bandwidth value , which control the smoothness of the resulting density curve (see Eq. 82 & 

83) :  

1
 Eq. 82 

where x1, x2, …, xn are random samples from an unknown distribution, N is the sample 

size, K(x) is the kernel smoothing function, and h is the bandwidth. Often, K is chosen as the 

density of a standard Gaussian function  0 ;    .  1 : 

1

2
 Eq. 83 

Now, we will detail the six different cases of 3D generated structures containing particles with 

different morphology and size distribution (Figure 31). 

 

Sph-hom-size. Generated particles are size-homogeneous spheres, of same diameter d, which 

corresponds to the mean diameter of the equivalent spheres, in volume, of the real particles. The 

total number of particles Np of same volume is then easily calculated as the ratio of the total 

volume of particles to volume of one sphere. 

 

Ell-hom-size. Generated particles are size-homogeneous ellipsoids, of same axes (a1, a2, a3), which 

correspond to the mean axes obtained for the equivalent ellipsoids, in volume, of the real particles. 

The total number of particles Np of same volume is then easily calculated as the ratio of the total 

volume of particles to volume of one ellipsoid. 

 

Sph-het. Generated particles are size-heterogeneous spheres, whose diameters  are randomly 

drawn, following a truncated Kernel distribution. This distribution was fitted to the real 

distribution of the diameters of the equivalent spheres, in volume, of the real particles (see Figure 

S2.1 in supplementary material). 
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Ell-het. Generated particles are size-heterogeneous ellipsoids, whose axes a1, a2 and a3 are obtained 

from random drawing. The largest axis a1,i, the axes ratios a1,i/a2,i and a2,i/a3,i were randomly 

generated according to the truncated Kernel distributions fitted to their real distributions which 

are detailed later in this section. 

 

Sph-hom-N. Generated particles are spheres of same volume Vp and same diameter d. The 

number of particles Np is preserved, i.e. kept similar to the number of size-heterogeneous spherical 

particles of the case 3. To be precise, Np is taken as the nearest integer to the average of the 

particles number obtained on a total of 200 generated structures of the case 3. d is then easily 

calculated from the number of particles Np and the target volume fraction of particles. 

 

Ell-hom-N. Generated particles are ellipsoids of same volume Vp and same axes (a1, a2, a3). The 

number of particles Np is preserved from case 4, taken as the nearest integer to the average of the 

particles number obtained on a total of 200 generated structures of the case 4. The volume of a 

single ellipsoid Vp is then deduced from the total volume of ellipsoids and the particle number Np.  

In order to define a unique set of axes (a1, a2, a3), the elongation factors ,  and  were taken 

equal to the average elongations obtained for the equivalent ellipsoids, in volume, of the real 

particles. 

Orientation is only meaningful for ellipsoid shaped particles (Ell-hom-size, Ell-het and Ell-hom-N 

cases). The Euler angles , ,  were randomly generated according to the truncated Kernel 

distribution fitted to their real distribution as shown in Figure S2.2 in supplementary material.  

 

In order to preserve the correlation between a1, a2 and a3 in Ell-het case, it was necessary to 

randomly generate the axes ratio a1/a2, according to four Kernel distributions defined in four 

separate zones of a1, i.e. a1  20 µm ; 20 < a1  40 µm ; 40 < a1  60 µm ; a1 > 60 µm (these zones 

are bounded by red dashed lines in Figure 29: -Ia). Figure 29: shows the real correlations between 

the axes a1, a2 and a3, for 12812 particles (grey bullets). The red bullets present an example of 

generated axes values for 15000 particles when a1/a2 are generated according to a single Kernel 
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distribution defined on the entire a1 zone (the same approach was performed in (Kabbej M. et al. 

2021), see Chapter IV). The blue bullets present an example of generated axes values for 15000 

particles where a1/a2 is generated according to four Kernel distribution defined in four separate 

zones of a1. It is clear that the real correlations between a1, a2 and a3 (grey bullets) are well 

described in the case where a1/a2 is generated in four separate zones of a1 (blue bullets) contrary 

to the case where a1/a2 is generated on the entire a1 zone (red bullets). As shown in Figure 29: , 

the preservation of the correlation between a1 & a2 (column a) and a2 & a3 (column b) tends to 

also preserve the correlation between a1 & a3 (column c). Figure 30 presents the comparison 

between the experimental distribution and the fitted truncated Kernel distribution for the axis a1 

(a) and a2/a3 (c). The same comparison is performed for a1/a2 (b) in the zone a1  20 µm (b-1); 20 

< a1  40 µm (b-2); 40 < a1  60 µm (b-3) and a1 > 60 µm (b-4). 
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Figure 29: Scatter plots of axes a1 > a2 > a3 of ellipsoid-shaped particles from three different 

sources: (grey bullets) values from 12812 particles analysed in a X-ray tomographic image, (red 

bullets) values from 15000 generated particles considering a single Kernel distribution for the ratio 

/ , (blue bullets) values from 15000 generated particles considering four Kernel distribution 

for the ratio / , defined in four intervals for  described by dashed red lines in I-a. The 

correlations between a1 and a2 (column a), a2 and a3 (column b) and  a1 and a3 (column c) are 

presented. 
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Figure 30:  Comparison between the experimental distribution and the fitted truncated Kernel 

distribution for (a)  and (c) /  obtained from 12812 particles. Comparison between 

experimental distribution and the fitted truncated Kernel distribution for /  in the zone (b-1) 

20 µ   (b-2)  20 40 µ  (b-3)  40  60 µ  and (b-4) 60 µ ) obtained 

from 10945, 1596, 219 and 52 particles, respectively 
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The particles number in the composites for different particles volume fraction and different 

particles morphology are reported in Table 14. In this table, the values in the brackets present 

the sizes of the homogeneous particles (i.e. the diameter for spheres and the axes length for 

ellipsoids). Examples of 3D bi-phasic structures of different filler content 2.96 6.06

12.67 19.91 % /  corresponding to all cases of particles morphology are showed in Figure 31:   

 

For the same filler content, the homogeneous particles in Sph-hom-N and Ell-hom-N cases have a 

larger size (e.g. diameters for spheres and axes length for ellipsoids) than in Sph-hom-size and Ell-

hom-size cases since the particles number in Sph-hom-N and Ell-hom-N cases is lower than Sph-

hom-size and Ell-hom-size cases (Table 14). It is worth remembering that the size distribution, in 

number, used to produce the structures in Sph-het case (resp. Ell-het) is fitted on the experimental 

size distribution. Consequently, the number of particles in Sph-het case (resp. Ell-het), and so in 

Sph-hom-N case (resp. Ell-hom-N) are closer to the reality compared to Sph-hom-size case (resp. 

Ell-hom-size). 
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Table 14: Particles number for composites of different filler content and for different cases of 

particles morphology. The sizes of the particles were mentioned in brackets (i.e. the diameter d 

for spheroidal particles and the three axes a1, a2 and a3 for ellipsoidal particles) 

Particles 

volume 

fraction 

(%v/v) 

Sph-hom-size 

(d=6.87µm) 

Ell-hom-size 

(a1=11.57µm) 

(a2=6.83µm) 

(a3=4.35µm) 

Sph-het* Ell-het* Sph-hom-N Ell-hom-N 

2.96 44 41 28.04±9.69 26.32±9.77 
28 

(d=7.96µm) 

26 

(a1=13.49µm) 

(a2=7.96µm) 

(a3=5.07µm) 

6.06 89 84 43.01±14.59 37.36±12.62 
43 

(d=8.76µm) 

37 

(a1=15.22µm) 

(a2=8.98µm) 

(a3=5.72µm) 

12.67 186 176 76.90±19.17 63.34±18.9 
77 

(d=9.23µm) 

63 

(a1=16.30µm) 

(a2=9.61µm) 

(a3=6.12µm) 

19.91 293 277 113.23±25.01 93.66±24.87 
113 

(d=9.44µm) 

94 

(a1=16.59µm) 

(a2=9.78µm) 

(a3=6.23µm) 

*For Sph-het and Ell-het, the mentioned particles number corresponds to the average of 

particles number counted on 200 3D generated structures 
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About 10 bi-phasic and 10 tri-phasic structures for each particles volume fraction 2.96

6.06 12.67 19.91 % / , case of particles morphology and interphase thickness (  = 0, 1, 2 

µm) are used for simulation. For more precision, the exact numbers of these structures are reported 

in Table 15. 

 

For each particles volume fraction, case of particles morphology and interphase thickness, the 

mean of relative permeability (ratio between the composite and matrix permeability) is evaluated 

according to the number of used structures (from one structure to the total number of structures 

available for each case). In supplementary material, we showed the results corresponding to the 

composite of 19.91 % /  with size-heterogeneous ellipsoidal particles (Ell-het case) with 

three cases of interphase thicknesses (ei = 0, 1, 2 µm) (Figures S3.1-S3.3). It is important to note 

that the composite of highest filler content 19.91 % /  with size-heterogeneous ellipsoidal 

particles (Ell-het case) contains the most variability in the structure.  

 

The results revealed that the mean of permeability stabilizes globally by using about 10 structures 

and this concerns both the bi-phasic and tri-phasic structures as shown in Figures S3.1-S3.3 in 

supplementary material. Also, about 10 structures per case are required for obtaining acceptable 

numerical standard deviation on numerical relative permeability for bi-phasic structures (Figure 

S3.1) as also shown in our previous work in chapter IV (Kabbej M. et al. 2021). The large values 

of the numerical standard deviations of relative permeabilities for tri-phasic structures (Figure 

S3.2 & S3.3) can be explained by the inavoidable presence of some few structures, presenting 

permeabilities very different from the average. The number of bi-phasic and tri-phasic structures 

per case used for our simulations (Table 15) are then sufficient to generate reliable results. 
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Table 15: Total number of generated structures (used for the upcoming simulations) of different 

filler content, different cases of particles morphology and different interphase thicknesses. The 

values in parenthesis represent the number of structures for each interphase thickness ei with the 

following order: (0 µm ; 1 µm ; 2 µm). 

Particles 

volume 

fraction 

(%v/v) 

Sph-hom-size Ell-hom-size Sph-het Ell-het Sph-hom-N Ell-hom-N 

2.96 (14 ; 15 ; 14) (15 ; 12 ; 14) (15 ; 16 ; 15) (33 ; 13 ; 13) (14 ; 16 ; 13) (15 ; 16 ; 15) 

6.06 (10 ; 11 ; 10) (11 ; 13 ; 11) (10 ; 10 ; 10) (11 ; 10 ; 10) (10 ; 10 ; 10) (11 ; 14 ; 10) 

12.67 (11 ; 10 ; 11) (10 ; 13 ; 10) (11 ; 10 ; 10) (10 ; 10 ; 10) (10 ; 10 ; 10) (10 ; 10 ; 10) 

19.91 (12 ; 10 ; 11) (10 ; 10 ; 9) (12 ; 10 ; 10) (14 ; 10 ;10) (9 ; 10 ; 11) (11 ; 10 ; 10) 
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Figure 31:  Examples of 3D composite structures 50 50 100 µ  of six different cases of 

particles morphology (tri-phasic system of 2 µ ) generated for particles volume fraction 

corresponding to true composite materials ( 2.96 6.06 12.67 19.91 % / ).  

 

3.3. Simulations of bi-phasic and tri-phasic models 

3.3.1. Selection of mesh and RVE size 

 

The influence of the mesh size on the numerical accuracy of the solution was investigated 

before starting the main further simulations. Preliminary simulations performed on 40 bi-phasic 

structures, i.e. 10 structures for each composite ( 2.96 6.06 12.67 19.91 % / ) of RVE 
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size of 50 50 100 µm  with heterogeneous ellipsoidal particles, revealed that globally the best 

convergence of solutions was obtained with the tetrahedral mesh element size of [0.15-3.5] µm 

(predefined in COMSOL). Indeed, the relative permeability stopped varying approximatively from 

the mesh element size of 0.15 3.5  µm (see Figures S4.1–S4.4 in Supplementary material). Also, 

some preliminary simulations on tri-phasic structures with heterogeneous ellipsoidal particles 

revealed that mesh element size of [0.15-3.5] µm is sufficient to obtain stable solutions. This mesh 

element size was then applied in all the further simulations 

 

The influence of the RVE size was investigated. For the present study, RVE thickness of 

100 µm was fixed which was consistent with the real material thickness represented. 

Preliminary simulations performed on about 100 structures with heterogeneous ellipsoidal particles 

and particles volume fraction of 2.96 % /  including bi-phasic 0 µ  and tri-phasic 

structures 2.5 µ  for RVE sizes  50 50 100 ;  100 100 100 ;  200 200

100 µm . The results revealed that the RVE size did not significantly impact the solution of 

permeability (see Figures S5.1 in Supplementary material). Therefore, a minimal RVE of 50

50 100 µm  was chosen for all further simulations permitting in addition to achieve reasonable 

computational time. 

 

3.3.2. Numerical Results  

a. Bi-phasic system 

 

The bi-phasic model was evaluated for the previously detailed six cases of particles morphology. 

Results were compared with experimental relative permeabilities /  and are presented in 

Figure 32.  

 

First, the bi-phasic approach was only able to reproduce the experimental relative permeabilities 

for some of the experimental filler volume fraction, 2.96 % /  and 12.67 % / . 

Simulations with the bi-phasic model showed a linear and slowly increasing trend which can not 
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be able to catch the inflexion experimentally observed between 12.67 % /  and 

19.91 % / . To explain this deviation, we need to integrate an interphase, third compartment 

with its own physical properties, at the interface matrix/particle, as proposed in the 3D numerical 

model of our previous work (Kabbej M. et al. 2021) and, for instance, in the 3D numerical model 

(with spherical particles) of Monsalve-Bravo and co-authors for predicting gas permeation in a 

mixed matrix membranes (Monsalve-Bravo G. M. et al. 2020). 

 

This unsatisfactory prediction of the experimental relative permeability, in the entire range of 

filler volume fraction considered, 0, 20  % / , could be expected since the same was 

observed with bi-phasic analytical models of permeability evaluated in chapter III and other 

numerical works as (Monsalve-Bravo G. M. et al. 2020). In addition, no effect of shape or size 

distribution of particles was observed in the studied range of filler volume fraction. Indeed, 

whatever the case tested, simulations of the bi-phasic model returned similar results as can be 

seen in Figure 32. 

 

Among the reasons that could explain these results, the aspect ratio (i.e. essential parameter 

differentiating the ellipsoid from the sphere) may be too small here to have an impact with bi-

phasic approach. This low elongation is about 2.6 which corresponds to the ellipsoidal particles 

mean aspect ratio (ratio between the largest axis a1 and the smallest axis a3). Moreover, it can be 

stated that size dispersion of particles may not be a crucial aspect, at least for a bi-phasic 

approach, as also observed with the 3D bi-phasic numerical approach (with spherical particles) of 

Monsalve-Bravo and co-authors for predicting gas permeation in a mixed matrix membranes 

(Monsalve-Bravo G. M. et al. 2020). This should be further investigated for particles with high 

elongation. 
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Figure 32: Comparison between experimental and numerical relative permeability /  

calculated using the bi-phasic model of the six cases of particles morphology. The numerical data 

in this figure correspond to the mean of the relative permeability of at least 10 structures. The 

dashed lines are used to guide the reader. 

 

b. Tri-phasic system 

 

This section presents the results obtained with the tri-phasic system applied to the six cases of 

particle morphology/size distribution. The third compartment, named interphase, is a thick 

interface between the filler and the polymer matrix. This interphase is characterized by its 

thickness   and diffusivity . Two different interphase thicknesses were considered, 

1 µ    2 µm . It is important to remind that the interface thickness was considered 

constant and independent of the particle volume. Thus, for each fixed , the volume ratio 

interphase/particle can be impacted by the particle morphology and the size distribution of the 

particles. The interphase thicknesses selected for our 3D model are consistent with the literature 

results of the experimental determination of the interphase thickness. Indeed, relevant thickness 

range of 0–2 µm was found in polymer matrix composites (Kim J.-K. et al. 2003).  
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b.1. Effect of shape and size distribution of particles on the permeability 

 

First simulations were performed with an arbitrary fixed interphase diffusivity 3.58

10  , an intermediate value between Dm and Dp, arbitrary taken as the mean of the 

matrix and particles diffusivity, with Di > Dm. Since the target is to obtain effective permeabilities 

higher than those of bi-phasic model to reach experimental permeabilities, that means that the 

interphase is more diffusive than the matrix (Di > Dm). However, we hypothesis that Di remains 

lower than Dp . It was shown in literature that to be consistent with a higher water transfer rate 

in the composite than in the neat matrix, with interphase thickness of several micrometers, Di 

would be 7 to 10 folds that of the bulk matrix. Indeed, Woo and Piggott have shown in case of 

interphase in the composite, that the interphase diffusion coefficient can be considered as 10 × D 

of bulk matrix (Woo M. et al. 1988) and Joliff and co-authors observed a Di  = 7 × Dm  in their 

work on epoxy resin/glass fibers composite (Joliff Y. et al. 2013). 

 

For this set of values for interphase thickness and diffusivity, the simulations of the tri-phasic 

model led to the relative permeability /  presented in Figure 33.  

The results showed that the presence of an interphase provided a good representation of the 

evolution of the experimental relative permeability as a function of particles volume fraction, 

contrary to the bi-phasic model (Figure 32). 
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Figure 33: Comparison between experimental and numerical relative permeability /  using 

the tri-phasic model, with an interphase thickness of (a) 1 µ , (b) 2 µ , for the six cases 

of particles morphology. Water vapor diffusivity in the interphase was arbitrary set to 3.58

10  , taken as the mean of diffusivities in matrix and fillers. The numerical data in this 

figure correspond to the mean of the relative permeability of at least 10 structures. The dashed 

lines are used to guide the reader. 
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The high permeability for the high experimental filler volume fraction, 19.91 % /  could be 

explained by the presence of percolation zones formed by the overlapped interphases where the 

migrant could diffuse totally from one side to the other side of the composite as illustrated in 

Figure 34. This figure present an example of 3D percolating structure of composite of 

19.91 % /  (Figure 34a-1) with size-heterogeneous ellipsoidal particles, and interphase of 

thickness ei = 2 µm. Indeed, this structure contains percolating volumetric path of interphase, 

showed by purple color (Figure 34c), overlapping the RVE upper and lower faces (Figure 34a-2). 

To support the presence of percolating interphase, an example of a 2D cross-sectional grayscale 

image of the 3D tomographic image of PP/cellulose composite of 27.89 % /  (40%wt in 

mass fraction) presenting all the real film thickness (195 µm) is presented in Figure S7.1 in 

supplementary material. Even if the discontinuous phase (white), representing the cellulose 

particles, did not appear very clear, we could observe the proximity between the particles and the 

important presence of aggregate that could be described as contact and/or overlapping between 

particles and/or interphase. Thus, the presence of an interphase and percolating interphase zones 

would not be aberrant for this type of bio-composite. 

 

Figure 34: An example of 3D percolating structure of composite of 19.91 % /  (a-1) with 

size-heterogeneous ellipsoidal particles (b) and interphase of thickness ei = 2 µm (c & d). The 

percolating interphase showed by purple color (a-1) represents a volumetric path (c) overlapping 

the RVE upper face and lower face (a-2). The remaining non-percolating interphase is represented 

in (d). 
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The highest permeabilities always corresponded to Sph-hom-size and Ell-hom-size cases (with 

spherical and ellipsoidal particles of homogeneous size respectively), and the lowest permeabilities 

always corresponded to Sph-het and Ell-het cases (with spherical and ellipsoidal particles of 

heterogeneous size respectively), either with 1 µ  (Figure 33a) or 2 µ  (Figure 33b). 

However, this effect was only significant for the highest filler volume fractions, 12.67 % /  

and 19.91 % / . 

 

To understand this behavior, the volume fraction of interphase  was numerically assessed for 

all these simulations (Figure 35). It was clearly observed that the highest volume fraction of 

interphase, , was obtained for Sph-hom-size and Ell-hom-size cases that corresponded to the 

highest relative permeabilities. Similar conclusions were obtained for Sph-het and Ell-het cases, 

lowest   and relative permeabilities, and Sph-hom-N and Ell-hom-N cases, intermediate  and 

relative permeabilities. The corresponding values of all data points in Figure 35 are reported in 

Table S6.1 in supplementary material. 
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Figure 35 : Evolution of the interphase volume fraction  increasing the particles volume 

fraction  for the six different cases of particles morphology (presented by symbols) and for two 

interphase thicknesses (presented by different lines): ei = 1 µm (dashed line) and ei = 2 µm (solid 

line). Each numerical data in this figure correspond to the mean of interphase volume fraction  

of at least 10 structures. The square symbols corresponding to Sph-hom-N and Ell-hom-N cases  

are superposed (for both ei = 1 µm and 2 µm). The corresponding values of all data points in this 

figure are reported in Table S6.1 in supplementary material. 

 

Generally, the higher the number of particles , the higher the volume fraction of the interphase 

 as shown in Figure S6.1 (supplementary material) that presents the correlation between the 

particles number  of each structure and the corresponding interphase volume fraction , 

parameters collected from about 500 tri-phasic structures representing all the six cases of particles 

morphology and the two interphase thicknesses 1 and 2 µ .  

It should be noted that the difference of the particles number between the structures of Sph-hom-

size case (resp. Ell-hom-size) and Sph-hom-N case (resp. Ell-hom-N) (see Table 14) contributed 

considerably to the difference in their  and permeability results (Figure 33), although Sph-hom-
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size and Sph-hom-N cases (resp. Ell-hom-size and Ell-hom-N) both considered size-homogeneous 

particles. The same observation is made for Sph-hom-size case (resp. Ell-hom-size) and Sph-hom-

N case (resp. Ell-hom-N) whose particles had different size distribution. 

  

As a conclusion, the particles number np plays a key role in the volume fraction of interphase, 

organization of the particles and the structure's appearance (especially on the interphase 

structure), and so in the relative permeability of the composite.  

 

However, comparison of Sph-het and Sph-hom-N cases (resp. Ell-het and Ell-hom-N), having, by 

construction, similar particle numbers (see Table 14), showed a significative difference of volume 

fraction of interphase (Figure 35) and permeability (Figure 33) which may be principally induced 

by the difference in size distribution of the particles (homogeneous size for the first and 

heterogeneous size for the second).  

 

Regarding the filler morphology, sphere vs ellipsoid, the results showed no or slight impact on the 

results (Figure 33 & 34) even if an increasing impact was observed when increasing the filler 

volume fraction and interphase thickness. However, this conclusion must be mitigated by the 

relatively low elongation of studied particles which is about 2.6 (value corresponded to the ratio 

between the largest axis a1 and the smallest axis a3 of the ellipsoidal particles).  

 

It should be noted that the random spatial dispersion in the structures also contribute to the 

increase of the variability of the interphase structure and then impact the resulting permeability 

(as a reminder, the simulations were performed with 10 random structures per particles 

morphology case, per  and per ei). 

All the aforementioned parameters (interphase volume fraction, particles number, particles size 

distribution, morphology and spatial distribution) had more marked and significant impact for 

the highest filler volume fractions, 12.67 % /  and 19.91 % / , and the highest 

interphase thickness, ei = 2 µm. 
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b.2. Effect of thickness and diffusivity of the interphase on the permeability 

 

In this section simulations of the tri-phasic model were performed for evaluating the influence on 

the permeability of several diffusivity  ranging from 10   to 10   for interphase 

thicknesses 1  and 2 µ . This parametric study was reduced to two cases of particles 

morphology, i.e. Ell-het and Sph-hom-N cases that correspond to size-heterogeneous ellipsoidal 

particles and size-homogeneous spherical particles respectively. Ell-het case was selected because 

it presents size-heterogeneous ellipsoidal particles whose shape, size distribution, orientation and 

number are closest to reality and to experimental observations. Sph-hom-N case was kept for this 

parametric study, because this case, of size-homogeneous particles, contains less structural 

parameters to define (i.e. only the particles number and a diameter) allowing to largely reduce 

the variability of the structure and to reduce the simulation time. 

 

With this analysis, we were interested in determining if the more complex case of Ell-het could 

return similar results as Sph-hom-N case and thus could be replaced by this latter, which is simpler 

to develop and less time consuming in terms of simulation. The next four figures presented the 

results of the numerical relative permeability for each composite ( 2.96 6.06 12.67

19.91 % / ) corresponding to two cases of particles morphology (i.e. size-homogeneous spheres 

and size-heterogeneous ellipsoids), as a function of the interphase diffusivity  and for different 

interphase thicknesses 1 and 2 µ  (Figure 36-39). 

 

All these figures demonstrated that the numerical relative permeability was positively correlated 

to  and . The effect of interphase thickness, , depended on the  value.  

For , i.e. characteristic of a poor adhesion of fillers and matrix, the presence of an 

interphase increases the permeabilizing effect of the composite (higher permeability compared to 

the bi-phasic model).  
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For , e.g. representative of hardening of the polymer close to the filler, the presence of 

an interphase increases the barrier effect of the composite (lower permeability compared to the 

bi-phasic model). 

As shown in Figure 36-39, the numerical relative permeability all passed through the experimental 

data in the  zone between 10  to 10   that confirmed that the tri-phasic model can 

predict correctly the experimental permeability with certain values of Di and ei. Although it is 

mathematically possible to arbitrarily modify Di and/or ei, so that the predictions and 

experimental data coincide, we do not have enough knowledge on the interphase structure and 

transfer properties to choose the right (Di, ei) approaching the reality. 

 

As shows in Figure 36 & 37, the relative permeability increased with  until it stabilized (plateau) 

for all structures of 2.96 and 6.06 % / . However, for higher filler content and 2 µ  

(for the two cases of particles morphology), one could observe an exponential increase of the 

relative permeability, as function of , for some structures (Figures 38-40 and Figures S8.1-S8.3 

in supplementary material). This could be explained by the presence of percolation zones formed 

by the overlapped interphases as illustrated in Figure 34. This result has been widely observed in 

the literature, as, for example, with the 3D tri-phasic model developed by Van Soestbergen and 

co-authors (van Soestbergen M. et al. 2021). Indeed, they observed that the effective diffusivity 

of moisture rose sharply when large clusters of the highly permeable interphase are developed. 

 

As can be seen in Figure 40, for size-distributed ellipsoid particles, even if percolation occurred for  

20% /   and/or 73, it was not possible to identifiate a percolation threshold for these 

parameters. Indeed, the spatial distribution played an important role which can lead to percolation 

even for relatively low values, see Figure 40 for 20.4% /  and/or 73 , and non 

percolation even for relatively high values, see Figure 40 for 25.2% /   and/or 102, 

and must be further investigated. 
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Figure 36: Evolution of the numerical relative permeability of the composite ( 2.96 % / , 

corresponding to two particles morphologies (i.e. homogeneous spheres and heterogeneous 

ellipsoids), as a function of the diffusivity of interphase and for different thicknesses of the 

interphase. The numerical results (symbols) correspond to the average of the relative permeability 

of at least 10 structures. Lines represent the experimental relative permeability for 

2.96 % / : solid line for mean value, dashed lines for mean ± standard deviation. 
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Figure 37: Evolution of the numerical relative permeability of the composite ( 6.06 % / , 

corresponding to two particles morphologies (i.e. homogeneous spheres and heterogeneous 

ellipsoids), as a function of the diffusivity of interphase and for different thicknesses of the 

interphase. The numerical results (symbols) correspond to the average of the relative permeability 

of at least 10 structures. Lines represent the experimental relative permeability for 

6.06 % / : solid line for mean value, dashed lines for mean ± standard deviation. 
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Figure 38: Evolution of the numerical relative permeability of the composite ( 12.67 % / , 

corresponding to two particles morphologies (i.e. homogeneous spheres and heterogeneous ellipsoids), 

as a function of the diffusivity of interphase and for different thicknesses of the interphase. The 

numerical results (symbols) correspond to the average of the relative permeability of at least 10 

structures. Lines represent the experimental relative permeability for 12.67 % / : solid line for 

mean value, dashed lines for mean ± standard deviation. The figure (b) is a zoomed view of figure 

(a). 
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Figure 39: Evolution of the numerical relative permeability of the composite ( 19.91 % / , 

corresponding to two particles morphologies (i.e. homogeneous spheres and heterogeneous ellipsoids), 

as a function of the diffusivity of interphase and for different thicknesses of the interphase. The 

numerical results (symbols) correspond to the average of the relative permeability of at least 10 

structures. Lines represent the experimental relative permeability for 19.91 % / : solid line for 

mean value, dashed lines for mean ± standard deviation. The figure (b) is a zoomed view of figure 

(a). 
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In terms of prediction, the two cases of particles morphology (Ell-het & Sph-hom-N) were 

relatively close for  lower or close to max ,  which covers all case from hardening of 

polymer at interface to poor adhesion between particles and polymer matrix. However, in terms 

of the comprehension, Sph-hom-N case of size-homogeneous spherical particles did not have the 

same percolation behavior as Ell-het case of size-heterogeneous ellipsoidal particles, especially for 

high filler content 19.91 % /  with thickness of 2 µ . Indeed, for 19.91 % /  

and 2 µ , Ell-het case of size-heterogeneous ellipsoidal particles presented both percolating 

and non-percolating structures (Figure 40), whereas Sph-hom-N case of size-homogeneous 

spherical particles always showed percolating structures (Figure S8.3 in supplementary material). 

See the equivalent figures for 12.67 % /  of 2 µ  in supplementary material (Figures 

S8.1 & S8.2). 

 

Thus, Sph-hom-N case of size-homogeneous spherical particles, globally presented more 

percolating structures (either for 12.67 or 19.91 % / ) than Ell-het case of size-

heterogeneous ellipsoidal particles. It could be explained by the fact that the interphases overlap 

more frequently in Sph-hom-N case (i.e. they are more likely to overlap in each generated random 

structure), thus creating percolating zones more frequently. This frequent overlapping of 

interphases in Sph-hom-N case compared to Ell-het case is due to the specific characteristic of the 

structures of Sph-hom-N case. Indeed, the latter presents structures with a higher number of 

particles and a larger particle size than Ell-het case (see Table 14), which enhances the occurrence 

of the interphase overlapping. Also, for size-heterogeneous ellipsoidal particles, the average 

distance between them is generally greater which reduces the occurrence of the interphase 

overlapping and therefore the percolation for Ell-het case.  

 

To summarize, the difference of percolation behavior between Ell-het case (size-heterogeneous 

ellipsoids) and Sph-hom-N case (size-homogeneous spheres), represented by the evolution of the 

permeability with , is mainly caused by the variability of the interphase structure (e.g. difference 

in interphase overlapping frequency,…) that is caused by the variability of the composites 
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structures (e.g. difference in particles number, distribution size particles, shape particles,…). 

Similar conclusion has been raised by some authors such as Joliff and co-authors that concluded 

that a simplified microstructure cannot be used to model water diffusion in their glass fiber/epoxy 

resin composites (Joliff Y. et al. 2013). For these authors, the numerical model must be based on 

a realistic microstructure which presents fiber contacts and a matrix/fiber interphase of water 

diffusivity higher than that of the neat matrix.   

 

As a conclusion, it seems preferable to consider the most complex case of Ell-het, that considers 

size-heterogeneous ellipsoids, to model the water vapor transfer into the bio-composites considered. 

Indeed, only Ell-het case approach permits to well construe all the complexity of the interphase 

zone and its role in the overall mass transfer. 

 

 

Figure 40: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of 19.91 % /  with heterogeneous ellipsoidal 

particles and 2 µ : Comparison between experimental and numerical results. The numerical 

results correspond to the relative permeability of 10 structures.  and  are the interphase 

volume fraction and the number of particles respectively. The mean of the interphase volume 

fraction is  16.08±2.66 %v/v. The solid lines are used to guide the reader. 
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4. Conclusions 

 

In this paper, a 3D tri-phasic modelling approach was proposed in order to predict water vapor 

permeability in micro-composite (PP matrix/cellulose particles) and to improve understanding of 

structure/material transfer relationships in bio-composite materials containing permeable 

particles.  

 

Six cases of particles morphology considering spherical and ellipsoidal particles of homogeneous 

and heterogeneous sizes for different true composites of 2.96 6.06 12.67 19.91 % /  

were considered for numerical simulations.  

 

The  results revealed that the interphase was essential to correctly predict the macroscopic relative 

permeability for the studied composite. In the bi-phasic system, the geometry and the size 

distribution of particles have no effect on the permeability. In the tri-phasic system they proved 

to be very important where the role of the interphase compartment is conditioned by the 

intersection, or agglomeration, of interphases, agglomeration which itself strongly depends on the 

particle size distribution and to a lesser extent on the morphology.  

 

The numerical exploration has permitted to emphasize the impact of the interphase percolation. 

This percolation is all the more recurrent in the cases considering particles of the same size, which 

suggests that simplifying the structure tends to overestimate this interphase effect. For a good 

representation of interphase and interphase percolation, it is therefore important to take into 

account the real size distribution of the particles observed experimentally. 
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5. Supplementary Materials 

S1. Organizational chart summarizing the 3D structure generation algorithm 

  

Figure S1.1: Numerical process to generate the 3D microstructure of the RVE performed in 

MATLAB 



Chapter V. From 3D real structure to 3D modelled structure: modelling water vapor transfer in 

polypropylene/cellulose composite 

 

217 

S2. Comparison between experimental distribution and the fitted truncated Kernel 

distribution model for some particles parameters 

  

Figure S2.1: Comparison between experimental distribution and the fitted truncated Kernel 

distribution for diameter d (corresponding to spheres volumes equal to real particles volumes) 

obtained from 12812 particles. 

  

Figure S2.2: Comparison between experimental distribution and the fitted truncated Kernel 

distribution for (a) roll angle  (b) elevation angle  and (c) azimuth angle  obtained from 12812 

particles. 
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S3. Effect of the structures number on the numerical relative permeability of water vapor  

 

In each graph of the following figures, the mean of relative permeability is calculated by increasing the number of used structures from 

1 to the total number of available structures, depending on structures order that is different (randomly shuffled) between the different 

graphs. 
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Figure S3.1: Evolution of the numerical relative permeability of water vapor as a function of the number of the used structures for 

the bi-phasic composite of 19.91  % /  with size-heterogeneous ellipsoidal particles (Ell-het case).  
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Figure S3.2: Evolution of the numerical relative permeability of water vapor as a function of the number of the used structures for 

the tri-phasic composite of  19.91  % /  with size-heterogeneous ellipsoidal particles and interphase thickness of ei = 1 µm (Ell-

het case).   
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Figure S3.3: Evolution of the numerical relative permeability of water vapor as a function of the number of the used structures for 

the tri-phasic composite of  19.91  % /  with size-heterogeneous ellipsoidal particles and interphase thickness of ei = 2 µm (Ell-

het case).   
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S4. Evolution of the numerical relative permeability of water vapor as a function of 

the mesh element size for the bi-phasic model with size-heterogeneous ellipsoidal 

particles (Ell-het case).   

 

In the following graphs, numerical results corresponding to some mesh element sizes are not 

available due to mesh errors encountered on some simulations. 

 

 

  

 

Figure S4.1: Evolution of the numerical relative permeability of water vapor as a function of the 

mesh element size for the composite of 2.96  % / . Mesh tests are performed with 10 

structures (each curve correspond to a structure).  
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Figure S4.2: Evolution of the numerical relative permeability of water vapor as a function of the 

mesh element size for the composite of  6.06 % / . Mesh tests are performed with 10 

structures (each curve correspond to a structure). 

 

  

Figure S4.3: Evolution of the numerical relative permeability of water vapor as a function of the 

mesh element size for the composite of 12.67 % / . Mesh tests are performed with 10 

structures (each curve correspond to a structure). 
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Figure S4.4: Evolution of the numerical relative permeability of water vapor as a function of the 

mesh element size for the composite of  19.91 % / . Mesh tests are performed with 10 

structures (each curve correspond to a structure). 
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S5. Evolution of the numerical relative permeability of water vapor as a function of 

the RVE size for the bi-phasic and tri-phasic model for the composite 

of  .  % /  with size-heterogeneous ellipsoidal particles (Ell-het case).   

 

  

Figure S5.1: Evolution of the numerical permeability of water vapor as a function of the RVE 

size for the composite with size-heterogeneous ellipsoidal particles of  2.96 % /  for the bi-

phasic  0 µ  and tri-phasic model  2.5 µ . RVE size tests are performed with 50 

structures for  0 µ  and 36 structures for  2.5 µ  
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S6. Evolution of the interphase volume fraction depending of particles volume 

fraction and the particles number of the structures 

 

Table S6.1: Interphase volume fraction corresponding to different filler content , different 

cases of particles morphology and different interphase thicknesses. The values in the 1st line and 

2nd line correspond to the structures with interphase thickness of ei = 1 µm and ei = 2 µm 

respectively. 

 

Particles 

volume 

fraction 

(%v/v) 

Sph-hom-size  Ell-hom-size  Sph-het Ell-het Sph-hom-N Ell-hom-N 

2.96 
3.37±0.0033 

8.52±0.058 

3.54±0.0055 

8.87±0.043 

2.17±0.40 

5.45±1.088 

2.17±0.37 

5.49±0.96 

2.81±0.0028 

6.84±0.040 

2.94±0.0032 

7.17±0.040 

6.06 
6.82±0.0076 

16.97±0.061 

7.25±0.019 

17.89±0.10 

3.83±0.87 

8.92±2.24 

3.62±0.56 

8.28±1.34 

5.12±0.0079 

12.18±0.059 

5.20±0.0064 

12.36±0.051 

12.67 
14.24±0.021 

33.95±0.17 

15.14±0.017 

35.82±0.14 

7.40±0.65 

17.76±1.36 

6.92±1.24 

16.08±2.66 

10.05±0.0098 

23.33±0.051 

10.02±0.0074 

23.24±0.16 

19.91 
22.34±0.039 

49.54±0.24 

23.66±0.035 

51.97±0.24 

11.75±1.71 

26.57±3.68 

11.13±2.16 

24.92±4.05 

15.34±0.017 

34.60±0.17 

15.41±0.012 

34.51±0.095 
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Figure S6.1:  Each point represents the couple of particles number  and the corresponding 

interphase volume fraction  of a tri-phasic structure , . These points represent about 500 

tri-phasic structures including the six cases of particles morphology, the four particles volume 

fraction  2.96 6.06 12.67 19.91 % /  and two interphase thickness i.e. ei = 1 µm 

(green bullets) and ei = 2 µm (red bullets). 
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S7. Example of a 2D cut of the 3D tomographic image of PP/cellulose of 

.  % /  (40%wt in mass fraction) 

  

Figure S7.1: Example of a 2D cut of the 3D tomographic image of PP/cellulose composite of 

27.89 % /  (40%wt in mass fraction) presenting all the real film thickness of 195 µm 

(vertical length in the image). 
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S8. Evolution of the numerical relative permeability of water vapor as a function of 

the diffusivity of the interphase 

 

  

Figure S8.1: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of 12.67 % /  with heterogeneous ellipsoidal 

particles and 2 µ : Comparison between experimental and numerical results. The numerical 

results correspond to the relative permeability of 10 structures.  and  are the interphase 

volume fraction and the number of particles respectively. The mean of the interphase volume 

fraction is  16.08±2.66 %v/v. The solid lines are used to guide the reader. 
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Figure S8.2: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of 12.67 % /  with homogeneous spherical 

particles and 2 µ : Comparison between experimental and numerical results. The numerical 

results correspond to the relative permeability of 10 structures. The number of particles  and 

the interphase volume fraction  of these structures are 77 and 23.33 ± 0.051 %v/v  respectively. 

The solid lines are used to guide the reader. 
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Figure S8.3: Evolution of the numerical relative permeability of water vapor as a function of the 

diffusivity of the interphase for the composite of 19.91 % /  with homogeneous spherical 

particles and 2 µ : Comparison between experimental and numerical results. The numerical 

results correspond to the relative permeability of 10 structures. The number of particles  and 

the interphase volume fraction  of these structures are 113 and 34.60 ± 0.17 %v/v respectively. 

The solid lines are used to guide the reader.  

 

Appendix A 

The Tait-Bryan angles , ,  collected from ImageJ (MorphoLibj plugin) represent the 

rotation of ellipsoidal particle as principal rotations about the space-fixed principal axes, namely 

the x, y and z axes (z-y-x rotation convention). The first rotation is by roll angle  about the x-

axis. The second is by elevation angle  about the y-axis. The third is by azimuth angle  about 

the z-axis. These three successive rotations around the original axes are represented by multiplying 

the three elementary rotation matrices , ,  in this order. The obtained 

global rotation matrix is expressed as follows: 

, ,

  
  

 
 Eq. A1 
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For subsequent needs, the matrix Eq. A1 can be represented as follows:  

, ,
 

                                                          Eq. A2 

It should be noted that the variation intervals of the angles ,  and  used by MorphoLibJ plugin 

are 180°, 180° , 90°, 90°  and 180°, 180°  respectively. 

 

The classical Euler angles , ,  used in Comsol represent the rotation of ellipsoidal 

particle as principal rotations about the space-fixed principal axes, namely the x and z axes (z-x-

z rotation convention). The first rotation is by intrinsic angle  about the z-axis. The second is 

by nutation angle  about the x-axis. The third is by precession angle  about the z-axis. These 

three successive rotations around the original axes are represented by multiplying the three 

elementary rotation matrices , ,   in this order. The obtained global 

rotation matrix is expressed as follows: 

, ,  Eq. A3 

It should be noted that the variation intervals of the angles ,  and  used in Comsol are 

180°, 180° , 90°, 90°  and 180°, 180°  respectively. 

Matching the elements of the matrix , ,  (Eq. A3) to those of , ,  (Eq. A2) that are known, 

the classical Euler angles , ,  are identified (see also Table 1 in page 19 of the reference of 

Berner P. 2008): 

If 1: 

2 ,

2 ,
                                             Eq. A4 

If 1: 

 

   
0

2 ,  
                                         Eq. A5 
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If 1: 

   

2 ,  
                                         Eq. A6 

 

where arctan2(y,x) is the arc tangent function of the ratio between the two variables y and x that 

extends the arc tangent function to the all four quadrants. The function arctan2 is available in 

most programming languages. For more detail about this conversion, see the reference of (Berner 

P. 2008). 
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Chapter VI. Comparison of 2D and 3D numerical models for predicting water 

vapor permeability in composite 

 

The present chapter addresses the question of the simplification of FEM 3D models into simpler 

2D models. The question is not trivial. Indeed, the FEM 3D approaches developed in the previous 

chapters highlighted the importance to consider the heterogeneous particle size distribution for a 

good representation of the interphase percolation. Would it be possible to keep this information 

in 2D structures and to well represent the macroscopic transfer in case of tri-phasic systems with 

percolating interphase? 

 

The present chapter is the draft of a future publication to be submitted in journal of “Composites 

Part B: Engineering” 
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Abstract. In this paper, 3D and 2D modelling approaches for permeation of water vapor in a tri-

phasic composite, i.e. particles-interphase-matrix, were compared. Both models were based on 

FEM and applied on different generated micro-structures. The 3D FEM model, developed and 

validated in a previous work, was considered as the reference model. The aim was to explore the 

potentiality of using some simplified 2D models as replacement for the reference model, without 

losing accuracy on prediction of water vapor permeability. For that, 2D tri-phasic structures, 

containing interphase at matrix/particle interface region, were generated considering four different 

particles geometries and size distributions, i.e. size-heterogeneous and size-homogeneous disks and 

ellipses. The relative permeability (permeability ratio between the composite and matrix, Pc/Pm) 

calculated from the 2D FEM model of generated structures always underestimate Pc/Pm (in 

particular, for high filler content) predicted by the 3D FEM model applied on structures with 

different geometry and size distribution (spherical and ellipsoidal particles of homogeneous and 

heterogeneous sizes). This is explained by an underestimation of the interphase surface fraction 

,  of 2D structures compared to the interphase volume fraction ,  of 3D structures, that have 

the same interphase thickness of ei = 2µm and the surface ,  and volume ,  fraction of 

particles are identical , , . Nevertheless, increasing the interphase thickness to satisfy this 

relationship , ,  does not improve the permeability prediction of the 2D model. The 

underestimation obtained by the 2D model is caused by a degradation of the information 

concerning the potential percolation in the interphase compartment.  

 

Keywords: 3D numerical modelling; tri-phasic model; interphase; particles morphology; 

percolation; Finite Element Method; water vapor permeability; composite; 2D cuts;  
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1. Introduction 

 

Our previous works (chapter IV & V) showed that the microstructure is of great importance when 

aiming at predicting the water vapor permeability in bio-composites. These previous works have 

highlighted that the heterogeneous particle size distribution needs to be considered especially for 

high filler content when interphase is connected leading to percolation phenomenon. FEM 2D 

approaches of the literature were proved to be efficient to represent bi-phasic system without 

interphase, or tri-phasic system with homogeneous particle size. Combination of heterogeneous 

distribution with predominant role of connected interphase was never really explored. Comparison 

of 3D and 2D approaches for a same composite with those conditions was never performed either. 

This simplification approach is motivated by (i) the difficulty to obtain 3D information, 

representative of the composite material (image acquisition more expensive in 3D tomography 

than in 2D microscopy) and by (ii) the desire to reduce the calculation time of simulation for use 

in decision support applications, for example. 

 

The objective of the present paper is thus to evaluate the possibility to use some simplified 2D 

model as replacement for a reference 3D model, without losing accuracy on prediction of water 

vapor permeability. These two model approaches were applied on the composite PP/cellulose 

(Thoury-Monbrun V. 2018). For that, 2D tri-phasic structures, presenting interphase at 

matrix/particle interface region, were generated considering four different particles geometries and 

size distributions, i.e. discs and ellipses of homogeneous and heterogeneous sizes. The relative 

permeability (ratio of composite permeability to matrix permeability, Pc/Pm) of the 2D tri-phasic 

model of generated structures was evaluated and compared with those of the 3D tri-phasic model 

applied on structures with different geometry and size distribution (spherical and ellipsoidal 

particles of homogeneous and heterogeneous sizes). To well understand and interpret our results, 

simulations were also performed on 2D vertical cuts of the reference 3D structures. The impact of 

particles shape and size distribution on the permeability was investigated and the percolation 

phenomenon was discussed at length. 
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2. Materials and Methods 

2.1. Experimental case study 

 

Parameters required for model simulations were taken from a real case study of water vapor 

permeability for a polypropylene(PP)-cellulose composite (Thoury-Monbrun V. 2018). The 

effective moisture diffusivity D [m2·s-1] in PP matrix and in cellulose particle are      

(1.32±0.33)×10-12 and (5.84±1.37)×10-12 [m2·s-1] respectively (Thoury-Monbrun V. 2018). The 

boundary conditions correspond to the classical ones for water vapor transfer measurement, i.e. 

dry air (RH =0%) on one side and saturated humid air (RH=100%) on the other side. At 20°C, 

it leads to concentration of water vapor of 0 and 161.08 [mol·m-3] respectively. Water vapor 

partition coefficient K between PP matrix and cellulose particles is K = 137.77 at 20°C (calculated 

in our previous work in chapter V).  

 

2.2. COMSOL model and numerical simulations 

 

The 2D boundary value problem of diffusion was solved by using the powerful numerical Finite 

Element Method (FEM) using COMSOL Multiphysics 5.5 software. For the discretization of the 

composite geometry, an unstructured mesh consisting of tetrahedral elements was used. For mass 

diffusion simulation, the “Transport of Diluted Species” physics interface of the “Chemical 

Reaction Engineering” module was used which already integrates the 2nd Fick's law equation. To 

support the complex geometry (especially for tri-phasic structures) and avoid as much as possible 

geometry and mesh errors, the COMSOL CAD Import module was used. The simulations were 

performed in DELL computer with Intel Xeon E-2176M Processor (2.7 GHz) and 32 Gb of Ram. 

The entire computational procedure (from structure generation to simulation) was driven within 

the MATLAB environment and was partially automated via the COMSOL LiveLink for MATLAB 

module (from the step of importing geometry data into COMSOL to simulation). 
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2.3. Mathematical Modelling 

2.3.1. 3D tri-phasic model 

 

The 3D tri-phasic model described in chapter V was considered as the reference model. Four types 

of particles morphology were considered: size-distributed populations of spheres or ellipsoids, 

corresponding respectively to Sph-het and Ell-het cases in chapter V, and size-homogeneous 

populations of spheres or ellipsoids that preserved the particle number from the size-heterogeneous 

cases, corresponding respectively to Sph-hom-N and Ell-hom-N cases in chapter V. 

 

2.3.2. 2D tri-phasic model 

Structure Generation 

 

The composite structure is generated in a square shaped two-dimensional representative volume 

element (RVE) defined by , 0, 0, , where y is the overall diffusion direction. The 

2D RVE is supposed periodic along its vertical edges, to represent an infinite repetitive structure 

along  axis. In the present work, the particles are considered either discs or ellipses. The ellipses 

are characterized by the two sizes  and , corresponding to the major and minor axis, 

respectively  while the discs are characterized by the diameter d (Figure 41). 

  

Figure 41:  Modelling a particle as (a) an ellipse in 2D space; : major axis,   : minor axis 

and : orientation angle and (b) a disc characterized by the diameter d. 
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Structure generation required the RVE size and the particles surface fraction ,  as inputs. First, 

geometric parameters of the particles are generated whose steps differs between the case of size-

homogeneous and size-heterogeneous particles. 

 

For a population of size-homogeneous particles, the particles are generated successively until a 

target particle number Np,target is reached. This latter, corresponding to a target particles surface 

fraction , , depends on the surface of a single particle, and so on the other hypotheses on 

morphology and size of particles. The target particles number ,  is used as stop criterion 

for the particles generation. 

 

For a size-heterogeneous particles, the geometric parameters of particles are randomly (non-

uniform distribution) generated until the target surface fraction of particles is reached, using the 

stop criterion , , , 0.05 % / . 

 

Second, these particles are sequentially positioned and oriented in the periodic 2D RVE following 

the steps below.  

 

Step 1. The particles position (i.e. center coordinates , ) is randomly generated using uniform 

distribution. Note that the particles of heterogeneous size are positioned by decreasing the 

diameter (discs) or the major axis  (ellipses). At the same time, for the structures with elliptical 

particles, the orientation angles  is randomly generated using non-uniform distribution.  

 

Step 2. The non-overlapping of the particle with the horizontal edges of the 2D RVE ( 0 and 

 ) and with the existing particles is tested.  

If the non-overlapping tests were successful, the particle was added to the structure and then the 

next particle is considered for steps 1–2. If at least one of non-overlapping condition was not 

satisfied, then a new position was drawn, orientation being unchanged, and step 2 was performed 

again on the updated particle. This last sequence was repeated until the particle was added to the 

structure.  
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It should be noted that if a particle intercepted one of the vertical edges of the RVE then, the 

particle section outside from the RVE was shifted to the opposite edge, in order to ensure the 

periodicity of the RVE (Figure 42).  

 

Step 3. Adding interphase. The tri-phasic composite structure is built by considering an 

interphase of fixed thickness around each particle of the already generated bi-phasic structures. 

The interphase surface is thus different for each particle keeping constant the initial particle 

surface. For the interphase compartment, the periodicity at vertical edges of the RVE still applies. 

In the case where the interphase intercepting the upper (resp. lower) edge of the RVE, the 

interphase intercept with the exterior of the RVE is removed. 

 

A homemade MATLAB code has been developed for generating our 2D random structures. 

Particles are dispersed randomly within a periodic 2D RVE and can be either non-overlapping 

discs or ellipses, either homogeneously or heterogeneously distributed in size, with different 

orientation (for ellipses). 

 

Governing Equations 

 

Mass transfer in the micro-composite is described by Fick’s second law of diffusion in both the 

matrix , the particle  and the interphase  surface domains for the tri-phasic system 

(Figure 42). In stationary regime and in the absence of mass source, this law is expressed by the 

following partial differential: 

0 Eq. 84 

where 

, ,  in , ,  Eq. 85 

where ,  and  m s  are the diffusivity coefficient in the matrix, the particle and the 

interphase surface domains respectively and they are considered constant (not 

concentration/temperature/time dependent). The index k stands for the surface domain 

considered, matrix (m), particle (p) or interphase (i). ,  and  are thus the molar surface flux 
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vector mol m s  depending on ,  and  mol m  that are the concentration of the 

water vapor in the matrix, the particle and the interphase surface domain respectively. 

 

Boundary Conditions  

 

Periodic boundary conditions were imposed on the vertical side boundaries of the RVE, which 

consist to impose equality of concentration and flux on the so-called (source) and (destination) 

boundaries (Figure 42). The periodic boundary conditions allowed simulating an infinite repetitive 

structure.  

 

Particles surface domain is assumed to not overlap the upper and lower edges of the RVE while 

the interphase surface domain could overlap these edges. The condition at the upper and lower 

edge is applied differently depending on whether the polymer or interphase is in contact with these 

edges. Constant concentrations were imposed on the upper edge , , ,  and the lower 

edge , , ,  of the matrix and interphase (Eq. 86 & 87 & Figure 42): 

0   at  ,   and  ,  Eq. 86 

 0  at ,  and  ,  Eq. 87  

By simplification (and lack of knowledge), we consider that the interphase has the same sorption 

properties than the polymer matrix. Then, same constant concentrations are applied in the matrix 

, , ,  and interphase , , ,  regions of the upper and lower edge of the 

RVE of the model (Figure 42). 

Since the interphase is assimilated to the matrix of altered diffusivity, continuity of concentration 

is applied at the matrix-interphase boundary , : 

c  at ,   Eq. 88 

At the interphase-particle boundary , , there are discontinuities in the concentration profile 

. In that respect, interphase and particle concentrations are considered linearly dependent at 

the interphase-particle boundary ,  by the dimensionless partition coefficient / . To get 
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continuous flux at the matrix-particle boundary , , a special type of boundary condition using 

the stiff-spring method (COMSOL Multiphysics 2008) was applied: 

 

  at /     Eq. 89 

 c  at /     Eq. 90 

 

where M is a (non-physical) velocity m s  large enough to let the concentration differences in 

the brackets approach zero, thereby satisfying / . This boundary condition gives a 

continuous flux across the boundaries provided that M is sufficiently large. In all simulations M 

was taken equal to 1000 . . 

 

Figure 42:  Representation of the RVE showing the boundaries conditions at the four composite 

edges and the boundaries conditions at the matrix-interphase and interphase-particle boundaries. 

 

Effective Permeability Evaluation 

 

The solution of the boundary value problem yielded the molar concentration field 

,  mol m s   and the molar surface flux vector ,  mol m s   of the 

permeating specie at the discretization points of each surface domain   , , . The molar 
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flux   [mol s  (along y-axis) across the upper , middle /2  and lower 

0  edges was calculated by: 

y  ,  Eq. 91 

where   is the linear molar flux (along y-axis) at the discretization points. Then, the effective 

permeability mol. m. m . s . Pa   of the micro-composite was finally given by:  

 0
 Eq. 92 

 

where  is the length of the edges m ,  is the RVE thickness m ,  and  are the 

water vapor pressure Pa  imposed on the upper  and the lower 0  faces of the RVE 

respectively and  is the molar flux [mol s . 

 

3. Results and Discussion 

3.1. Generation of 2D tri-phasic structures 

 

Four cases of particles morphology were considered to generate our 2D tri-phasic structures 

 

D-het. Generated particles are size-heterogeneous discs, whose diameter  are randomly drawn, 

following a truncated Kernel distribution. This distribution was fitted to the real distribution of 

the diameters of the equivalent spheres, in volume, of the real particles (see Figure S2.1 in 

supplementary material of Chapter V). 

 

E-het. Generated particles are size-heterogeneous ellipses, whose axes a1 and a2 are obtained from 

descriptors of 3D ellipsoid particles, which are themselves derived from image analysis of x-

Tomography image. In details, selection of values for axes a1 and a2 is a 2 steps method: 

(1) an ellipsoidal particle is generated by randomly drawing the largest axis a1,i, the axes ratios 

a1,i/a2,i and a2,i/a3,i according to the truncated Kernel distributions fitted to their real distributions 
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of 3D particles, obtained by image analysis on a x-Tomography image, which are detailed in the 

chapter V.  

(2) from this particle, characterized by the triplet (a1’, a2’, a3’), two values are kept to define the 

ellipse section to consider for the 2D model. A random draw (according to Bernoulli's law with a 

probability of 1/3) among (a1’, a2’), (a2’, a3’) and (a2’, a3’) to be assigned to the ellipse axes (a1, 

a2).  

 

D-hom. Generated particles are discs of same surface Sp and same diameter d. The number of 

particles Np is preserved, i.e. kept similar to the number of disc particles in D-het. To be precise, 

Np is taken as the nearest integer to the average of the particles number obtained on a total of 

200 generated structures of the D-het case. d is then easily calculated from the number of particles 

Np and the target surface fraction of particles. 

 

E-hom. Generated particles are ellipses of same surface Sp and same axes (a1, a2). The number of 

particles Np is preserved from E-het, taken as the nearest integer to the average of the particles 

number obtained on a total of 200 generated structures of E-het case. The surface of a single 

ellipse Sp is then deduced from the total surface of ellipses and the particle number Np. In order 

to define a unique set of axes (a1, a2), the elongation factor  was taken equal to the average 

elongation obtained from particles of 200 E-het generated structures. 

Twenty 2D tri-phasic structures with ei = 2 µm for each particles surface fraction , 2.96

6.06 12.67 19.91 % /  and each case of particles morphology (i.e. D-het, E-het, D-hom and 

E-hom cases) are used for simulation.  

 

The particles number obtained for the whole set of 2D generated structures are reported in Table 

16, for each particles surface fraction and particle morphology. In this table, the values in the 

brackets present the sizes of the size-homogeneous particles (i.e. the diameter for discs and the 

axes length for ellipses). Examples of 2D tri-phasic generated structures 50 100 µm  of four 

different cases of particles morphology generated for particles surface fraction corresponding to 

2.96 6.06 12.67 19.91 % /  and ei = 2 µm are showed in Figure 43. 
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Table 16: Particles number in the RVE of composites of different filler content and for different 

cases of particles morphology. The sizes of the particles were mentioned in brackets (i.e. the 

diameter d for disc particles and the axes a1 and a2 for elliptical particles) 

Particles 

surface 

fraction 

(%s/s) 

D-het case* 

 

E-het case* 

 

D-hom case 

 

E-hom case 

 

2.96 
6.49 ± 2.51 

(d=4.90 ± 2.27 µm) 

7.75 ± 2.75 

(a1=5.82 ± 3.45 µm) 

(a2=3.33 ± 1.94 µm) 

6 

(d=5.61 µm) 

8 

(a1=6.42 µm) 

(a2=3.67 µm) 

6.06 
9.32 ± 3.15 

(d=5.65 ± 3.09 µm) 

10.71 ± 3.79 

(a1=6.89 ± 4.54 µm) 

(a2=3.95 ± 2.54 µm) 

9 

(d=6.54 µm) 

11 

(a1=7.81 µm) 

(a2=4.49 µm) 

12.67 
15.72 ± 4.80 

(d=6.13 ± 3.72 µm) 

15.36 ± 5.42 

(a1=7.93 ± 6.03 µm) 

(a2=4.57 ± 3.32 µm) 

16 

(d=7.10 µm) 

15 

(a1=9.66 µm) 

(a2=5.56 µm) 

19.91 
22.63 ± 5.91 

(d=6.39 ± 3.90 µm) 

20.57 ± 6.99 

(a1=8.48 ± 6.97 µm) 

(a2=4.82 ± 3.65 µm) 

23 

(d=7.42 µm) 

21 

(a1=10.31 µm) 

(a2=5.86 µm) 

*For the D-het and E-het cases, the mentioned particles number, diameter and axes length 

correspond to the average of particles number counted on 200 2D generated tri-phasic structures 
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Figure 43: Examples of 2D tri-phasic generated structures 50 100 µ  of four different cases 

of particles morphology generated for particles surface fraction corresponding to ( , 2.96

6.06 12.67 19.91 % / ) and  ei = 2 µm. 
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3.2. 2D vertical cuts from 3D tri-phasic generated structures 

 

In this work, twenty 2D vertical cuts, ten on x-z plane and ten on y-z planes, of each 3D structure 

from the previous chapter (chapter V), with interphase thickness of ei = 2 µm, were performed. 

 

The particle morphologies considered for the 3D structures were : size-heterogeneous spheres or 

ellipsoids, and size-homogeneous spheres or ellipsoids. It is worth remembering that the size-

homogeneous structures preserved the particles number of the size-heterogeneous structures. 

 

The same terminology than the one used for 2D generated structures (section 3.1) was used, with 

a suffix “3D“ to identify the origin of these 2D structures as vertical plan cuts of 3D structures. 

This means that the 2D vertical cuts of 3D model of size-heterogeneous spheres and ellipsoids are 

named as D-het-3D and E-het-3D cases respectively and the 2D cuts of 3D model of size-

homogeneous spheres and ellipsoids are named as D-hom-3D and E-hom-3D cases respectively. 

 

Examples of 2D vertical cuts at the middle (x-z plane at y = 25 µm) of 3D tri-phasic generated 

structures 50 50 100 µm  of four different cases of particles morphology generated for 

particles volume fraction corresponding to true composite materials ( , 2.96 6.06 12.67

19.91 % / ) and ei = 2 µm are showed in Figure 44. 
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Figure 44: Examples of 2D vertical cuts at the middle (x-z plane at y = 25 µm) of 3D tri-phasic 

generated structures 50 50 100 µ  of four different cases of particles morphology generated for 

particles volume fraction corresponding to true composite materials ( , 2.96 6.06 12.67

19.91 % / ) and ei = 2 µm. 
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3.3. Simulations of 2D tri-phasic models (vertical cuts and generated 

structures) 

 

Selection of mesh and RVE size 

 

Mesh and RVE size for the 3D tri-phasic model were taken from Chapter V, i.e. mesh size of 

[0.15–3.5] µm and RVE size of 50 50 100 µm . 

Concerning the 2D tri-phasic model of the generated structures, some preliminary simulations 

revealed that mesh element size of 0.0075 - 2  µm (predefined in COMSOL) is sufficient to obtain 

stable solutions. This mesh element size was then applied in all the further simulations of 2D 

generated structures. To be consistent with the 3D model, the minimal 2D RVE size of 50

100 µm  is used in this work for generating 2D structures keeping fixed 100 µm  (real 

material thickness). 

 

The same mesh element size of 0.0075–2  µm, applied in simulations of the 2D generated 

structures, was kept for simulations of 2D vertical cuts of 3D structures.  

 

Numerical results  

 

In this work, simulations were performed with an interphase thickness set to ei = 2 µm as it was 

proved that this thickness had a strong impact on relative permeability through the increase of 

interphase volume fraction and occurrence of percolation that are not catch by simple models. 

The 2D tri-phasic model was evaluated on generated structures with the previously detailed four 

cases of particles morphology. Results were compared with numerical permeabilities /  of the 

3D tri-phasic generated structures and are presented in Figure 46. Water vapor diffusivity in the 

interphase was set to 3.58 10  , which is the mean of diffusivities in matrix and 

fillers (the same Di value is set for the 3D structures in chapter V). 
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Before discussing the numerical results, it is important to mention that the particles surface 

fraction of the 2D studied structures were chosen as equal to the particles volume fraction of the 

3D studied structures ( . .  , , 2.96 6.06 12.67 19.91 % / ). This choice was 

motivated by the results of comparison between particle volume fraction, ,  of 3D tri-phasic 

structures and particle surface fraction, ,  of their 2D vertical cuts (Figure 45). These results 

revealed that the mean of ,  of all the 2D cuts is almost equivalent to , . 

 

  

Figure 45: Comparison between particles volume fraction (3D generated tri-phasic structures) 

vs particles surface fraction (2D vertical cuts) of all structures of all cases of particles morphology. 

The reference line (dashed line) correspond to , , . Each numerical data in this figure, 

representing one ,  , 2.96 6.06 12.67 19.91 % / , corresponds to the mean of ,  

of 400 structures (2D cuts).   

 

As observed in the Figure 46, no effect of shape or size distribution of particles was noticed in all 

the studied range of filler volume fraction. Indeed, simulations of 2D generated structures model 

returned similar results, whatever the case tested. 
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Figure 46 shows that the numerical relative permeabilities (Pc/Pm), obtained with the 2D tri-

phasic model underestimated the results obtained for the reference model, i.e. the 3D tri-phasic 

model, at least for the high filler content , 12.67 % / . This underestimation can be 

explained by an underestimation of the interphase surface area. Indeed, while the particle surface 

fraction ,  (2D model) was taken equal to the particle volume fraction ,  (3D model), as 

depicted in Figure 45, no similar relationship was imposed to the surface and volume fraction of 

interphase.  

 

Figure 46: Comparison between numerical relative permeability /  calculated with 3D (white 

and grey color) and 2D (orange and green color) tri-phasic generated structures, with interphase 

thickness of ei = 2 µm, for four cases of particles morphology. Water vapor diffusivity in the 

interphase was arbitrary set to 3.58 10  , which is the mean of diffusivities in 

matrix and fillers. Each numerical data in this figure correspond to the mean of the relative 

permeability of at least 10 generated structures (3D model) and 20 generated structures (2D 

model). The dashed lines are used to guide the reader. 
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Indeed, Figure 47 shows that, for high particles volume fraction , 12.67 % / , the interphase 

surface fraction of the 2D generated structures ,  is lower than the interphase volume fraction 

for the 3D generated structures , . More precisely, in this figure, we plotted the couple 

,    ,  that correspond to the following 3D vs 2D couples: Sph-het (3D) vs D-het (2D), Ell-

het (3D) vs E-het (2D), Sph-hom-N (3D) vs D-hom (2D) and Ell-hom-N (3D) vs E-hom (2D). As 

observed in Figure 47, the deviation between the interphase volume fraction (3D model) and the 

interphase surface fraction (2D model) is larger for the cases of size-homogeneous particles (square 

symbols) than the cases of size-heterogeneous particles (round symbols). 

   

Figure 47: Relation between interphase surface fraction (2D generated structures) and interphase 

volume fraction (3D generated structures). Comparison between the four cases of particles 

morphology. The reference line (dashed line) stands for , , . Each numerical data in this 

figure correspond to the mean of ,  of at least 10 generated structures (3D model) and the mean 

of ,  of 20 generated structures (2D model) for a fixed , . All the structures (3D & 2D) contain 

interphase of thickness of ei = 2 µm.  

 

Contrary to what has been observed in Figure 47 for the 2D generated structures ( , , , for 

high filler content), the Figure 48 revealed that the mean of interphase surface fraction ,  of all 

the 2D vertical cuts is almost equivalent to the mean of interphase volume fraction ,  of all the 
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3D tri-phasic structures, for each , . This has justified our choice to attempt to impose ,

,  for the 2D generated structures in the following section. 

 

  

Figure 48: Comparison between interphase volume fraction (3D generated structures) vs 

interphase surface fraction (2D vertical cuts) of all structures of all cases of particles morphology. 

The reference line (dashed line) corresponds to , , . Each numerical data in this figure, 

representing one , , , 2.96 6.06 12.67 19.91 % / , corresponds to the mean of 

,  and ,  of 20 structures (3D model) and 400 structures (2D vertical cuts).   

 

Modification of interphase thickness in the 2D generated structures model 

 

To improve the prediction of the 2D model to better match the permeability results (Pc/Pm) of 

the 3D FEM model, ei was increased above 2 µm in the 2D generated structures so that the 

interphase surface fraction (2D structures) becomes equal to the interphase volume fraction (3D 

structures) , , . Since the deviation , , , observed in Figure 47, is generally different 

between the cases of size-homogeneous particles (square symbols) and size-heterogeneous particles 

(round symbols), the adapted interphase thickness is then different between these cases. The 
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values of the modified interphase thicknesses are reported in Table 17. This table revealed, that 

globally, the 2D structures with size-homogeneous particles (D-hom & E-hom) need higher 

interphase thickness than the 2D structures with size-heterogeneous particles (D-het & E-het) to 

reach , , . 

 

Table 17: Adapted interphase thickness of 2D generated structures from which their interphase 

surface fraction are equivalent to interphase volume fraction of 3D generated structures ,

,  (by comparing each 2D case with its corresponding 3D case). 

Particles 

surface 

fraction 

(%s/s) 

Adapted interphase thickness (µm)  

of the 2D generated structures to reach , ,  

D-het  E-het  D-hom E-hom 

2.96 2 2 2.2 2.2 

6.06 2 2 2.4 2.4 

12.67 2.1 2.1 2.7 2.7 

19.91 2.4 2.4 2.9 2.9 

 

In spite of this adjustment of the surface fraction of interphase, the permeability results of the 2D 

generated structures do not reach that of the 3D generated structures (Figure 50), although the 

interphase surface fraction is now equivalent to interphase volume fraction (Figure 49). An 

additional increase of interphase thickness can help the 2D approach to reach the 3D reference 

one, but we completely loose the physical meaning, because ,  becomes higher than , . 

Underestimation of permeability, observed in Figure 50, may be explained by presence of 

percolation in the 3D structures that could not take place in 2D generated structures, except by 

increasing exaggeratedly the interphase thickness. 
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Figure 49: Relation between interphase surface fraction (2D generated structures) and interphase 

volume fraction (3D generated structures of corresponding cases). Comparison between the four 

cases of particles morphology. The reference line (dashed line) correspond to , , . Each 

numerical data in this figure correspond to the mean of ,  and ,  of at least 10 generated 

structures (3D model) and 20 generated structures (2D model). Results after adapting the 

interphase thickness of 2D generated structures (see Table 17) from which their interphase surface 

fraction are equivalent to interphase volume fraction of 3D generated structures (by comparing 

each 2D case with its corresponding 3D case). 
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Figure 50: Comparison between numerical relative permeability /  calculated with 3D (white 

and grey color) and 2D (orange and green color) tri-phasic models for all cases of particles 

morphology. All the 3D structures contain interphase with thickness of ei = 2 µm. The 2D 

structures contain interphase witch adapted thicknesses reported in Table 17. Each numerical data 

in these figures corresponds to the mean of the relative permeability of at least 10 generated 

structures (3D model) and 20 generated structures (2D model). The dashed lines are used to guide 

the reader. 

 

To investigate this assumption, simulations were performed on 2D vertical cuts of the 3D 

structures. Figure 51 compares the relative permeability calculated with 3D generated structures 

model and that of the corresponding structures of 2D vertical cuts for the four cases of particles 

morphology. The results reveals that there is an impact of particles shape (slight impact) and size 

distribution on the permeability with 2D vertical cuts, contrary to 2D generated structures (Figure 

46). The main result of Figure 51 showed that simulations on the 2D vertical cuts still 

underestimated the results of the reference 3D model, although the interphase surface fraction 
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(mean of ,  of all the 2D vertical cuts) is equivalent to interphase volume fraction (mean of ,  

of all the 3D structures) (see Figure 48). 

 

  

Figure 51: Comparison between numerical relative permeability /  calculated with 3D 

generated structures model (white and grey color) and that of the corresponding structures of 2D 

vertical cuts (orange and green color) for the four cases of particles morphology. The numerical 

data in this figure correspond to the mean of the relative permeability of 5 structures (3D model) 

and 100 structures (2D cuts). The dashed lines are used to guide the reader. 

 

In-depth analysis of 2D vertical cuts showed that no 2D percolation pathway was detected, even 

if partial percolation occurred. Indeed, the 2D vertical cuts of an example of 3D percolating 

structure of , 19.91 % /  , presented in the figure S1.1 of supplementary material, do not 

present any percolation between bottom and top boundaries. The 3D percolating structure from 

which these 2D vertical cuts are obtained is showed in Figure 34 (section 3.3.2 of chapter V). In 

this figure, the percolating volumetric interphase is clearly identified (purple color). Most of the 

original 3D structures, for high particle volume fraction, presented 3D percolation pathways. 
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Creating the required 2D percolating pathway in 2D cuts requires artificially increasing the 

thickness of interphase, even if the 2D structure is directly derived from the 3D one. 

 

Finally, neither 2D approach using 2D generated structures, nor consideration of 2D vertical cuts 

constitute a good candidate as reduced predictive model for water vapor transfer in medium to 

highly charged bio-composites. The first one showed an increasing underestimation of reference 

results when increasing the particle volume fraction. The latter one requires first to build the 3D 

structure, obtain 2D vertical cuts, identify the suitable interphase thickness, and then to run a 

high number of 2D simulations, which is not a better solution then performing direct 3D 

simulations, for both numerical complexity, simulation duration, and tractability. 

 

4. Conclusions 

 

3D and 2D tri-phasic models for permeation of water vapor in a PP/cellulose composite, based on 

FEM and applied on different generated micro-structures, were compared. We investigated the 

possibility to use some simplified 2D model as replacement for the reference 3D model, without 

losing accuracy on prediction of water vapor permeability. The 3D FEM model was developed 

and validated in our previous work of chapter V. 

For that, 2D tri-phasic structures, presenting interphase at matrix/particle interface region, were 

generated considering four different particles geometries and size distributions, i.e. discs and 

ellipses of homogeneous and heterogeneous sizes. 

 

The relative permeability Pc/Pm (ratio of composite permeability to matrix permeability), 

calculated from the 2D FEM model of generated structures, always underestimate Pc/Pm (in 

particular, for high filler content) predicted by the 3D FEM model applied on structures with 

different morphology and size distribution (spherical and ellipsoidal particles of homogeneous and 

heterogeneous sizes). This is explained by an underestimation of the interphase surface fraction 

,  of 2D structures compared to the interphase volume fraction ,  of 3D structures, that have 

the same interphase thickness of ei = 2µm.  
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Nevertheless, increasing the interphase thickness (in 2D model) to satisfy this relationship ,

,  still does not allow to approach the permeability prediction of the 3D model. Although it is 

mathematically possible to arbitrarily increase the interphase thickness and/or modify the 

interphase diffusivity, so that the predictions of the 2D and 3D models match, this would be at 

the loss of the physical significance of these parameters.    

 

The underestimation obtained by the 2D model is caused by an alteration of the information 

concerning the potential percolation in the interphase compartment. Indeed, an analysis of 2D 

vertical cuts of the 3D structures (also underestimating the permeability results of the reference 

3D model) revealed that no 2D percolation path appears, and this on 3D structures for which a 

three-dimensional percolation network has been highlighted.  

 

Finally, the 2D generated structure model as well as the 2D vertical cuts model cannot constitute 

a good candidate as simplified predictive model for water vapor transfer in medium to highly 

charged bio-composites. 
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5. Supplementary Materials 

S1. Examples of 2D vertical cuts of a 3D tri-phasic structure of , .  % /  of size-heterogeneous ellipsoidal 

particles with  µ   

 

Figure S1.1: Examples of twenty 2D vertical cuts (10 in x-z and y-z plane) of one 3D generated structure 50 50 100 µ  

of size-heterogeneous ellipsoidal particles case for , 19.91 % /  and 2 µ . The number of particles and interphase 

volume fraction of the 3D structure are np = 130 and , 29.55 % /  respectively.  
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Chapitre VII. Discussion & conclusion générales, perspectives 

 

1. Rappel des objectifs et des choix scientifiques. Analyse de modèles de l’état 

de l’art 

 

L’incorporation de particules perméables dans une phase continue polymérique, notamment des 

particules plus perméables que la matrice (Pp = 500×Pm), induit une « perméabilisation » de cette 

matrice d’autant plus importante que le taux de charge est élevée (jusqu’à 20%v/v soit 30%w/w). 

Il est important de rappeler que ces taux de charges, faibles à moyens pour des applications « 

mécaniques » sont moyens à élevés pour des applications à visée « transfert », c’est-à-dire ayant 

un objectif de modulation des propriétés de transfert. Le constat expérimental de 

« perméabilisation », évoqué précédemment, a été fait sur au moins deux systèmes qui ont servi 

de support à ce travail de thèse – composites PHBV/fibres de pailles de blé et PP/cellulose –. 

Cette « perméabilisation » ou augmentation exponentielle de la perméabilité macroscopique à la 

vapeur d’eau du composite en fonction du taux de charge est globalement mal représentée 

mathématiquement à l’aide des modèles classiques, souvent analytiques, de la littérature 

(chapitres 1 & 3).  

 

Globalement, les modèles analytiques bi-phasiques, i.e. considérant uniquement une phase 

dispersée dans une phase continue, sans phénomènes aux interfaces, ne sont pas capables de prédire 

le comportement de la courbe de perméabilité relative (Pc/Pm, rapport entre la perméabilité du 

composite et celle de la matrice) en fonction du taux de charge sur une large gamme de taux 

charge (0-20%v/v).  

 

Les modèles analytiques, tri-phasiques, i.e. considérant un 3e compartiment, appelée interphase, 

entourant les particules et considéré en général comme étant de la matrice avec des propriétés de 

diffusivité altérées, sont globalement plus performant que les bi-phasiques parce qu’ils intègrent 

des paramètres supplémentaires, dont des paramètres inconnus (Pi and  à minima) que l’on doit 

ajuster sur les données expérimentales, et qui sont autant de degrés de liberté permettant 
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d'améliorer l'ajustement. Néanmoins, la validité des paramètres identifiés reste questionnable : en 

effet, plusieurs couples (Pi, ) ou triplets de valeurs identifiées (Pi, , n ou Pi, , ), pourtant 

très différents en valeur, permettent de minimiser la RMSE et de prédire correctement les données. 

Il ne s'agit pas ici d'optimums locaux mais d'un réel problème d'identifiabilité théorique. En effet, 

les modèles pseudo-bi-phasiques peuvent, selon les ordres de grandeurs des paramètres inconnus, 

se réduire à une forme dégénérée qui ne permet pas d'obtenir un unique jeu de paramètres 

optimaux.  Nous ne sommes donc pas en mesure de choisir le couple ou triplet de valeurs adéquats, 

faute de connaissances supplémentaires sur le système. 

 

Cette première partie de l’étude, basée sur une analyse des modèles analytiques, a cependant 

permis de mettre en évidence qu’une simple approche bi-phasique n’était pas suffisante pour 

représenter nos données expérimentales de perméabilité sur les composites PHBV/fibres de pailles 

de blé et PP/cellulose, ce qui permet de conclure à l’importance de considérer l’interphase. 

 

Fort de ce constat, nous nous sommes intéressés ensuite à l’approche numérique et les modèles 

2D et 3D de la littérature permettant de modéliser la perméabilité des composites (chapitres 1 

& 3) en incluant l’interphase. Les modèles numériques existants sont essentiellement basés sur 

des approches éléments finis (Finite Element Models, FEM), qui est appliquée sur des structures 

simplifiées 2D ou 3D reproduisant des systèmes bi-phasiques et plus rarement tri-phasiques. Ces 

modèles ont permis de prédire correctement les données expérimentales et les systèmes pour 

lesquels ils étaient développés. Cependant, aucun de ces modèles existants n’était apte à 

représenter le système composite à l’étude dans cette thèse, présentant une forte hétérogénéité 

dans la distribution de taille des particules, particules globalement plutôt sphéroïdes (avec un 

facteur de forme moyen de 2-3) avec dans certains cas une orientation préférentielle orthogonale 

au sens de diffusion et cumulant également des phénomènes d’agglomération et probablement de 

percolation d’interface. 

 

 Dans la suite de ce travail de thèse, la stratégie adoptée a donc été de développer un modèle 

FEM sur des structures 3D reconstruites à partir de données morphologiques extraites 

d’observations microscopiques (2D, chapitre 4) ou tomographiques (3D, chapitre 5). 
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L’avantage de ce modèle FEM est de pouvoir représenter la géométrie réelle des particules et 

l’hétérogénéité de distribution de taille, la présence éventuelle d’un 3e compartiment autour des 

particules (=interphase) et des phénomènes d’agglomération de particules (chapitres 4 & 5) 

et/ou de percolation d’interphase (chapitre 5), ce qui n’avait jamais été fait auparavant dans 

un seul et même modèle. Par ailleurs, l’approche utilisée permet de générer un nombre important 

de structures en un temps raisonnable (3 structures en 5 min pour un taux de charge de 12% v/v) 

ce qui permet d’avoir une analyse de la variabilité du matériau et de son impact sur la Pc/Pm 

calculée, qui est indispensable lorsque l’on veut prendre en compte l’impact de l’hétérogénéité de 

la structure réelle sur les propriétés macroscopiques du matériau. Cette analyse de variabilité a 

été peu pratiqué dans les approches précédentes mentionnées dans la littérature. 

 

2. Principaux résultats obtenus avec le modèle FEM 3D développé au cours de 

ce travail de thèse  

 

Le chapitre 4 a confirmé sur le système PHBV/fibre de pailles de blé qu’une approche bi-phasique 

n’était pas suffisante pour prédire les données expérimentales de perméabilité notamment pour 

les forts taux de charges volumiques, sauf si on modifie les propriétés de diffusivité intrinsèques 

de la matrice. L’autre hypothèse testée dans ce chapitre 4 est la présence d’une interphase autour 

des particules ayant des propriétés de sorption identiques à celles de la matrice mais une diffusivité 

plus élevée (Di>Dm). Globalement une épaisseur d’interphase de 2.5 µm et de diffusivité moyenne 

de 1x10-9 m2/s permet de prédire correctement l’allure de la courbe Pc/Pm en fonction du taux 

de charge. A ce stade, et en l’absence de caractérisation expérimentale plus poussée, notamment 

d’épaisseur de l’interphase, il n’est pas possible de conclure sur la validité de cette hypothèse 

d’interphase (valeurs d’épaisseur et de Di). Cependant ce premier modèle FEM 3D a permis, sur 

le système PHBV/fibres de pailles de blé, de mettre en évidence l’importance de cette interphase 

et de quantifier son impact sur la perméabilité relative du composite, ce qui n’avait jamais été 

fait auparavant sur des structures 3D composées de particules aléatoirement distribuées en taille, 

orientation et position. 
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Le chapitre 5 a permis de compléter les conclusions du chapitre 4 en ce qui concerne l’importance 

de la géométrie et de la distribution de taille des particules dans le système composite. Pour cela, 

le modèle FEM a été appliqué à des structures 3D reconstruites à partir d’informations 

tridimensionnelles issues d’analyses tomographiques du composite PP/cellulose. Six cas de 

structure ont été modélisés, partant du système le plus complexe (particules considérées comme 

des ellipsoïdes de tailles hétérogènes générées à partir de lois de distribution ajustées sur les 

données d’analyse d’images) jusqu’au système le plus simplifié (particules sphériques de tailles 

homogènes). La prise en compte de l’interphase s’est révélée indispensable pour prédire 

correctement la perméabilité relative macroscopique pour ce composite, et ce, quel que soit 

l’hypothèse considérée pour la génération de structure. Si la morphologie et la distribution en 

taille des particules n’ont pas d’effet, dans le système bi-phasique, sur la courbe Pc/Pm, elles se 

sont révélées très importantes au contraire dans le système tri-phasique où le rôle du compartiment 

interphase est conditionné par l’intersection, ou agglomération, d’interphases, agglomération qui 

dépend elle-même fortement de la distribution de taille des particules et dans une moindre mesure 

de la morphologie. L’impact de la distribution de taille se traduit notamment par son effet sur le 

nombre de particules np par volume élémentaire représentatif et son effet sur la fraction volumique 

de l’interphase  : plus le np est grand plus  est important. Il faut donc modéliser un np   

le plus proche possible de l’observation expérimentale. Par ailleurs, l’exploration 

numérique conduite dans ce chapitre sur les 6 hypothèses de structures a permis de mettre en 

évidence l’impact de la percolation d’interphase. Cette percolation est d’autant plus récurrente 

dans les cas considérant des particules de même taille, ce qui laisse à penser que simplifier la 

structure tend à surestimer cet effet d’interphase et de percolation. Pour une bonne 

représentation d’interphase et de percolation d’interphase, il est donc important de 

prendre en compte la distribution de taille réelle des particules observée 

expérimentalement. 
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En conclusion, on peut dire que : 

- pour un système bi-phasique, la morphologie et la distribution de taille des particules importent 

peu et le modèle FEM 3D peut être réduit à un modèle basés sur des structures à particules 

sphériques de taille homogène ; 

- pour un système tri-phasique où le rôle de l’interphase est prédominant, on ne peut s’affranchir 

d’une analyse structurale tridimensionnelle précise et il est indispensable de prendre en compte la 

géométrie et la distribution de taille la plus réaliste possible dans le modèle FEM 3D. 

 

3. Une simplification 2D du modèle FEM 3D est-elle possible ? 

 

L’objectif du chapitre 6 était de s’intéresser à la démarche de simplification de modèle : peut-on 

s’affranchir du 3D et se contenter d’une approche 2D ? Cette démarche est motivée par (1) la 

difficulté pour obtenir des informations 3D, représentatives du matériau composite (plus coûteux 

de faire une acquisition en tomographie 3D qu’en microscopie 2D) et par (2) la volonté de réduire 

le temps de calcul (e.g. pour un taux de charge de 20% v/v, 10 à 15 min pour une simulation de 

transfert sur une structure avec un ordinateur DELL de processeur Intel Xeon E-2176M à 6 cœurs 

(2.7 GHz) et de 32 Go de RAM) pour rendre plus accessible l’exploration numérique.  

 

Pour cela, des structures 2D ont été générées prenant en compte 4 morphologies différentes :  dans 

un premier temps, disques et ellipses hétérogènes dont la distribution de taille est issue de 

l’observation expérimentale (tomographie) et dans un deuxième temps, disques et ellipses 

homogènes dont le diamètre équivalent (axe majeur/mineur pour les ellipses) moyen est calculé 

de manière à ce que le nombre de particules soit préservé par rapport au cas « disques » et 

« ellipses » hétérogènes.  

 

Les perméabilités Pc/Pm calculées à partir du modèle FEM 2D appliqué aux structures précédentes 

sous-estiment toutes les Pc/Pm prédites par le modèle FEM 3D appliqué aux différentes structures 

du chapitre 5, notamment celle avec des particules ellipsoïdales de taille hétérogène (= le cas le 

plus représentatif de nos systèmes composites avec interphase prédominante). Ceci s’explique par 
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une sous-représentation de l’interphase dans le cas des structures 2D par rapport aux structures 

3D si l’on considère dans les deux cas une même épaisseur d’interphase ei = 2 µm. Une analyse 

de coupes 2D verticales de structures 3D tri-phasiques a montré que la fraction surfacique de 

l’interphase ,  est égale à la fraction volumique de l’interphase ,  (de même pour les fractions 

surfaciques ,  et volumiques ,  des particules). Néanmoins, une augmentation de l’épaisseur 

d’interphase, sur les structures 2D générées, pour satisfaire cette relation , ,  ne permet pas 

d’améliorer significativement la prédiction de l’approche 2D pour atteindre celle de l’approche 

3D. Bien qu’il soit mathématiquement possible d’augmenter arbitrairement l’épaisseur 

d’interphase et/ou de modifier la diffusivité Di, de façon à ce que les prédictions des approches 

2D et 3D coïncident, ce serait au détriment de la signification physique de ces paramètres. La 

sous-estimation produite par l’approche 2D est causée par une dégradation de l’information 

concernant la percolation potentielle dans le compartiment interphase. En effet, l’analyse des 

coupes 2D verticales de structures 3D tri-phasiques a montré qu’aucun chemin percolant 2D 

n’apparait, et ce, même pour des coupes 2D provenant de structures 3D pour lesquelles un réseau 

percolant tridimensionnel a été mis en évidence. A ce stade, les approches 2D envisagées ne 

fournissent pas de candidat pour simplifier nos modèles 3D. 

 

4. Conclusion générale 

 

Les différentes questions scientifiques posées au démarrage de cette thèse ont pu être traitées et 

on a pu ainsi mettre en évidence que : 

 

1. Quel est le rôle de l'incorporation de particules perméables (en considérant la géométrie 

réelle des particules et la structure réelle du composite) et de la présence d'une interphase 

(composite tri-phasique) sur la modulation des propriétés de transfert de matière des 

micro-composites? 

 

L'incorporation de particules perméables dans une matrice polymérique a un impact prédominant 

sur la modulation des propriétés de transfert et qu’une « perméabilisation » (augmentation de la 
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perméabilité à la vapeur d’eau du composite) était globalement observée. La prise en compte dans 

les modèles numériques 3D de la géométrie et distribution de taille réelle des particules est 

primordiale pour une bonne prédiction de ces résultats de perméabilité essentiellement lorsque 

l’impact de l’interphase est prédominant. Pour des faibles taux de charges, ou des composites où 

l’interphase n’intervient pas ou peu, une structure simplifiée suffit (particules sphériques, de tailles 

homogènes par exemple). 

 

2. Comment les caractéristiques structurelles mesurées à différents niveaux d'échelle 

notamment l’échelle microscopique, peuvent-elles être combinées dans une approche de 

modélisation multi-échelle pour prédire les propriétés macroscopiques de transfert de 

matière des micro-composites ? 

 

Les caractéristiques structurelles mesurées à différents niveaux d'échelle notamment l’échelle 

microscopique, peuvent être incorporées et réutilisées dans une approche de modélisation multi-

échelle (modèle FEM 3D). Cela passe par une analyse fine des morphologies de particules observée 

expérimentalement en microscopie (2D) ou tomographie (3D).  

 

Ce travail a montré qu’il était possible d’utiliser des lois de distributions de grandeurs 

caractéristiques (diamètre, axe majeur, axe mineur, …) pour reconstruire des structures 2D et 3D 

proches des observations expérimentales et d’y appliquer un modèle physique de diffusion. Les 

propriétés macroscopiques de transfert de matière prédites pour les micro-composites prennent 

ainsi en compte la structure multi-échelle microscopique. 

 

3. Comment la modification des propriétés locales (microscopique) de transfert de matière 

peut-elle influencer les propriétés globales (macroscopique) de transfert de matière, 

notamment au niveau de l’interphase ? 

 

La modification des propriétés locales (microscopiques) de diffusivité de la vapeur d’eau influence 

fortement la propriété globale de perméabilité du composite, notamment la diffusivité de l’eau de 

la matrice (phase continue). Deux phases sont à distinguer : la matrice polymérique aux propriétés 



Chapitre VII. Discussion & conclusion générales, perspectives 

 

271 
 

de diffusivité inchangées par rapport à la matrice vierge et la matrice d’interphase, à proximité 

des particules qui possède des propriétés de diffusivité altérées (Di plus élevée que Dm).  

 

Ce travail a souligné l’importance des propriétés de transfert de l’interphase sur la perméabilité 

macroscopique du composite, et ce, pour les deux composites étudiés (PHBV/fibres de pailles de 

blé et PP/cellulose), caractéristiques des composites incorporant des particules largement plus 

perméables que la phase continue. 

 

4. Comment simplifier nos modèles numériques développés tout en conservant leur 

représentativité (approches 2D versus 3D, simplification de la géométrie des particules, 

distribution des tailles, réduction des paramètres, optimisation des calculs, symétrie, ...) ? 

 

Ce travail a montré qu’un modèle 3D tri-phasique peut toujours être simplifié en un modèle 2D, 

de façon à ce qu’il produise les mêmes prédictions, à conditions de conserver quelques 

caractéristiques concernant les particules et l’interphase, notamment leurs fractions surfaciques, 

, , , ), qui devrait être équivalent aux fractions volumiques du modèle 3D , , , ). Ce 

constat est valable pour des taux de charges faibles. Cependant pour des taux de charges élevés, 

même si les critères discutés précédemment sont remplis, les approches 2D et 3D ne fournissent 

pas les mêmes prédictions ; ceci est dû à la dégradation, par l’approche 2D, de l’information 

concernant la percolation dans le compartiment interphase que le modèle 3D permet au contraire 

de bien représenter. 
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5. Perspectives  

 

Ce travail de modélisation mathématique et d’exploration numérique de structures composites a 

montré qu’elles ne pouvaient pas se résumer à des structures bi-phasiques simples et que 

l’interphase et ses propriétés étaient très importantes pour prédire les perméabilités 

macroscopiques. Or les conclusions de ce travail ont souvent été entravées par la méconnaissance 

expérimentale de cette interphase (quelle épaisseur ? quelle valeur de diffusivité considérer ?). Il 

semble primordial dans la continuité de ce travail de mettre l’accent sur la caractérisation 

expérimentale de l’interphase pour en déterminer le plus précisément possible l’épaisseur. A partir 

du modèle développé dans cette thèse, et de la connaissance de cette épaisseur, une identification 

de la diffusivité locale au sein de l’interphase pourra alors être envisagé. 

 

Par ailleurs, le modèle FEM 3D de ce présent travail de thèse a été validé sur deux systèmes 

composites, PP/cellulose et PHBV/fibres de pailles de blé. Il serait bon de le confronter avec 

d’autres résultats expérimentaux de perméabilité à la vapeur d’eau. Il a été démontré que sur les 

deux systèmes étudiés, la précision sur la valeur de diffusivité de la vapeur d’eau dans la particule 

n’était pas un paramètre aussi important que, par exemple, la diffusivité de la vapeur d’eau dans 

la matrice ou l’interphase. Les valeurs de diffusivité de la vapeur d’eau mesurée sur les particules 

isolées (cellulose ou particules de pailles de blé) se sont révélées suffisamment robustes pour 

représenter la diffusivité de la vapeur d’eau in-situ, une fois les particules incorporées dans la 

matrice. Ce résultat demanderait à être confirmé sur d’autres composites, avec d’autres natures 

de particules hydrophiles et présentant également d’autres facteurs de forme. En effet, les 

particules considérées dans ce travail ont des facteurs de forme moyen de 2.6 et ne permettent pas 

du tout d’extrapoler le comportement de composites avec des fibres « longues » présentant de 

grands facteurs de forme. C’est un travail qu’il serait bon de mener dans la continuité du présent 

travail de thèse. 

 

Enfin, ce travail mené sur un seul type de migrant (la vapeur d’eau), mériterait d’être fait 

également sur d’autres vapeurs, gaz ou solutés. Le caractère hydrophile des particules aura 

certainement moins d’impact sur des migrants apolaires. On peut imaginer que les particules 
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auraient alors moins ou pas d’impact et que l’effet de l’interphase serait alors accentué. Cette 

approche basée sur la comparaison des propriétés de transfert de différents types de migrants 

permettrait peut-être d’en apprendre un peu plus sur les caractéristiques de ce compartiment 

d’interphase. 

 

Une fois ces connaissances supplémentaires acquises sur l’interphase et le rôle du facteur de forme 

des particules, une seconde réflexion liée à la simplification des modèles 3D en modèles 2D pourra 

alors être menée. Il est évident qu’un modèle qui se dit prédictif doit être le plus simple possible 

d’utilisation et avec un minimum de paramètres d’entrée à initialiser tout en restant représentatif 

d’une certaine réalité. Pour l’instant le modèle FEM 3D développé nécessite une très bonne 

connaissance préalable de la structure tridimensionnelle du composite, donc des analyses 

microscopiques tridimensionnelles suivies d’analyses d’image assez poussées. Il n’est pas facilement 

transférable d’un composite à un autre sans au préalable un lourd travail expérimental. Il est donc 

évident que le travail sur sa simplification doit être poursuivi pour le rendre pleinement 

opérationnel comme outil d’aide au dimensionnement de matériau d’emballages.
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Multi-scale modelling of mass transfer in bio micro-composites 

The objective of this thesis is to provide a better understanding of the modulation of the material transfer 

properties of a composite after incorporating permeable particles in a polymeric matrix. For this purpose, 

our strategy is to develop a multi-scale numerical modelling approach based on the finite element method 

(FEM) for the prediction of mass transfer in bi-phasic micro-composites where the matrix and the inclusions 

contribute to the overall material transfer. FEM modelling was applied on structures with simplified 3D 

geometries but representative of micro-composite structures that are the result of a thorough analysis of 

experimental microscopic observations of the materials (3D tomographic and 2D microscopic image 

analysis). This approach aims to better understand the impact of particle morphology (e.g. shape, size, 

orientation, ...), dispersion (e.g. heterogeneous distribution, agglomeration, volume fraction, ...) and the 

presence of a third phase, located at the matrix/particle interface, with its own structural and material 

transfer properties (e.g. interphase) on the transport phenomena (tri-phasic system). The 3D geometries 

used in this approach were then simplified in order to get rid of the heterogeneity of the particle size and 

the particle shape, to arrive at 2D structures. The main objective of this last part is to determine to what 

extent the proposed 3D FEM model can be simplified while keeping the maximum representativeness and 

producing the same predictions as the reference 3D model. This simplification approach is motivated by (i) 

the difficulty to obtain 3D information, representative of the composite material (image acquisition more 

expensive in 3D tomography than in 2D microscopy) and by (ii) the desire to reduce the calculation time 

of simulation for use in decision support applications, for example. 

Keywords: 3D/2D numerical modelling; tri-phasic model; interphase; particles morphology; 

percolation; Finite Element Method; water vapor permeability; composite; 2D cuts; bio-composite; 

Modélisation multi-échelles des transferts de matière dans les bio-micro-composites 

L'objectif de la présente thèse est de permettre une meilleure compréhension de la modulation des propriétés 

de transfert de matière d’un composite suite à l'incorporation de particules perméables dans une matrice 

polymérique. Pour cela, notre stratégie est de développer une approche de modélisation numérique multi-

échelle basée sur la méthode des éléments finis (FEM) pour la prédiction du transfert de matière dans des 

micro-composites bi-phasiques où la matrice et les inclusions contribuent au transfert de matière global. La 

modélisation FEM a été appliquée sur des structures à géométries 3D simplifiées mais représentatives des 

structures micro-composites qui sont le résultat d'une analyse approfondie des observations microscopiques 

expérimentales des matériaux (analyse d’images tomographiques 3D et microscopiques 2D). Cette approche 

a pour objectif de mieux comprendre l'impact de la morphologie des particules (e.g. forme, taille, orientation, 

...), de leur dispersion (e.g. distribution hétérogène, agglomération, fraction volumique, ...) et de la présence 

d'une troisième phase, située à l’interface matrice/particule, avec ses propres propriétés structurelles et de 

transfert de matière (e.g. interphase) sur les phénomènes de transport (système tri-phasiques). Les 

géométries 3D utilisées dans cette approche ont ensuite été simplifiées de manière à s’affranchir de 

l’hétérogénéité de la taille des particules puis de la forme des particules, pour arriver ensuite à des structures 

2D. L’objectif principal de cette dernière partie est de pouvoir déterminer à quel point le modèle FEM 3D 

proposé peut-être simplifié tout en gardant le maximum de représentativité et produisant les mêmes 

prédictions que le modèle 3D de référence. Cette approche de simplification est motivée par (i) la difficulté 

d'obtenir des informations 3D, représentatives du matériau composite (acquisition d'images plus coûteuse 

en tomographie 3D qu'en microscopie 2D) et par (ii) la volonté de réduire le temps de calcul de la simulation 

pour une utilisation dans des applications d'aide à la décision, par exemple. 

Mots-clés: Modélisation numérique 3D/2D; modèle tri-phasique; interphase; morphologie des 

particules; percolation; méthode des éléments finis; perméabilité à la vapeur d'eau; composite; coupes  

2D; bio-composite;  

 


