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2 Résumé francais

Les produits en caoutchouc sont largement utilisés dans de nombreuses applications telles que
les pneus, les joints d'étanchéité et les supports antivibratoires. Au fil des ans, leur production
a augmenté de maniére exponentielle pour répondre a une demande croissante. Ils sont
cependant difficiles a recycler ou a réutiliser apres leur défaillance. Les déchets de caoutchouc
génerés par ces applications ont un impact négatif sur I'environnement. Comme solution a court
terme a ce probléme, on peut améliorer la durée de vie des produits en caoutchouc afin de

réduire les déchets qu'ils générent.

En général, la durée de vie des produits en caoutchouc est améliorée en ajoutant divers
ingrédients a [I'élastomere. Les ingrédients généralement utilises sont des charges de
renforcement, des additifs, des agents de réticulation, etc. Le noir de carbone est couramment
utilisé pour le renforcement et optimiser les propriétés mécaniques pour diverses applications.
La dispersion du noir de carbone dans I'élastomere est un probleme important auquel I'industrie
est confrontée et qui a été largement étudié au cours des derniéres décennies. Elle dépend des
paramétres du procédé de mise en ceuvre, et de la formulation. Dans les faits, elle est surtout
limitée par les codts de production. Ainsi, les matériaux contiennent généralement des défauts
indésirables tels que des agglomérats de noir de carbone (CBagg)) qui peuvent provoquer une
défaillance prématurée des produits. Pour éviter de telles défaillances et améliorer la durabilité,
I'industrie a besoin de caractériser ces défauts. Cette caractérisation est également nécessaire
dans les processus de contrdle qualité de ces produits. Au fil des années, l'industrie a utilisé
pour cela de nombreuses techniques de caractérisation facilement disponibles telles que les
techniques basées sur la microscopie optique, la microscopie électronique a balayage, etc...
Cependant, ces techniques ne fournissent que des informations partielles puisqu'il s'agit
principalement de techniques 2D et que la zone de I'échantillon observée est généralement
limitée.

Récemment, les industriels ont commencé a explorer I’utilisation de techniques non
destructives telles que la tomographie a rayons X en laboratoire pour une meilleure
quantification de ces défauts de taille micronique. Ces appareils rencontrent un succes
commercial croissant car leurs performances actuelles se rapprochent de celles de la
tomographie a rayons X a source synchrotron. Cette technique permet l'observation de
nombreux défauts. Néanmoins, jusqu'a présent, l'industrie manque d'une méthodologie
appropriée pour quantifier leur concentration, leur morphologie, leur dispersion etc... De plus,
elle ne dispose pas non plus d'informations claires sur la relation entre les caractéristiques de

ces defauts et la durabilité du matériau. Ceci est lié au peu d'études bibliographiques sur ce sujet
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Résumé francais

et en particulier sur le lien entre ces caractéristiques et les mécanismes d'initiation et de
propagation des fissures lors d'une sollicitation monotone/dynamique. Par conséquent,
I'établissement de critéres de contrdle qualité pour les produits en caoutchouc tenant compte de

maniere pertinente des caractéristiques des défauts reste une tache difficile.

Ainsi, le but de cette thése est d'abord d’élaborer une méthodologie robuste qui facilite la
quantification de la dispersion et des caractéristiques morphologiques des agglomérats de noir
de carbone présents dans un élastomere chargé en utilisant la tomographie a rayons X. En outre,
cette étude cherche a comprendre comment la présence de ces agglomérats influence les
propriétés de rupture et de fatigue du matériau en utilisant la possibilité offerte par la
tomographie aux rayons X pour des observations in situ. Ce projet est réalisé en collaboration
entre le LRCCP, Vitry-sur seine et le laboratoire MATEIS dans le cadre du CIFRE. Les travaux

ont eu lieu dans le groupe "Polymeres, verres et matériaux hetérogenes" (PVMH).

Afin datteindre le premier objectif, nous avons d'abord optimisé les paramétres de
fonctionnement de la tomographie a rayons X en laboratoire pour I'acquisition d'images afin
d'étudier efficacement des EPDM chargés au noir de carbone. Il est conseillé d'utiliser une
tension de tube plus faible dans latomographie a rayons X de laboratoire (40 kV) pour améliorer
le contraste d'atténuation des défauts comme les CBaggi. Le contraste peut étre encore améliorée
en appliquant divers algorithmes de traitement d'image. On peut ainsi facilement extraire des
images 3D diverses caractéristiqgues morphologiques, mais certaines de ces caractéristiques
peuvent étre redondantes. Dans ce cas, des outils de sélection sont nécessaires pour les
identifier. Avec les matériaux étudiés, nous avons trouvé que le volume, la structure et
I'excentricité (liée au rapport d'aspect ou a I'élongation) peuvent décrire de maniére appropriée
les CBaggi. Néanmoins, une simple analyse de leur distribution ne fournit pas d'informations
claires sur les différences entre les différents matériaux. Pour cette raison, nous avons
développé une méthode de classification des CBaggi basée sur leurs trois caractéristiques
morphologiques. Cette classification s'est avérée efficace pour distinguer nos matériaux. Dans
le cas étudié, elle peut fournir des informations sur l'influence des paramétres de traitement tels
que la vitesse du rotor, le protocole dajout de CB, etc. sur la morphologie finale des
agglomerats. L'application possible de cette méthodologie est I'analyse de la conformité des
produits en caoutchouc. Par exemple, elle peut étre utilisée pour identifier les défauts
indésirables et s'assurer que ceux présents dans les produits se situent dans des niveaux

acceptables.
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4 Résumé francais

La rupture est la conséquence de l'initiation et de la propagation d'une ou plusieurs fissures a
travers toute la section des matériaux. Nous avons étudié des matériaux avec différentes
concentrations de CBaggl ; Un avec une concentration anormalement élevée de CBaggl et un autre
avec une concentration de CBagg représentative de celles couramment rencontrées dans la
production industrielle. Dans les images de tomographie, les CBagg SONt presque invisibles en
présence de particules a fort contraste d'atténuation comme le ZnO (D’ou le terme d'inclusions
non visibles utilisé dans certaines études bibliographiques récentes faisant référence aux
CBaggl). Pour éviter ces problémes, le ZnO a été enlevé des formulations étudiées. Malgreé cela,
les élastomeres contiennent de faibles concentrations (moins de 0,05%) d'inclusions d'oxydes
métalliques préexistantes. Nous avons mis en évidence que les CBaggi SONt les seuls précurseurs
de l'initiation d'une fissure et que la décohésion au pdle de ces inclusions d’oxyde métallique
n'initie pas une fissure lors des essais de traction. De plus, les propriétés de rupture (en traction)
sont indépendantes de la concentration en CBaggi dans les matériaux que nous avons étudiés.
L’observation au cours de la traction in situ sous tomographie aux rayons X a source
synchrotron a montré une cavitation a l'intérieur des CBaggl lors de I'étirement. Une dépendance
intéressante de type loi puissance a été trouvée entre la contrainte macroscopique au début de
la cavitation et le diametre équivalent des CBagg. Cette corrélation suggere que ces cavites
pourraient avoir été créées par la décohésion a l'interface entre les couches de polymere et
d'agrégats qui constituent les agglomérats. Ces cavités se développent pour devenir une fracture
interne & l'intérieur de CBagg. Comme observe dans de nombreux agglomérats, tant que la
fracture reste a l'intérieur de ceux-ci, il n'y a pas d'initiation de fissure dans I’échantillon. Pour
observer cette initiation, le CBaggl fracturé doit se trouver dans ou a proximité d’une zone a
forte contrainte triaxiale. De plus, le CBaggl doit avoir une taille critique supérieure a 40um. Les
autres caractéristiques morphologiques du CBagg, cOmme la structure et I'excentricité, ne sont
pas aussi critiques que la taille. De plus, la transition de la fracture interne de CBaggl Vers une
fissure semble étre retardée si CBaggl subit des fractures multiples. Tous les matériaux étudiés
avec des concentrations variables de CBaggl contiennent ces CBaggl critiques, ce qui explique
leurs propriétés de rupture similaires. Ainsi, lors de la transformation du matériau, pour
améliorer les propriétés de rupture, il faut s'efforcer d'éliminer les agglomérats ayant cette taille

critique plutdt que de réduire la concentration globale d’agglomérats dans le matériau.

Comme attendu, le mécanisme d'initiation des fissures pendant les essais de fatigue reste le
méme qu’en traction, c'est-a-dire que l'origine de l'initiation des fissures est la rupture des

CBaggl. Nous avons eétendu notre étude en comparant les CBaggl dans les matériaux modeéles avec
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ceux d'un materiau industriel dont la formulation contient également de I'huile. La présence de
cette huile modifie la morphologie des agglomérats ; ils sont plus gros, moins structurés et plus
sphériques (excentricité plus faible). Il s'agit certainement de la conséquence d'un taux de
cisaillement reduit au début du mélange en raison d'un module de cisaillement plus faible du
polymere gonflé d'huile. Bien gu'il y ait une différence entre la morphologie et les propriétés
mécaniques des matériaux industriels et des matériaux modéles, leur mécanisme d'initiation de
fissure reste le méme (croissance de la fissure/cavitation dans I'agglomérat qui se transforme en
fissure dans la matrice). Cependant, les CBagg des matériaux industriels semblent plus résistants
que ceux des matériaux modeles, et nécessitent un plus grand nombre de cycles de fatigue pour

étre fracturés.

La présence de CBagg influence la propagation des fissures. Ceci a été observé lors d'un essai
classique de propagation de fissure, c'est-a-dire lors de la mesure de la vitesse de propagation
de fissure en fonction du taux de restitution d'énergie (G) dans une éprouvette a géométrie de
cisaillement pur. En présence de CBaggi, la déformation au voisinage de la pointe de la fissure
est plus élevée. Au voisinage de la fissure, soumis a des déformation élevées, les CBagg
subissent une fracture interne (comme discuté précédemment). Ces mécanismes dissipatifs
réduisent la vitesse de propagation des fissures pour un G macroscopique donné. Ils sont
évidemment plus importants dans les matériaux a forte concentration de CBaggl, €t n'ont un
impact significatif qu'a G élevé, lorsque le volume fortement déformé en pointe de fissure
devient trés important. De plus, nous avons observé d'autres mecanismes tels que la
déviation/arrét des fissures par les agglomérats (fracturés ou non) qui augmentent également

I'énergie nécessaire a la rupture du matériau.
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8 GENERAL INTRODUCTION

Rubber products are widely used in many applications such as tires, sealants, and anti-
vibration mounts. Over the years their production has increased to meet the growing demands.
They are however difficult to recycle or reuse after their failure. The rubber waste generated
from these applications has a negative impact on the environment. As a short-term solution to
this issue, one can improve the service life of the rubber products to reduce the generated waste
from them.

In general, the service life of rubber products is improved by adding various ingredients
into the elastomer. The ingredients typically used are reinforcing fillers, additives, crosslinking
agents etc. Carbon black is commonly used for the reinforcement and optimizing their
mechanical properties for various applications. The dispersion of carbon black in elastomer is
an important issue facing the industry that has been extensively studied over the past decades.
It depends on the process parameters and the chosen formulation. In fact, it is mainly limited
by the production costs. Thus, materials usually contain undesirable defects such as carbon
black agglomerates (CBagg) that can cause premature product failures. To avoid such failure
and improve the durability, the industry needs to characterize these defects. This
characterization is also necessary in the quality control processes of these products. Over the
years, the industry has used many easily available characterization techniques such as optical
microscopy based techniques, Scanning Electron Microscopy, etc... However, these techniques
provide only partial information since they are mostly 2D techniques and the area of the sample
that can be observed is generally limited.

Recently, industries have started to explore the use of nondestructive techniques such
as X-ray tomography using laboratory sourced for better quantification of these micron-sized
defects. These devices have become more and more commercially successful. This technique
enables the observation of many defects. Nevertheless, until now, the industry lacks an
appropriate methodology to quantify their concentration, morphology, dispersion etc...
Moreover, industry does not have clear information on the relationship between these defects
characteristics and the material durability. This is related to the incomplete literature studies on
this topic and in particular on the link between these characteristics on the crack initiation and
propagation mechanisms during monotone/dynamic solicitation. Therefore, establishing
relevant quality control benchmarks for rubber products taking into account the defects
characteristics remains a challenging task.

Thus, the objective of this thesis is to a build a robust methodology that facilitates
quantification of the dispersion and the morphology features of carbon black agglomerates

present in a filled elastomer using X-ray Tomography. In addition, this study seeks to
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GENERAL INTRODUCTION ' 9

understand how the presence of these agglomerates influences the rupture and fatigue properties
of the material using the possibility offered by X-ray Tomography for in situ observations. This
project is carried out in collaboration between LRCCP, Vitry-sur seine and MATEIS laboratory
under the framework of CIFRE. The work took place in “Polymeéres, verres et matériaux
hétérogénes” (PVMH) group.

In order to attain these objectives, we propose to study model materials containing
mostly filler agglomerates as defects. We chose a material based on non-crystallizing Ethylene
Propylene Diene Monomer Rubber (EPDM Keltan 4450). It contains 19.3% volume fraction of
high furnace Carbon Black (N326) and uses unsupported Bis (a,0-dimethylbenzyl) peroxide
for crosslinking. The volume fraction remains the same across all the model materials. We vary
the compounding process conditions to modify the degree of CBagg present inside the materials.
We also extend our study by comparing the CBaggi in the model materials with the CBagg in an
industrial compound that contains oil and higher concentration of carbon black. We developed
a methodology to quantify the dispersion and morphology of CBaggl in the above mentioned
materials. We then conduct various mechanical experiments on these materials to characterize
their rupture and fatigue properties. In order to understand the crack mechanisms at the micron
scale, we performed various in-situ mechanical tests using laboratory and synchrotron sourced
(PO5, PETRA, Germany and Anatomix, SOLEIL, France) X-ray Tomography.

The chapter 1 of the thesis presents a state-of-the-art review on the influence of
microstructural defects on the rupture and fatigue properties. The chapter is divided into 3 parts.
The 1% part discusses the influence of process parameters and ingredients on the formation of
defects. 2" part presents various experimental results on the influence of defects on crack
initiation and propagation under monotone and cyclic/dynamic solicitation. The last part aims
to summarize the details of the available 2D and 3D characterization techniques used to
quantify/observe the defects in the materials and their impact on different crack initiation and
propagation mechanisms.

The second chapter provides an exhaustive description on materials formulations along
with the processing protocols applied to fabricate them. It also presents the methods and
protocols related to all the techniques implemented to characterize the physical properties of
these materials. The last part of the chapter on the micro structural characterization describes
the details of the used Laboratory and Synchrotron sourced X-ray Tomography instruments. It
also gives information on the in-situ experiments protocols used in this thesis.

The rest of the thesis contains the results and discussion. These are divided into 4 chapters

written in the form of articles. Due to this style of presentation, some information regarding the
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10 GENERAL INTRODUCTION

material formulation, methods and protocols is redundant. To simplify the reading of the
manuscript, the repeated information is written in italics.

The third chapter: ‘Novel methodology for quantitative analysis of agglomerates
morphology in elastomer composites based on X-ray Tomography’ describes the methodology
for quantifying the dispersion and morphology features of CBagg in a filled elastomer. The
chapter provides details of the methodology implemented to identify distinct agglomerates
based on their morphology. The chapter also discusses the impact of processing parameters on
CBaggt morphology using this methodology.

The fourth chapter: ‘Crack propagation in filled elastomers: 3D study of mechanisms
involving the filler agglomerates’ suggests a new crack propagation mechanism, which takes
into account the dissipative behaviour of CBagg at the crack tip. An in-situ tensile test using
synchrotron source X-ray tomography was used to evidence this mechanism. This enables us
to understand the influence of CBagg cOncentrations on crack propagation in our materials.

The chapter 5: ‘Microscopic damage and crack initiation mechanisms during in-situ
tensile test in a filled EPDM observed with in situ synchrotron X-ray tomography’ aims at
studying the crack initiation mechanism in the model materials using synchrotron sourced X-
ray tomography. The chapter presents a 3D visualization of crack initiation chronology in a
filled material during a tensile test along with the description of the critical morphological
parameters.

The 6 chapter talks about the fatigue properties of the material. This chapter follows
the similar methodology presented in chapter 5. The objective of this chapter is to understand
the role of CBagg in crack initiation during fatigue solicitation. This chapter also presents a
comparative study on the influence CBagg 0N the crack initiation mechanisms in our model
materials and an industrial formulation containing oil.

A general conclusion recapitulates all the main results of the aforementioned chapters.
This chapter provides various insights by linking the results of all the chapters. Finally, we
present possible future works to improve and to bring more insights on this thesis work in the

perspective section.
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CHAPTER1 13

1 INTRODUCTION

The aim of this chapter is to revisit the bibliography on mechanisms and modeling approaches
of fatigue and rupture in filled elastomers. The focus is put on the impact of “microstructural
defects” or “flaws”. The first section is devoted to the mechanisms of formation of these defects
during material processing. A second section describes their impact on the mechanical
properties during monotonic and cyclic uniaxial solicitations. The third section presents a state
of the art on the various techniques available to observe, characterize and quantify these defects.
Some of the information delivered in this chapter are already published in our recent review
article “About the Influence of Materials Parameters on the Ultimate and Fatigue Properties of

Elastomers™[1] (attached in Appendix 1).

2 HOW ARE MICROSTRUCTURAL DEFECTS FORMED?

2.1 Generalities

Elastomers are used in many applications such as tires, sealants, and anti-vibration. In
these applications, they can undergo static or dynamic strain solicitations which reduce their
durability. The optimization of their properties requires addition of many ingredients in the
pristine polymers. Typical ingredients used in industrial grade rubber composites include
elastomers (for instance, natural rubber: NR, ethylene propylene diene monomer rubber:
EPDM, or styrene butadiene rubber: SBR), reinforcing fillers (such as carbon black, silica,
clay), processing aids (paraffin wax, oils etc...), crosslinking agents (usually sulphur or
peroxide type), cure activators ( like ZnO and stearic acid) and accelerators for crosslinking

reactions (based on sulfonamides, thiazole or dithiocarbamate etc.).

The mixing process of all these ingredients involves different steps. The first one
requires an internal mixer, in which all the ingredients except the curing agents are added. The
mix is further introduced into a two roll mill machine along with vulcanizing agents. The final
step is curing of the material after forming by extrusion or compression or injection molding.
Typically, four types of microstructural defects can be formed: filler agglomerates, metallic
oxides inclusions, micro-bubbles or voids, and molding joints. For example, after curing,
unreacted ZnO inclusions remain in the rubber compound as confirmed through SEM or X-ray
Tomography measurements[2—4]. In addition to ZnO, other metallic oxides can be found in

rubber compounds, e.g: CaCOs, Al(OH)3[2,5,6]. They are due to impurities already in the
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elastomer or are introduced as supporting fillers to support peroxide molecules (when they are

used for curing instead of sulphur)[7].

The concentration of all these defects depends on the various processing parameters and

on the chosen formulation[8-11]. This is described in the following.

2.2 Processing parameters

Inorganic fillers like carbon black (CB) or silica exist in the form of pellets or granules with
sizes ranging from 100pum to 2mm [12,13] before their introduction into the internal mixer.
After this introduction, they are subdivided into big agglomerates, before their incorporation
into the polymers[14-16] (Figure 1, 2). The time required for the wetting of the fillers by the
polymer chain is short compared to the one needed for their subsequent dispersion into the
polymer matrix. Agglomerate rupture occurs during the initial dispersion step[12,13,17] [18].
The rupture mechanism can be summarized as brutal breaking of agglomerates, when
Fn/F.on = 1, where F;, is the hydrodynamic drag forces applied on the filler (due to shearing
of the material, i.e. polymer matrix + ingredients, in the internal mixer) and F,,, is the cohesive
force between the aggregates inside the agglomerates[18,19]. This mechanism depends on the
agglomerate size and is not influenced by the aggregate's characteristics[10]. As the
agglomerate size reduces, its cohesive strength becomes stronger than F;, and rupture becomes
more difficult. Then, erosion mechanism becomes prevalent. This erosion occurs by detaching
small clusters of aggregates or small agglomerates from its surface. The shear stress required
for erosion is low compared to rupture mechanism. The erosion mechanism could be by either
“onion” or “ribbon” peeling depending on matrix viscosity (Figure 3). The matrix viscosity
influences the impregnation of the elastomer chains into the agglomerates[17]. The volume
eroded from the agglomerate surface during erosion can be described by R3 — R} = a(r —
7.)yt [10,12,18,20], where t is the mixing time, y the shear rate, 7 the shear stress and « the
erosion efficiency which depends on the characteristics of the carbon black. R, and R, are the

sizes of the agglomerate at time ¢t = 0 and t respectively.

Thus, the efficiency of dispersion through these mechanisms (rupture and erosion
mechanism) can be improved by varying different processing parameters, such as the rotor
speed[8] (influencing the shear rate), the rotor type (e.g. Banbury or tangential rotor)[21], the
filling ratio (% of the free volume in the mixer occupied by the ingredients)[8] etc... and of

course, the mixing time[17]. In any case, there will always remain a certain fraction of
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agglomerates that is not transformed into aggregates (Figure 2) at the end of the process,

especially in industrial production.
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Figure 1 : lllustration of various steps of fillers dispersion [21]
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Figure 2: Illlustration of carbon clack filler states that can exist inside a material. Aggregates of
CB are indivisible structures and are the effective reinforcing and smallest entities that can be

found in a polymeric material.
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Figure 3: Erosion of filler agglomerates in Butadiene Rubber a) “Onion peeling mechanism”:
small particles are detached from the agglomerate surface and they form a dark cloud around

it, b) “Ribbon pealing mechanism”: detachment of particles in the form of ribbon [17].

After the internal mixer step, the material is further introduced into a two roll mill machine,
along with vulcanizing agents required for curing. The machine is kept at a lower temperature
so that the curatives are not activated during the process. The duration and the number of
loading passes through the gap influence the dispersion and the distribution of the ingredients.
Curing is carried out at high temperature (typically above 130°C) after that the final shape has
been given to the product. The cure time of the material is estimated from the torque
measurements in a Monsanto rheometer. In the case of compression or injection molding, mold
geometry[22] and imperfections can create defects on the surface of the samples. In addition,
microbubbles or voids can be trapped inside the cured material due to improper evacuation of

the air or insufficient amount of material available for the molding process[23].
2.3 Influence of formulation

Variations in formulation can promote or reduce the dispersion quality of the different
ingredients during compounding. E.g. polymer chains with high molecular weight can improve
dispersion [14] as they increase the material viscosity and therefore generate higher shear stress
during mixing. On the other hand, oil is a typical ingredient used for improving the
processability of the compounds, by reducing the shear stress. However, depending on the
elastomer matrix, processing parameters (addition of the oil along with the CB or after in the
internal mixer, shearing time before this addition, shearing energy etc...), presence of oil can
result in a good or bad dispersion of the filler in the matrix[8].

The characteristics of CB aggregates obviously have a strong influence on the quality of
their dispersion. As mentioned earlier, the rupture mechanisms of the initial agglomerates are
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not significantly influenced by the specific surface area or structure of the aggregates[10],
unlike the erosion mechanisms. Thus, the erosion efficiency is given by = A *VCTAB + B *
DBP/\/CTAB , where CTAB is the specific area (cm?/g) and DBP (in cm®/g) is an indication

of the aggregate structure and roughly corresponds to the voids available in a given weight of
filler. Thus, higher structure promotes the efficiency of the dispersion, from agglomerates to

aggregates.

2.4 Conclusion

The existence of defects is inevitable in rubber compounds, especially in industrial
production. Different process parameters and ingredients influence their concentration in the
materials. These defects affect the mechanical properties, particularly the rupture and fatigue

properties. These are discussed in detail in the next section.

3 IMPACT OF MICROSTRUCTURAL DEFECTS ON RUPTURE AND
FATIGUE PROPERTIES

From a general point of view, fatigue and rupture involve initiation and eventual propagation
of one or more cracks over the entire section of a material. These mechanisms can occur under
constant, monotonic, or cyclic loading or under a combination of these three. Here, a
consolidation of experimental evidence on the impact of defects on crack initiation and

propagation under monotone and cyclic/dynamic solicitation is presented.

3.1 Crack initiation

The definition of crack initiation depends on the scale at which crack mechanism is
evaluated. E.g., crack initiation may be considered as the appearance of crack on the surface of
a specimen at the macroscale. Crack initiation can also be identified at the microscale as the
appearance of cavitation of pre-existing voids or as debonding from an inclusion or as cavitation
at the poles of agglomerates or as breaking of agglomerates. Note that these different
mechanisms do not necessarily lead to rupture. The defects from which the initiated crack leads

to rupture are said to be critical.

Various sample geometries are used for characterizing crack initiation such as
pancake[24,25], dogbone[26], diabolo[27], AE2[28] etc. Pancake and dogbone geometries are
typically used for tensile tests whereas AE2 or diabolo geometries are mostly employed for

fatigue tests. The samples can be observed post mortem, i.e. after rupture, or during deformation
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using SEM[2,27,28] or X-ray Tomography [3,24,26,29]. Two kinds of solicitation can be

explored: monotonic (e.g. tensile test) or dynamic (fatigue test) solicitation.

3.1.1 Monotonic solicitation (Tensile test)

Cavitation of pre-existing voids was first shown by Gent et al. [25] using a pancake
specimen of a filled Natural rubber. Later on, many studies have shown similar phenomena for
different elastomers [30-33]. When the critical hydrostatic pressure inside the voids reaches a
constant value of 5E /6, there is an onset of cavitation due to elastic instability. Gent and

Tompkins [34] have shown that this is valid for micro cavities bigger than 100nm (Figure 4).

E=0.3 MPa
v=0.025 J/m?

------ E=2.0MPa |

A y=10.03 J/m?
~ 10
n.
10° .5/6
107"
1E-10 1E-8 1E-6 1E-4
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Figure 4: Ratio of hydrostatic pressure P over Young's Modulus E to evaluate the onset of

cavitation by taking into account the surface tension. a is the size of the cavities[35] .

Cavitation was also observed with other specimen geometries. For instance, Oberth et
al.[36] observed cavitation at the poles of spherical defect in a polyurethane matrix in a
stretched tensile specimen. In 1984, Gent et al.[37] discussed the impact of micro-structural
defect diameter and surface characteristics on cavitation under tensile loading, by using treated
and untreated glass beads in PDMS (cf Figure 5). Inclusion in a polymer under a critical stress
leads to the formation of cavity near its poles, provided it has good surface adhesion with the
polymer (Figure 5a). For this particular case of spherical inclusion, the onset stress for
cavitation can be written empirically as t, = A * E + B * d~'/2[32,37], where A * E represents
the elastic resistance to the unstable growth of pre-existing spherical voids under a triaxial
tension, d the diameter of the inclusion, and B a constant. For a very large inclusion, the equation
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reduces to t, = 5E /12, i.e. as expected, half of the critical hydrostatic pressure for cavitation
onset. If the inclusion diameter is small, the 2" term in the equation becomes predominant, i.e.
the cavitation stress becomes proportional to d=%5. ¢, is smaller for an inclusion with prolate
shape oriented parallel to the sollicitation axis compared to an oblate shaped inclusion oriented
perpendicular to the solliciation axis[2] (Figure 6). t. is reduced when there is another inclusion
in the close vicinity (Figure 5b).

On the other hand, if there is no adhesion between the polymer and the spherical
inclusion, there will be debonding at its poles as shown in Figure 5c. To deduce the criterion
for debonding, it was assumed that stored strain energy is lost when a small circular portion of
inclusion is debonded from the matrix at the pole in the direction of applied stress. The
debonded area will grow if the reduction of this energy is greater than the one required for
debonding. Thus, a criterion was developed, 62 = 8nG,E /3kr sin 26. E is Young’s modulus,
k a numerical constant , r the radius of the inclusion, 26 the angle subtended by a hypothetical
initial debonded zone on the inclusions pole and G, is the bond fracture energy per unit area of
bonded surface (which is lower than the cohesive fracture energy of the inclusion). Note that
at a scale below, under uniaxial strain, nano-cavitation has also been observed in the vicinity
of the interface between filler aggregates and matrix (Figure 7)[38—40]. These filler aggregates
are not considered as defects, however they can also influence the crack initiation mechanism.

In case of industrial compounds, which contain many different defects, there can be
additional mechanisms. For instance, formation of cavities due to fracture of silica agglomerates
was observed by X-ray tomography during a tensile test (Mullins test) of a silica-filled SBR
material[26]. Similar studies for carbon black-based compounds are not available in literature.
Moreover, the dependence of crack initiation mechanism on the defects morphology has not

been experimentally observed in tensile test.
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Figure 6: Stress profile in an elastomer with an inclusion which shows the triaxial stress

concentration at the pole of the inclusion where there could be a potential cavitation[2].
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Figure 7: Crack propagation through polymer matrix along the interface between carbon black

aggregates and polymer in a stretched sample[41].

3.1.2 Dynamic solicitation (Fatigue test)

Crack initiation studies in filled elastomer have been much more explored during fatigue
tests than during tensile tests. Early studies have demonstrated the need for considering
microstructural defects, like those of Gent and Lake[42—-44] who assimilated the size of the
defects with the size of a notch in the model describing the crack propagation rate. Applying
this model to experimental results, it was deduced for an unfilled, non-crystallizing, vulcanized
rubber that the fatigue properties are controlled by defects whose size is around 56um.
Similarly, for rubber compounds reinforced with carbon black, this size was found out to be
ranging from 3 to 52um, depending on the filler characteristics[45]. It was confirmed using a
magnified photo of failed test piece that crack initiated from carbon black agglomerates.
Similarly, SEM-based investigations on filled polymer compounds[2,22,46,47] under fatigue
loading, after their failure or after a pre-determined number of fatigue cycles, also pointed out
the existence of defects at the initiation sites of cracks[22]. For CB-filled rubber, it was deduced
that the minimum size required to initiate the debonding around an agglomerate is 5.1um in a
fatigue test with 100% strain cycle (Figure 8a). Under similar condition, the size of an
agglomerate for which a surrounding cavity could become a crack is 41um, and this could

happen as soon as 20% of the life duration is reached. These studies also showed that defects
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such as ZnO inclusions can initiate debonding at their pole (Figure 8b, c). Cracks initiated by
agglomerates appear to be more critical than cracks initiated at the ZnO inclusions[22,48].
Other inclusions like AI(OH)3 can also become precursor for crack initiation as demonstrated
by Le Cam et al.[6]. Crack initiation also occurs at the fragile zones in the specimen (Figure

8d, e), e.g. the molding line in the diabolo specimen geometry[22].

The lifetime of the material can be correlated to the size of the critical defect (Figure 9)
[27,28]. However, it is assumed that the critical defect found at the initiating site is the biggest
defect found in the material, which might not always be the case. Other parameters must also
be considered such the location in the sample, the internal properties of the defects[27] etc..
The mechanism of crack initiation is also influenced by the type of the elastomer, e.g. SBR vs
natural rubber. Several studies show that for Natural rubber, crack propagates from multiple
initiating sites, whereas for synthetic rubber, rupture is due to propagation from a single critical

defect. This difference is due to the strain crystallization which can occur in NR.

a) b)

Figure 8: a) Cavitation around filler agglomerates, b) and c) debonding around ZnO inclusion,
d) multiple crack initiations in an NR diabolo sample specimen at the molding line, €) Crack
initiation at the molding line observed by SEM [22,48].
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of the artificial defect in a pure shear geometry specimen of filled EPDM[27,48].

3.2 Crack propagation (extract from [1])

In many cases, crack initiation(s) is not considered as the mechanism which dictates the
lifetime. Thus, many works have been rather devoted to crack propagation. Different
experimental protocols and specimen geometries can be used (the most commonly used
geometries are pure shear, trouser, and tensile test-pieces). This can make comparison and
generalisation of the results difficult. The test-piece can be strained, at a constant load force and
then the crack propagation velocity Vp(t) can be measured. The trouser test-piece is the most
suitable geometry for this so-called crack growth tests since the stretch of the two legs can be
directly related to the crack propagation velocity[42]. Things are less straightforward on
notched pure shear (PS) geometry or tensile specimens. In this case, the estimate of the
propagation velocity requires a direct measurement of the crack length as a function of time.
“Static cut growth test” corresponds to the measurement of the crack propagation velocity after
a cut is made in a statically strained PS specimen. In the so called “fatigue crack growth tests”,
the notched test-piece is subjected to a cyclic loading, controlled by deformation or stress, with
or without polarization. (i.e. with or without complete unloading). The stabilised propagation
rate is then measured per cycle[43] for different loading levels. Such protocols are built to
mimic the conditions encountered in numerous applications, where loading levels are relatively
low. In these applications, the load frequencies are often significantly higher than 1 Hz. This
can lead to a significant rise in temperature of the material. To avoid this, or to at least limit it,
haversine type loading conditions are often used. The term "stabilized™ is important: indeed,

faster propagation is generally observed during the first cycles, and the crack growth rate
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decreases more or less rapidly towards a “stabilized” value. This is ascribed to the modification
of the crack geometry (initially created from a razor cut), and of the mechanical properties of

the material in its vicinity.

Irrespective of the type of solicitation applied (static, monotonic or cyclic), these
experiments enable to relate Vp, expressed per time unit (for instance in static crack growth
experiment) or per number of cycles (in fatigue crack growth tests) to a strain energy release
rate G. G is defined as the variation of potential energy in the specimen per created crack area.
Note that G is noted T (for tearing energy) in many articles. The resulting Vp(G) curve is indeed
considered to be independent of the geometry[43,49], at least for those commonly used [50], if
certain conditions of the geometries are fulfilled[51]. Using a Pure Shear (PS) geometry of
initial height ho submitted to a stretching A, G associated with the propagation of a crack of
length c, is the product of W(A) by ho, where W(R) is the strain energy density of the unnotched
PS test piece submitted to the same stretching[50,52,53]. For a tensile strip geometry, the
expression becomes 2kW(A)c, k being a parameter depending smoothly on A[54,55]. In the
case of an elastic material, W(A) simply is the area under the loading curve of the unnotched
test piece, and G is then the stored elastic energy. The estimate is less trivial for viscoelastic
materials, or when the mechanical behaviour irreversibly depends - over the time scale of the
cycles and/or of the crack propagation - on the maximum loading (as it is the case in filled
elastomers due to the Mullins effect). In fatigue crack growth, depending on the authors, W(A)
will then be estimated from the area under the loading, or the unloading curve of the material,
over a stabilized cycle, and will thus include, or not, the energy dissipated during the cycle (this

having important consequences on the interpretation of the Vp(G) curves)[56].

Vp(G) curves (or the reverse, G(Vp) curves) from non-cyclic crack growth tests are found in
literature with crack propagation rates which can extend over ten decades (Figure 10)[57]. The
authors estimate a tearing energy G, (with a significant error bar), akin to G¢, when Vp reaches
several m/s. In the lower or higher velocity domains, the breaking surfaces are rough and
smooth respectively, and the velocity is approximatively or completely stable, while stick-slip
occurs in the transition domain[58,59]. These different behaviors are related to the ability of
material to blunt the crack tip by cavitation[60]. This mechanism involving the viscoelastic
response of the material, may or may not have the time to occur, depending on the propagation
velocity[61]. The width of the transition domain decreases with the increase in the material
crosslinking density. Note that the unstable stick-slip process may also result from a non-
uniform temperature in the crack vicinity, that interacts with the local viscoelasticity of the
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material[56]. Below G, two different domains can be distinguished : for G above a value named
Go, V) roughly varies with a power law of G. Below Gy, an extremely low crack propagation
rate is observed, independent of G, solely originating from a chemical degradation of the
material at the crack tip[62]. G(V,,T) data obeys the same time-temperature equivalence as
dynamic moduli and makes possible the construction of a master curve over a very large
domain. Incidentally, T and V, being given, G grows with the loss modulus. Go has therefore
to be estimated when the viscoelastic effects are minimized. The reduction of the dissipation
zone can be obtained by pushing an ultra-sharp blade into the open crack. This inspired a new
efficient protocol to rapidly evaluate Go[63,64]. Values are found between 20 and 100 J/m?
[65-69]. According to Lake and Thomas[70], they correspond to the breaking energy of the
chains that cross the fracture plane. When a bond breaks, the entire chain between crosslinks
relaxes to zero load, making the energy dissipation proportional to the number of Kuhn
segments (N) between the crosslinks. Recent studies however suggest that chains rupturing out
of the fracture plane are also involved in the fracture energy[71]. Despite its simplifying
assumption (perfect network without entanglement), the Lake-Thomas model predicts the right
order of magnitude for Go in unfilled amorphous polymers and the observed dependence of Go

on N-1/2
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Figure 10: Crack growth velocity (dc/dt) as a function of the strain energy release rate G for
Styrene Butadiene Rubber. Go is the threshold energy for mechanical crack growth and Gt

indicates the transition region [30].

Regarding fatigue crack growth tests, the curves are generally given as dc/dn (i.e. the crack
growth per cycle) versus G[72]. They have a typical shape, similar to those observed for other
classes of materials[44] (Figure 11). Like in static crack growth, three domains are identified.
For G values lower than Go (same meaning as in static), crack propagation is again ascribed to
chemical degradation processes. Then one observes a transition on a restricted domain of G,
where the Vp(G) curve increases, usually according to a linear law. For higher G, dc/dn follows
a Paris type law[73], i.e. dc/dn is equal to A-GP where A and B are material parameters.
Finally, beyond a certain critical value G, the crack propagates in a catastrophic way, causing
the sample rupture within few cycles. A detailed review on the impact of various parameters
(Tg effect, filled or unfilled system, temperature effect, different elastomers etc...) on the crack

propagation resistance can be found in our recently published review (Appendix 1).
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Figure 11: Crack propagation rate as a function of the maximum energy release rate G in fatigue
crack growth test for unfilled Styrene Butadiene Rubber (x) and Natural Rubber (0) [74].

3.2.1 Impact of defects on the crack propagation path

By performing postmortem analysis using electron microscopy, the presence of defects
like ZnO (Figure 12a, b), carbon black agglomerates (CBaggl), and cavities was observed in the
crack vicinity[2,46,75-77]. One mechanism of crack propagation involves cavities: the crack
advances by breaking the ligaments between the crack tip and the cavities in front of it. These
cavities can be formed at the poles of defects, given the high hydrostatic stress they undergo
(Figure 12c). In case of filled elastomers, improvement in the crack propagation resistance is
ascribed to the ability of the filler to deviate or arrest the crack[78]. Crack can follow the
contours of the fillers, and are therefore deviated, increasing the crack path length[79]. The
same mechanisms are suspected for filler agglomerates, but they have not been explored. The
crack can also be arrested by the reinforced anisotropic structures (fibrillary structure) formed
at the crack tip where the material is submitted to very large strain[80]. Even though all these
mechanisms are often discussed in literature, their experimental observation, especially in situ,

is much less reported.
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v Revealed
cavity

Figure 12: a) Artificial micro-cracks created to observe the morphology behind the crack tip,
b) cavities observed at the poles of ZnO inclusions, ¢) nucleation of void around a crack tip for
NR[46].

3.3 Conclusion

Microstructural defects in the materials are precursors for crack initiation and also impact
the crack propagation. In-situ observation of the crack initiation and propagation along with
these defects is difficult. The advantages and the limitations of different characterization

techniques that are available for these observations are explained in the following section.

4 TECHNIQUES TO CHARACTERIZE MICROSTRUCTURAL
DEFECTS

Many multiscale characterization techniques exist to characterize/observe the defects present

in elastomers and the different mechanisms of crack initiation and propagation that they are
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associated with. These characterizations can be destructive or nondestructive, 2-dimensional or

3-dimensional.

4.1 2D techniques

Optical microscope, atomic force microscopy (AFM), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM) are some of the techniques available for 2D
characterization of materials. Since these are all 2D techniques, only “apparent” morphology
information can be obtained, e.g., the diameter of the particle analyzed depends on the
preparation of the thin slices of the sample. The resolution of each technique obviously
determines the size range of the observed defects in the sample.

The Dispergrader technique is fast and simple to use, and has been applied in research
studies to quantify the dispersion of filler agglomerates[12,22]. It works on the principles of
reflected light microscope, where the light source is kept at an angle of 30° with respect to the
specimen surface. The surface is observed using a camera with a magnification of 100x. This
technique cannot distinguish between the inclusions, surface roughness (e.g. due to improper
sample slicing), voids and filler agglomerates. Its resolution capability is also limited (in
between 3-57um). Similar to Dispergrader, Optical microscope is also often used[17]. With the
latter, one can conduct ex-situ tests, i.e. observation of the crack appearance on the surface
sample during a fatigue test[22]. However, observations are limited by the resolution of the

instrument to the micron scale.

A better resolution, at the nanoscale or even higher, can be achieved with AFM and
TEM. Both techniques provide similar information such as filler structure, aggregate dispersion
etc... in an elastomer[81-84], for instance, in silica filled elastomer matrix composites[82] (cf
Figure 13). They are not very well suitable for characterizing micron sized defects due to the
limited size of the observation area. Visualization of the crack mechanisms is also possible by
these techniques by performing a postmortem analysis after a mechanical experiment. For
instance, the rearrangement of silica agglomerates in natural rubber due to fatigue solicitation
was observed by TEM[85]. Mdarhri and Brosseau[40,41] have observed the crack initiation
and propagation in the vicinity of the filler aggregates — matrix interface in a stretched sample
using AFM. However, in-situ characterization capabilities of these instruments remain limited.

SEM is another technique extensively used for characterization of microstructural
defects and the crack mechanisms they are associated to. Typical SEM resolution is in microns,
but it can reach 100 nm. Generally, secondary electron (SE) detector with low voltage electron
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beam is used. A combination of SE and Energy dispersive X-ray (EDX) analysis enhances the
contrast between the defects and the polymer matrix [2,6,48,77,86]. The capability of in-situ
SEM observations was, for instance, demonstrated in a study devoted to characterization of the
microstructural evolution behind a crack tip in a NR/CB composite. A high energy electronic
beam was used to create artificial micro-cracks to observe the cavitation at the poles of inclusion
during a crack propagation [46,77]. The main disadvantages of using SEM are the high chances

of material damage by the electron beam during the observation and the low surface area of the

observable specimen.

b)

TN §
Q‘?! W %y ."
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Figure 13: a) AFM image of silica filler in NR/ENR matrix b) TEM image of filler aggregates
in an NR/SBR matrix[83]

4.2 3D characterization
4.2.1 Electron tomography

Electron Tomography uses TEM technigque to obtain a 3D tomography of a specimen at a
nanoscale resolution. TEM images are acquired by rotating the specimen around its center at
an incremental degree. This can be used to characterize the morphology or spatial distribution
of filler network or filler structure[84,87,88] (Figure 14) and also for visualizing the cavitation
due to breakdown of silica aggregates upon stretching the matrix[38] (Figure 14). The main
disadvantage of this technique is the small volume that can be analyzed (500x500x100nm?),

which limits in-situ mechanical experiments. Another drawback is the reduced phase contrast
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between the fillers and the matrix in the presence of strongly scattering inclusions like ZnO
[89,90].

Figure 14: Nano cavitation is observed in SBR filled with silica particles. The specimen has

been cut from the stretched sample[38].

4.2.1 FIB-SEM

Through a combination of focused ion beam (FIB) which sequentially mills the sample layers
(around 10nm) and SEM (Figure 15), 3D information on the defects in an elastomer can be
obtained at the SEM resolution. The volume that can be analyzed is in the range of 15x15x15
um?3. The acquisition time for an image stack is relatively long due to the slow milling process.
With FIB — SEM, Tunicliffe et al.[91] has imaged the 3D dispersion of silica aggregates,
agglomerates and ZnO inclusion in a SBR matrix (Figure 16a). Koch et al.[92] has
characterized polypropylene composites with various fillers like glass fibers, mica and talc
particles (Figure 16b). Similar to electron tomography, FIB-SEM is a destructive
characterization. Though, in-situ experiments are possible, they remain challenging[84].
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Figure 16: a) 3D-rendering of silica in SBR 1502 matrix from FIB-SEM observation b) 3D
rendered volume of talc particles dispersed in polypropylene matrix observed by FIB-SEM
[91,92].
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4.2.2 X-ray tomography

X-ray tomography has the advantage to be a non-destructive method. It works on the principle
of the Beer-Lambert law where the coefficient of absorption of a material depends on its
interaction with the X-ray photons. The sample is rotated over 180° or 360° in front of the X-
ray beam (Figure 17). Numerous projections are acquired during this rotation. A reconstruction
of the obtained projections using various algorithms (e.g. filtered back projection algorithm)
gives a 3D image of the sample. The biggest advantages of this technique are the possibility to
observe large volumes in the range of cm? and to conduct in-situ experiments without damaging
the materials[3,29,93-96]. Like for all tomo observation techniques, the disadvantages are the
generation of different artifacts (ring artifact, beam hardening) during the acquisition, low
attenuation contrast difference between particles of similar nature to that of polymer matrix,
and the requirement of high computational power for the post processing of the 3D images.
Various sources exist for X-ray Tomography, notably laboratory sources and synchrotron

sources.

. Detector

4

pe

X-ray

Figure 17: lllustration of the configuration of X-ray tomography imaging[96].
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Figure 18: Historical development of spatial resolution vs scan time of X-ray Tomography. In
case where spatial resolution is not cited in the references, an estimated resolution of twice the
pixel is used. The filled symbols represent X-ray lab tomography and open symbols are for
synchrotron sourced X-ray Tomography. The red squares denote X-ray Tomography with white

beam and black circle is for monochromatic beam[97].

4.2.2.1 Laboratory source tomography
Laboratory sourced X-ray tomography has seen significant improvement in scan times

and spatial resolution so that their performances get closer to the ones of synchrotron-sourced
X-ray tomography (Figure 18). Thus they became more and more suitable for characterization
of microstructures of various materials such as metals, ceramics or polymer composites[96—
102]. In recent decades, this technique has also been used for characterizing cavitation in
elastomers[3,26,29,103,104]. Voids or cavitations are easy to detect because of their good
contrast with the matrix. This is also the case for silica agglomerates whose attenuation
coefficient is much higher than the matrix one[26]. It is more difficult to detect defects such as
carbon black agglomerates, since their attenuation contrast is close to the one of polymers. High
attenuating inclusions like ZnO also perturb their detection as well as the one of cracks[105].

For these reasons (among others like the cost of the apparatus and the processing time required
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to conduct the analysis) the rubber industry, which often uses ZnO particles and carbon blacks

in their elastomer formulations, has not yet adopted X-ray Tomography for the routine

characterization of their products.

Figure 19: a) X-ray tomography imaging of carbon black aggregates distribution from reference
[106], and b) silica distribution in SBR matrix [107].

4.2.2.2 Synchrotron-sourced tomography

The method of production of X-ray is different in synchrotron. Synchrotron radiations are
emitted when electrons accelerate radially in a storage ring at ultrarelativistic speed. The
radiation that is projected in tangential direction to the electron trajectory is captured by
beamlines. Monochromatic parallel radiation is produced with broad spectrum of energies and
high flux (with a ratio of 10° compared to a conventional source). In addition, due to spatial
coherence of the emitted radiation, phase contrast imaging is possible, which helps in the
detection of low attenuation coefficient materials (like e.g. CBagg). The resolution of X-ray
Tomography ranges from 100nm up to more than 10pum. Thus, Zhou et al.[106,108] studied the
evolution of the carbon black aggregate network in a rubber matrix and its impact on the
mechanical properties during a tensile deformation (Figure 19a). To do so, they used X-ray
energy of 8 keV and phase contrast imaging mode at a resolution of 200nm. Using this relatively
high resolution, they observed that upon stretching, the aggregate network undergoes breakage
and re-aggregation. A similar study was performed by Chen et al.[109] on carbon black in
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natural rubber. Nusser et al. [107] characterized silica fillers dispersion and their cluster size
distribution in silica filled SBR using a synchrotron radiation with a resolution below 1um at
9.6 keV (Figure 19b). This study highlighted the ambiguities and misinterpretations that a 2D
analysis can induce, especially when the existence of a percolating network is addressed.

It is noteworthy that all these studies only dealt with the characterization of filler aggregates
structures and not with that of defects such as filler agglomerates or micron size voids, which
actually requires a lower resolution and is therefore technically easier to perform. Moreover,
thanks to its relatively fast acquisition time (of the order of few minutes), synchrotron source
tomography is also suitable to study the impact of these defects on the rupture and fatigue
properties in a filled elastomer by performing in-situ characterization. In-situ studies are
commonly performed for metal or ceramic materials[99,101,110-114], but are yet rarely

reported for elastomer materials.

4.3 Statistics of morphology and spatial distribution of defects

Whatever the techniques chosen for characterizing the material defects are, the obtained
images require a quantitative analysis of their different features (volume, size aspect ratio,
structure etc.). 2D techniques require a post treatment of the data with strong assumptions to
extract the real morphological features from apparent dimensions[115] (Figure 20). 3D
observations can provide a direct picture of the morphology of the microstructural defects along
with their dispersion state. For instance, the equivalent diameter and sphericity (closeness of
the shape of the object to that of a perfect sphere, e.g. sphericity is equal to one for perfect
sphere) distributions of silica agglomerates in SBR, obtained from laboratory source X-ray
tomography have been described in a recent publication[26] (Figure 21). To the author’s
knowledge, neither the analysis of spatial distribution of defects (e.g. inter-particle distance)
and of their morphological characteristics (such as shape factor, structure etc.), nor the

methodology to derive these features have ever been reported.
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Figure 20: a) Distribution of the particle diameter obtained using TEM microscopy[115].
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Figure 21: Sphericity as a function of Equivalent diameter of silica agglomerates in a silica

filled SBR obtained using laboratory X-ray Tomography with spatial resolution of 20um[26].
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4.4 Conclusion

One can reliably characterize the morphology and spatial distribution of defects like CBaggl
and their impact on crack initiation and propagation mechanisms using synchrotron sourcing.
This enables high spatial resolution, fast acquisition and phase-contrast imaging capabilities.
Laboratory X-ray Tomography also appears as a useful technique. It is more easily accessible
with a spatial resolution around 1um, but it suffers from limitations regarding the acquisition
times, the attenuation contrast between the materials etc. It also requires more research to
optimize the parameters governing the image formation and acquisition, especially for a
performant characterization of defects in an elastomer matrix. Moreover, whatever the X-ray
source, tomography still needs the development of a dedicated image analysis routine (e.g.
filters, segmentation etc...) and a methodology for powerful extraction of the morphological

features of the defects (e.g. volume, diameter, aspect ratio etc.).

5 CONCLUSIONS AND PERSPECTIVES

Ideally, a material should be free from defects since the defects can lead to rupture. Yet, their
existence is unavoidable in a filler-reinforced elastomer. The defects concentrations vary,
depending on various processing parameters and on the chosen formulations. The most
common defects found in filled elastomers are filler agglomerates. ZnO particles are also
commonly observed in industrial materials since they are key ingredients in sulphur-based
curing systems. The presence of these defects raises some important questions in the industry,
regarding their potential impact on the mechanical properties and on the need to characterize

them or not.

Rupture in a material is the consequence of initiation and propagation of one or more
cracks through the entire section of the material. Past studies systematically showed the
presence of a critical defect at the origin of cracks during a fatigue or tensile test. One of the
seminal works in this domain is that of A.N. Gent and B. Park regarding cavitation of an
elastomer matrix near a spherical inclusion[37]. However, with respect to industrial rubber, it
is challenging to characterize the onset of a damage due to defects in the material and its
evolution towards a crack initiation during solicitation. When a material contains varying
fractions of defects or different kinds of defects, their characterization becomes complex. This
becomes even more challenging when the defects considered are CBagg due to the low contrast
between CBaggi and the matrix. For that reason, many studies identify crack initiation scenarios

by mostly performing postmortem analysis.
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Similarly, crack propagation has been well studied by the scientific community, notably
regarding the influence of the elastomer type, of the filler type and of the loading and
temperature conditions. In the presence of a defect, a common crack advance mechanism is by
breaking the ligaments between the crack tip and the cavities ahead of it. The cavities are created
at the pole of defects by the high triaxial stress behind the crack tip. The presence of reinforcing
filler also induces additional mechanisms such as crack deviation or crack arrest. Even though
all these mechanisms are often discussed in the literature, their experimental observation is
much less reported, especially in situ.

Indeed, there are certain limitations to study crack initiation and propagation in an
industrial material containing defects, mostly due to the inadequacy of techniques that are
currently available for the characterization of defects. The prevalent techniques in the industry
are Dispergrader, Optical microscopy, SEM and TEM. They can extract some pertinent
statistical information with certain strong assumptions. However, the main challenge with these
techniques materializes when carrying out in-situ mechanical tests, as it requires samples with
very small dimensions. To overcome these challenges, one can use X-ray Tomography with
synchrotron or laboratory source. One can then characterize the morphology and spatial
distribution of defects like CBagg and their impact on crack initiation and propagation
mechanisms reliably using X-ray Tomography with synchrotron sourcing. This is facilitated by
its high spatial resolution, its fast acquisition and phase-contrast imaging capabilities. Today,
laboratory source X-ray Tomography can almost reach spatial resolution capabilities of
synchrotron sourcing, making this technique suitable for characterization of the micro-size
defects present in elastomer materials. However, the rubber industry is not yet ready to adopt
X-ray Tomography for the routine characterization of their products even though these
elastomer materials often contain carbon black, ZnO particles etc.. This is due to some
limitations of this technique i.e. long acquisition time, insufficient attenuation contrast between
materials (e.g. CBaggi and elastomer), lack of methodology to characterize and process the data,
etc... In addition, given the questions regarding the influence of the defects on the mechanical
properties of their products, the industry still lacks pertinent information on the relevancy of
this characterization in the specifications of their products.

Thus this thesis work has two objectives:

1. Develop a robust methodology to quantify the dispersion and the morphological

features of defects that are present in a CB filled elastomer (the matrix chosen here
being EPDM, commonly used in many applications) using synchrotron source and

laboratory source X-ray Tomography.
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2. Understand the impact of these defects on the materials properties with the help of
the tomography, which means:

a. Characterize the damage mechanism associated to different defects present
in the materials and identify how this damage mechanism can lead to crack
initiation

b. Establish the characteristics of the defects critical for crack initiation

c. Determine the consequences of the presence of defects like CBaggi On the

crack propagation mechanisms.
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CHAPTER 2 49

1 INTRODUCTION

Many applications such as tyres, sealants, and anti-vibration mounts use elastomer. This
requires to add various ingredients into the elastomer to optimize its properties. Reinforcing
fillers such as carbon black, silica nanoparticles, clay talc or carbon nanotubes are added to the
elastomers to modify their ultimate[1], fatigue[2] and visco-elastic[3] properties. Carbon black
is predominantly used for various applications. It is available in different grades in the market,
varying based on its structure and fineness[4—6]. There also exist different types of elastomer
such as Natural Rubber, Isoprene rubber, Styrene butadiene rubber, Butadiene rubber, and
Ethylene propylene diene monomer rubber, which can modify the properties of the materials.
In this thesis work, we evaluated two types of material composition on their mechanical
properties and the defect population inside them. A model material containing just elastomer
and carbon black (CB) filler was used to study the analytical effect of concentration of defect
on crack initiation and propagation mechanism. The elastomer used is EPDM matrix as it is
known to possess good resistance to heat, ozone, oxidation, weathering etc.[7] This material
was processed in the laboratory equipment at INSA-Lyon. We tested an industrial compound
processed in pilot-scale mixers at LRCCP in Vitry-sur-Seine in order to validate the observed

crack mechanism in a material that is used for industrial applications.

2 MATERIALS

2.1 Composition

2.1.1 Elastomer

The elastomer utilized is Ethylene Propylene Diene Monomer (EPDM Keltan 4450)(Figure 1a)
from Lanxess. This commercial elastomer contains 52% of polyethylene (PE) and 4.3% of
Ethylidene Norbornene (ENB). Depending on the percentage of PE in EPDM, the material can
be either crystalline (PE>65%) or amorphous[8]. The composition and Differential Scanning
Calorimeter analysis (Method described later) suggest that the elastomer used is a non-
crystallizing elastomer[8]. Indeed, this is important to study the influence of carbon black
agglomerates on the mechanical properties (crystallinity in the materials can influence the
material properties[9]). The glass transition temperature of this EPDM is -52°C (midpoint)
(Figure 1b).
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Figure 1: a) Chemical structure for EPDM elastomer, b) DSC heating curve for EPDM Keltan
4450.

2.1.2 Filler

The reinforcing filler in the materials is a high furnace carbon black (N326). N326 carbon black
has a surface area of 78m?/g (BET, Brunauer, Emmett and Teller). Its structure is characterized
by a criterion based on oil absorption. The structure indicator is 72 cm3/100g for this CB. N326
has a low structure with an intermediate specific surface area carbon black (~80m?/g). The
choice of this specific filler is dictated by the objective of generating agglomerates. N326 is
known to have bad dispersion in the elastomer. Our studies[10] showed that it is difficult to
have a sufficient concentration of carbon black agglomerates, if the material is formulated with
higher structure carbon black (N550) (ECCMR Article 1 attached in the Supporting

Information).

2.1.3 Curing agents

As mentioned above, we studied two kinds of composition in this thesis. The model materials
require a simple composition for characterizing the defects and their impact on crack
mechanism. The crosslinking agent used for curing the model materials is unsupported dicumyl
peroxide: Bis(a,a-dimethylbenzyl) peroxide (Figure 2). In general, peroxides are supported on
filler like CaCOs for better processability. This has not been chosen in our material formulation

as it would introduce unwanted inclusions in the matrix[10]. Sulphur based curing is used in
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the industrial material to be more representative of the materials used for various applications.
This requires addition of other additives such as ZnO, Stearic acid etc. for cure activation. The
complete recipes of both series of materials are given in Table 1 below. Details about the mixing

process are given in the following section.

Figure 2: Chemical structure of Bis(a,a-dimethylbenzyl) peroxide

Tablel:Materials formulation and mixing process details.

F1 F2 F3 LRCCP
Ingredients

(Phr) (Phr) (Phr) (Phr)
EPDM 100 100 100 100
Carbon Black 50 50 50 100
Paraffinique Torilis 6200 40
Zinc Stearate 4.5
MBTS 80 1.5
TBzTD 70 2
Soufre 1.5
ZBEC 70 1
Peroxide 3.2 3.2 3.2
Rotor Speed (tr/min) 30 60 60 60
Mixing Time (min) 2 4 10 5

TD usD TD USD
Approach 1.EPDM 1.CB 1.EPDM 1.CB+Oil

2.CB 2. EPDM 2.CB 2.EPDM
Filler Volume Fraction 19.3% 19.3% 19.3% 24.8%

2.2 Material processing

The internal mixer used for processing model materials is a Haake Rheomix 600 OS

Mixer with a chamber volume of 120cm?® (Figure 3) equipped with Banbury rotors. The
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available volume is then 72 cm?® which allows to process around 55 g of blend. All the
ingredients except curing agents are introduced into the internal mixer for a specific time. The
rotor speed of the internal mixer is specified for each material in Table 1. The sequence of
introducing the ingredients was varied to study its influence on the occurrence of defects such
as agglomerates. USD method refers to “upside down”, i.¢. the carbon black is added first, and
the elastomer second (1-CB_2-EPDM). TD method refers to “top down”, i.e. the elastomer is
introduced first in the internal mixer (1-EPDM_2-CB). The piston that closes the mixing
chamber is retracted for few seconds and then the chamber is sealed again at 60s after the start

of the mixing process.

Thermo mechanical characterization of the mixing process is presented in Figure 4. The
torque attains maximum value in the initial period of mixing which corresponds to the
incorporation of the filler inside the elastomer. Torque decreases and eventually stabilizes
around 35 Nm. The temperature during mixing increases steadily and reaches a maximum
value between 85-90°C at around 120 rotations of banbury rotor. After unloading, the blend
undergoes 10 passes in the two-roll mill machine where the curing agent is added. After
complete mixing of the material, samples are cured and molded to a square sheet of thickness
of 2 mm at 170°C under 190 MPa for 12 min. The samples for mechanical tests are die cut from
this sheet by pneumatic punching tool. The pure shear geometry samples (Mini-PS) are
prepared using a specific mold under similar curing conditions. The details of the geometries

of the samples used for various tests are described in section 3.3.1.

In the processing of industrial materials at LRCCP, the main difference from the
laboratory internal mixer used at IMP was the chamber volume (Banbury rotors with 2 liters of
chamber volume). USD protocols are commonly used in the industry compared to TD protocol.
Here, all the ingredients are introduced at the beginning of the mixing process in the following
order: Carbon black along with oil, then elastomer and followed by other additives. The piston
that closes the mixing chamber is retracted for few seconds and then the chamber is sealed again
at 90s and 240s after the start of the mixing process. This is a standard procedure in industry to
improve the re-homogenization of the ingredients. After 300 seconds of mixing, the material is
transferred from the internal mixer to the two-roll mill (kept at 30°C) where the curing agents
are added. The rest of the procedure is similar to that of model materials.

The cured samples are stocked in a refrigerator, which is at a temperature of -21°C. The samples

are taken out only for the experiments.
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Figure 3: a) Internal mixer, b) 2 roll mill machine [11]
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Figure 4: Thermo mechanical characterization of the mixing process.
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3 CHARACTERISATIONS OF PHYSICAL PROPERTIES
3.1 Swelling: estimation of crosslinking density

Measurement of swelling of a crosslinked material in a good solvent is a useful technique to
obtain the network active chain density, the degree of crosslinking and the fraction of chains
that do not belong to the elastomer network (soluble fraction). The degree of swelling depends
on the affinity of the solvent and the polymer as well as the average length of polymer chains
between the crosslinking nodes.

The solvent used for swelling is Xylene which is very suitable for EPDM elastomers[8]. The
protocol for swelling experiment is as follows: a sample (3-4 samples for repeatability) with
initial weight M; is introduced into Xylene at an ambient temperature and let for swelling until
it reaches a swelling equilibrium, i.e. constant mass (Figure 5). After weighing the swollen
sample (mass M), it is dried in a chamber for 24hrs for the evaporation of the solvent. The
partially dry sample is completely dried in a vacuum oven at 60°C for another 24hrs, to obtain

the final dry mass M,.

4.0
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3.0

o 25
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Figure 5: Swelling ratio (Qp) for the model material F1 as a function of time (days).
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The swelling ratio Q and soluble fraction Fs are obtained using:

Q 1 =1+ Ppolymer .(Ms—Md) (l)

V2 Pxylene Mg

Mi—Mg

Fy = 100.—=¢

)

Where, ppoiymer, aNd pyyiene are the densities of the elastomer and the solvent respectively
(Ppotymer = 0.86 9/cM?, pyyiene = 0.73g/cm®). When the elastomer is reinforced with carbon
black, it introduces a phase in the materials which cannot be swelled. If we consider that the
interaction between the filler and elastomer is perfect, the swelling ratio of the elastomer matrix
is given by
_ Qcomposite_d)
Qp = =20
Where ¢ corresponds to the volume fraction of carbon black in the materials and Qcomposite 1S

the swelling ratio of the material.

One can determine the number of elastically active chains from equilibrium swelling data

thanks to the Flory and Rehner equation.

[In(1-V,)+Vz+x*VZ] 4

v . = -
swelling Vl*(V21/3—0-5*V2) ()

Where Vgyening 1S the number of active network chain segments expressed in mol.cm™, v,

is the molar volume of the solvent (123.4 cm®mol for xylene), yx is elastomer-solvent
interaction parameter[8] (xxyiene—gppm = 0.49) and V, is the volume fraction of elastomer

network in the swollen material given by equation 1.

3.2 Differential scanning calorimetry (DSC) analysis

Pyris Diamond Calorimeter (Perkin Elmer, U.S.A) is used for the analysis of phase transitions
in the material. This technique measure the amount of heat required to vary the temperature of
the sample following a controlled heating/cooling program. From heatflux measurements, one
can derive the glass transition temperature of the material (Tg) and the temperatures at which
there is crystalline formation (Tc) and melting (Tm). In our protocol, the sample is heated from
-80°C to 50°C and cooled back to -80°C at a temperature rate of 10°C/min. To ensure the

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI015/these.pdf
© [M. Kallungal Abdul Jaleel], [2022], INSA Lyon, tous droits réservés



56 CHAPTER?2

thermal equilibrium along the experiments, samples are kept for 5 min at the starting

temperature of each step.
3.3 Mechanical testing

3.3.1 Sample geometries for mechanical tests

To understand the macroscopic properties such as tensile, rupture or fatigue, 3 kinds of
geometries were used (Figure 6). The sample geometry in Figure 6a is a miniature version of
dogbone geometry (used for tensile test and fatigue test) which is adapted for monitoring within
the field of view of X-ray Tomography and could then be used for in-situ crack propagation
study. The sample geometry in Figure 6b was used for crack initiation study, as it localizes the
rupture of the sample at its center and can therefore be studied by X-ray Tomography also.

Crack propagation studies have been performed using a pure shear test piece (mini PS) as shown

in Figure 6c.
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Figure 6: a) Sample geometry used for tensile and fatigue tests. b) Sample geometry used for
characterizing the evolution of damage mechanism and rupture properties using in situ

tomographic analysis. ¢) Pure shear specimen geometry used for crack propagation studies.

3.3.2 Uniaxial testing
Tensile testing was performed and the stress-strain curves were analyzed. The nominal stress
is defined as o,, = F(t)/S,, where F is the force and So is the initial section of the sample. In

most cases, true stress is used, which is defined as o (t) = F(t)/S(t) where S(t) is the current
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section area of the sample. In elastomeric materials, whose deformation is isochoric, the true

stress can be defined as o,,(1 + €,,), where a,, is the nominal stress and €,, is the nominal strain

defined as €,, = i—L (Figure 7). In the case of homogeneous deformation, the true strain is given
0

by €; = In(1 + €,) .The accurate information on nominal and true strains requires specific
means for measuring the displacement AL, namely mechanical or optical extensometers or, as
presented in section 3.4.1, digital image correlation.

Uniaxial tests were conducted on an MTS 1/ME machine equipped with 100N or 1kN load cell
depending on the sample geometries used. 100N load cell is suitable for the tensile test on a
miniature dogbone sample (Figure 6a, b). For pure shear geometry sample, the force can rise
beyond 100N for which 1kN load cell is required. The strain rate is around 0.0065 s™. In
addition, a homemade tensile rig having 5kN load cell has been used for in-situ experiments at

synchrotron facilities (section 4.2.2).
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Figure 7: True stress vs nominal strain curves for a model material. The standard deviation in

the measurements is given as the shaded region around the main curve.

3.3.3 Fatigue Test
The machine used for fatigue test is Bose Electroforce from TA Instruments. The 22N load cell

is used for this experiment. Sample geometry in Figure 6a is used for the test. The frequency of
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solicitation is maintained at 2Hz to avoid any self-heating of the samples[12]. All the tests are
performed at an ambient temperature. The nominal length of the sample is calculated at a force
of 0.1N. The nominal length is calculated after the sample has undergone 100 cycles of
accommodation. In addition, the minimum nominal strain is kept at 5% strain in order to avoid
any buckling of the sample due to residual deformation. The fatigue life duration of the sample
IS obtained at various maximum nominal strains. The evolution of crack initiation and further

crack propagation is observed through an ex-situ characterization using X-ray Tomography.

3.3.4 Dynamic mechanical analysis (DMA)
DMA is used to study the viscoelastic behavior of materials by measuring its dynamic modulus.

One applies a sinusoidal stress (or deformation) to the sample and measures the sinusoidal strain
(or stress) response which has a phase shift of an angle & with the applied solicitation. The
dynamic modulus G” is expressed as G* = G’ + G, where G’ is the elastic modulus that
measures the stored energy (representing the elastic component of the complex modulus) and
G” is the loss modulus which measures the energy dissipated as heat (representing the viscous
component). The experiment is performed in the linear viscoelastic domain either in a
temperature sweep mode (typically between -150 ° C and 300 ° C, where frequency is constant)
or in a frequency sweep mode (typically 0.001 to 1000 Hz, where temperature is constant), or
in a strain sweep mode (typically between 0.01% and 50%, where frequency and temperature
are constant) to analyze the nonlinear behavior.

We performed dynamic strain sweeps tests at 30°C and 1 Hz in the shear strain range of 0.01%
- 10%, using a shear sandwich mode in this thesis. The machine used for the experiment is
DMA Q800 (TA Instruments).

3.4 Optical monitoring of mechanical tests

3.4.1 Digital image correlation (DIC)

Digital image correlation is used to understand the true surface deformation profile in the
sample during a tensile test. White speckle is sprayed on the sample surface for the purpose of
correlation. A high resolution camera of 2Mpixels (1624pixelsx1234pixels) is fixed using a
tripod, and is placed at a certain distance of 20 - 50cm from the sample surface. The area around
the sample is illuminated using artificial light source. After the calibration of the camera, the
images are captured using the software Vic-snap at a frequency of 1Hz - 1000Hz depending on
the requirement. After such capture, the images are analyzed using VIC-2D software from

Correlated Solutions. The software enables the definition of Region of Interest (ROI) to
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- - = - o d d — 2 -
calculate the deformation. The coefficient of correlation (C = [(f(X) — g[X + U(X)]) dX)
is minimized to determine the displacement field U. f(X) is the reference configuration of the

image and g[X + U(X)] is the deformed configuration. The true nominal strain is calculated
based on the successive images rather than using the first image as reference. The mesh size is
defined within the region of interest and is provided manually for each sample. The choice
depends on the quality of the speckle pattern on the surface. If the speckle pattern is fine and
randomly distributed throughout the surface, lower mesh size can be used. This can provide a
better spatial resolution of displacement. Otherwise, it can generate errors in the local
displacement calculation. In such scenario, a larger mesh size is preferred. For most of the

experiments, a mesh size of 15 pixels was kept for correlation. Figure 8 presents differences

between the nominal strain (i—L) and the nominal strain obtained using DIC on samples tested in
0

the MTS instrument.
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Figure 8 a): Comparison of Nominal strain obtained using DIC vs nominal strain obtained by

mechanical extensometer.

3.4.2 Quasi-static crack growth
The study of crack propagation during a quasi-static solicitation requires measurement of crack
velocity (Vp), as a function of strain energy release rate (G). G is defined as the energy

dissipated during the crack advancement per unit of crack surface area newly formed. The value
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of G associated to a crack displacement of ¢ in a mini PS (Figure 9a) with an initial height of
ho submitted to a stretching of A , is the product W(A).ho, where W(R) is the strain energy
density of the unnotched sample subjected to same elongation. W(}) is calculated from the area
under the curve of stress-strain graph. The quasi-static solicitation is performed at a strain rate
of 0.0065 s™. Nominal strain obtained using Digital Image Correlation (DIC) is used for the

calculation of G.

3.4.3 Crack propagation speed (Vp)

The samples were not accommodated prior to the crack propagation test. Initial notch of 10mm
is made on one side of the test piece with a thin razor blade. Crack displacement up to 5 mm
was considered for the analysis of Vy, to ensure the conditions required by Yeoh et al. [13], i.e.,
1.25< c/ho <3 (c=10mm, ho=5mm). Crack images were captured using a high-speed camera
with a varying temporal resolution of 10ms-100ms. Crack contour (Figures 9a, b, c) and
displacement (Figure 9d) on every image were obtained using ImageJ © free software and
python modules [14]. Vp was calculated for every 0.2 kd/m? increment of G using the relation:
Vp = (cge02 — €c)/ At. Finally, the averaged Vp of 3 samples of the same material was used
for plotting Vp(G) curves. In addition, instantaneous crack speed (V,i) was calculated from the

displacement of the crack between two consecutive images.
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Figure 9: a) Stretched PS notched sample with speckled pattern. b) Crack contour of image
presented in the sample in (a) at a given G. The yellow star denotes the crack tip c¢) Image of
the crack propagated after increasing G by 0.2kJ/m2. d) Crack displacement measured with

three samples of the same model material F1 as a function of G.
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4 MICROSTRUCTURAL CHARACTERIZATION

4.1 Scanning electron microscopy (SEM)

SEM from Zeiss Supra SEM (Germany) has been used for the observation of rupture surface
and dispersion of carbon black in EPDM. All the observations have been made under vacuum
without metallizing the surface to avoid any closure of fissure or coating of carbon black
agglomerates. The observation of non-metallized sample requires low acceleration voltage to
avoid any accumulation of charges on the surface. We have used 1kV and a small working
distance (2-6mm) along with secondary electron detector (SE) for characterization. Figure 10
presents the surface of model material F2 that ruptured during a tensile test. In addition, to
identify the material composition of the defects at the crack initiation sites, Energy Dispersive
X-Ray (EDX) detector has been used along with SE detector. In this combination, acceleration
voltage is increased to 10kV to attain a higher emission of characteristic X-ray from the surface
of the material.

EHT= 1.00kV Signal A= SE2 Scan Speed =9
Wo= 51mm Mag= 500X Image Pixel Size = 223.3 nm

PR

Figure 10: SEM image of model material F2 after rupture
4.2 X-ray tomography

Laboratory sourced and Synchrotron radiation X-ray Tomography have been used extensively
in this thesis for various observations.
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4.2.1 Laboratory X-ray tomography source (Lab tomography)

The X-ray tomography device is EasyTom Nano from RX solutions (Figure 11a) with a
Tungsten target and X-ray sourcing from a LaBg cathode filament. CCD detector is used, since
it is suitable for X-rays with low energies. The volume analyzed is in the order of 4-6mm? with
a voxel resolution of 1-2um?3 depending on the testing requirements. The sample is rotated over
360 degrees in front of the X-ray beam (Figure 11b). Image acquisition is performed at every
0.09° (4000 projections). The tube voltage is kept at 40kV to have an optimised attenuation
contrast between the elastomer and agglomerates[10]. A higher tube tension reduces the
attenuation contrast of the agglomerates. Lab tomography is used to quantify the morphology
and spatial distribution of agglomerates in our model materials. The image processing workflow
and protocols related to quantifying morphology and spatial distribution are presented in
Chapter 3. Various other measurements such as post mortem analysis of pure shear samples
after fracture due to crack propagation, ex-situ measurements during fatigue experiments etc.

have been obtained using lab tomography.
a) b)

2 Detector

v

Object LA

Figure 11: a) EasyTom Nano from RX solution used for X-ray tomography measurements, b)

illustration of imaging in X-ray tomography.

4.2.1.1 Ex-situ fatigue test
We conducted an ex-situ test using laboratory sourced X-ray Tomography to characterize the

damage evolution in the materials during a fatigue test. Here, we took the tomo scans of the
samples by interrupting the fatigue test at pre-determined cycles, i.e. 0 cycle (initial state), 1000
cycles, 2000 cycles etc. These cycles are determined based on the end of life of the material at

a given deformation. To obtain the scan, the sample is kept inside the tensile rig as shown in
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the Figure 12 and stretched to 15% nominal strain. The sample is kept at this strain to open the
cavities or voids inside. The tensile rig consists of plexi-glass® tube. The diameter of the plexi-
glass® tube is reduced from 1mm to 0.5mm at the centre, so that there is low transmission loss

of photons. The spatial resolution for the experiment is 2um.

8 )
Aﬁ:

AR

Test sample

Figure 12: Tensile rig kept inside an X-ray Tomography machine.

4,2.2 Synchrotron radiation computed tomography (SRCT)

Synchrotron radiation has micro resolution and parallel monochromatic X-rays with high
spatial coherence. This facilitates phase contrast imaging and precise quantification of the
spatial distribution of micro-structural defects in the model materials. Various in-situ
characterizations can be performed using this technique due to the fast acquisition capability of
synchrotron radiation. Thus, this technique can precisely quantify the microstructure,
microstructural evolution of the defects and their impact on the cavitation and crack
mechanisms. Experiments have been conducted in two facilities: Anatomix at Soleil, France

and P05 imaging beamline at PETRA I11, Germany.

4.2.2.1 Characteristics of the synchrotron beamlines

P05 beamline: The energy of monochromatic X-rays was 15keV. The detector for the imaging
was a 12 bit CMOS camera (Ximea CB120X8G3) with 4096 x 3072 pixels. We kept the spatial
resolution at 2.19um and applied a binning factor of 2 during the reconstruction, to reduce the

file size of the 3D images.

Anatomix beamline: We conducted the experiments using a filtered white beam with a mean
energy of 20keV and a 16 bit CMOS camera (Hamamatsu Orca Flash 4.0 VV2) with 2048x2048

pixels as a detector. The spatial resolution for the experiment was 1.3um?3. There was no

binning of the images.
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4.2.2.2 In-situ mechanical tests using synchrotron X-ray tomography

We studied damage and crack initiation mechanism in our model materials during a tensile test
using P05 imaging beamline. The sample is kept inside a load frame for tensile experiments.
The load frame consists of polycarbonate tube which has a low impact on the transmission of
photons during the imaging (Figure 13a). The load frame is fully integrated into the beamline
control system and can be controlled straight from the console. It has a 1 kN load cell. The
displacement precision is in microns. The sample undergoes a step displacement of 40um after
every scan, until rupture. The sample is rotated for 360° in steps of 0.225° with 30ms per
projection and the total time per scan is 50s. We tested 2 model materials with different

concentrations of CBagg Each sample had 200 scans taken during the tensile test.

Anatomix beamline is used for crack initiation and propagation studies. To conduct in-situ
studies, we installed our own homemade tensile rig on to the rotation stage (Figure 13b). The
tensile rig contains a plexi-glass tube. Similar to polycarbonate tube, plexi-glass has low effect
on the transmission of photons. The tensile rig has 5kN load cell and displacement precision of
1um. Using P05 imaging beamline, only 2 samples were tested for crack initiation. Therefore,
we conducted further studies at Anatomix to have more statistical points regarding the critical
morphology of the defects on the crack initiation. Here sample were scanned at its initial state,
at 100% deformed state, and after rupture. The sample geometry used is presented in Figure 7b.
Crack propagation studies were carried out using a single-edge notched tensile sample. The
sample dimension is 2mm x1 mm (width x thickness), which fits within the field of view
(2.3mm x 2.3mm x 2.3mm). The notch length is around 300pum. The notched sample is stretched
up to a certain strain (10%, 20% 30% etc.) and kept at the same deformation for 20 min during
which the crack can propagate. To stop the crack propagation and the material movements
during the tomographic scan, the sample deformation is decreased by 2.5% before launching
the scan. The sample is rotated for 360° in steps of 0.18° with 150ms per projection. Each scan
took around 8 minutes. The Pagnanin algorithm was applied to reconstruct the phase inside the

sample[15].
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b)

Scintillator g

B Plexi Glass tube

X-ray beam

Figure 13: a) Hutch photo with the position of X-ray beam, tensile rig and scintillator at P05,
Petra 3, b) hutch photo with the position of X-ray beam, tensile rig, scintillator and homemade
tensile rig from MATEIS lab at Anatomix, Soleil.

5 CONCLUSION

This chapter has described the various models and industrial materials studied in this thesis and
the methods and protocols related to all the techniques implemented to characterize the

properties and microstructures of these materials.

Among these techniques, X-ray tomography will be used extensively for the analysis of
microstructural defects and their evolution during a mechanical test. For this purpose, a specific
method was designed for the characterization of structural defects. Chapter 3 will be dedicated
to the description of this method and of the protocols developed for characterizing the
morphology and spatial distribution of the defects using X-ray tomography. Other chapters
(Chapters 4, 5, 6) will rely on the use of X-ray tomography for conducting various in-situ
experiments to observe the impact of the defects on various mechanical properties. SEM
characterization of rupture surface of the materials will be complementary analysis to X-ray
tomography analysis.
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7 SUPPORTING INFORMATION: “METHODOLOGY FOR 3D
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FILLED POLYMER USING X-RAY TOMOGRAPHY”
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ABSTRACT: Microstructural defects (more precisely their size, their distribution, and their
intrinsic characteristics) are known to have a strong impact on crack initiation and propagation
and therefore on the material durability. Ultimately, X-Ray tomography represents a relevant
experimental tool to provide a 3D characterization of these material defects descriptors.
However, the interest of this technique still needs to be evaluated when using non-synchrotron
X-ray source. Moreover, the methodology to extract the pertinent data from the 3D scan need
to be optimized, especially when phase contrast in the materials is small, as it is the case
between carbon black filler and the polymer matrix. In this work, an EPDM matrix is filled with
ZnO, Carbon Blacks and Calcium carbonates so that different possible source of structural
defects can be evaluated. Several model materials with controlled defects concentration and
distribution are then processed. In details, various statistical information such as the
distributions of the size and of the inter-particle distance for these defects are computed based
on laboratory X-ray Tomography measurements. The discussion then focuses on methodology

to determine these crucial microstructural parameters.
7.1 Introduction

Elastomers, due to their specific properties have many applications, the most emblematic being
pneumatic and anti-vibration ones. Yet, the optimisation of these properties needs the addition of many
ingredients in the pristine polymers: crosslinking agents, fillers, processing aids etc. The incorporation
of these ingredients to form a homogeneous mix is achieved through an internal mixer and rolling mill.
A typical inorganic filler like carbon black exists as pellets of the size 100pm-2mm. Depending on the
processing parameters [1-3], a certain fraction of agglomerates is not dispersed and remains as
agglomerates. Another typical ingredient used in rubber compounding is ZnO that helps in the

activation of the sulphur vulcanization. The existence of unreacted ZnO inclusions in the rubber
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compound after curing was proven through SEM or X-ray Tomography measurements [4,5]. Moreover
regions with over-concentration of fillers (poorly dispersed) can be found as well as micro-bubbles
introduced during the mixing step or due to improper wetting of carbon black by matrix. In this paper,
the inclusions or agglomerates will be further referred as microstructural defects.

Early studies demonstrated the importance of considering these defects on the mechanical properties
through the physical model developed by Gent and Lake [6-8]. The modelling effort showed that the
intrinsic defects size required for an unfilled non-crystallizing vulcanized rubber to break is 56um.
Similarly, for the rubber compounds reinforced with carbon black, the defect size was found out to be
in between 3 to 52um depending on the characteristics of the filler. Gent et al. [9] put forward more
evidence on the relevance of these defects by showing the dependence of spatial distribution and surface
characteristics of inclusion on the failures of polymer, due to the nucleation of voids to form cavities at
critical stress. This result was confirmed using the cavitation model [10,11] for multiaxial loading [4]
which predicts the void location near a defect and the minimum local stress at which a void is created
and nucleated to form a cavity. Investigation on a filled polymer compounds [4,12,13] under fatigue
loading, after its failure or at pre-determined fatigue cycles, showed the existence of defects at the
initiation sites of cracks, using high resolution microscopy tools such as SEM. It was observed that [12],
the minimum size required to initiate the debonding around an agglomerate is 5.1xm in a fatigue test
using 100% strain cycle. Under similar condition, the size of the agglomerate for which a cavity around
it could become a crack is 41m, and this could happen as early as 20% of the life cycle. These studies
also showed that defects such as ZnO inclusions initiate debonding at the pole with the polymer matrix.
Apart from these experimental approaches, numerical studies modelled the defects to predict the fatigue
properties [14], demonstrating the importance of understanding their spatial distribution.

All these studies bring-forth the importance of defects in the rubber compounds and hence their
precise characterization is required. To this end, most of the literature studies have used SEM, due to
its high resolution capability. However, one of the SEM technique drawback is that it can only provide
surface information and since it is a destructive method, it does not enable to observe in-situ crack
initiation mechanism. Another characterization technique which has been widely used is X-ray
Tomography [15,16] with advantage of obtaining 3D information on the sample at the micron scale.
Numerous works have shown the capability of this technique to obtain information on the morphology
of voids, inclusions of metallic oxides, and silica filler in the polymer. Nevertheless, few studies reported
the detection and distribution of agglomerates of carbon black in the polymer such as SBR, EPDM etc.
using non-synchroton sourcing X-ray tomography. Due to the fact that the contrast between the polymer
and carbon black is very small, X-ray Tomography using synchroton sourcing is indeed preferred [17],
because of its phase contrast imaging technique with high intensity flux of photons. With laboratory X-
ray Tomograph, optimization of 3D scan acquisition methodology is still required to better characterize

these microstructural defects. The aim of this paper is to discuss this optimisation, using model materials

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI015/these.pdf
© [M. Kallungal Abdul Jaleel], [2022], INSA Lyon, tous droits réservés



CHAPTER 2 ' 69

having controlled concentration and distribution of defects. In addition, we demonstrate the application

of X-ray tomography for determining various spatial parameters of the defects.
7.2 Materials and Testing

7.2.1 Materials and Specimen

Formulations of the three model materials chosen for this study are given in Table 1. A non-
crystallizing EPDM elastomer has been chosen as the polymer matrix for all the model
materials. The curative “Peroxide” used is bis (o, a-dimethylbenzyl) peroxide (~40% weight
fraction) sorbed on CaCOs fillers (~60% weight fraction). HF carbon black was chosen as the
reinforcing filler for the model materials 2 and 3. The fabrication of the samples was realized
in a Haake Rheomix 600 OS mixer (Volume chamber: 120cm?®) using a Banbury rotor (42 cm?®)
for 1 and 2, whereas model material 3 is an industrial grade rubber compound, fabricated using
2kg Banbury internal mixer. Two versions of model 2 were fabricated. They differ by the
incorporation time of the carbon black in the matrix, denoted by 2” and 2°’. 2’ and 2”’correspond
to the model materials with so-called “bad” and “good” dispersion of the carbon black
respectively.

Table 1. Model materials compositions

Ingredients L 2 3

g ®hn  (Ph) (Phn)
EPDM 100 100 100
Carbon Black 50 50
Plastiziers 20
ZnO 3
Peroxide 8 8

Table 2. X-ray Tomography parameters

X-ray tube voltage 40kV-60kV
Target tube current 45uA

Number of projections 4000-8000
Resolution 1 pixel =700nm

7.2.2 X-ray Tomography

The X-ray Tomography device is from RX solutions with a target of Tungsten and X-ray
sourcing from a cathode filament of LaBe along with a CCD detector. Volume analyzed is in
the order of 10° um? with a resolution of 700 nm. The sample is rotated over 360 degrees in

front of the X-ray beam, the angle at which each rotation is performed depends on the number
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of projections, which could also improves the precision of the image acquisition. All the

parameters used in this paper are given in Table 2.

7.2.3 Images processing

ImageJ © free software is used for image processing of the 3D reconstructed volume. Various
functions such as geometry offset, ring filter, and phase contrast have been applied to the image
stacks to reduce artefacts and to improve the contrast between the matrix and the “fillers”.
Additionally, 3D median filter function is further used on the image stacks to reduce the overall
noise. The segmentation depending on greyscale level, used to differentiate the defects, is
performed manually and further manual operation is required to remove the remaining artefacts
from the 3D volume reconstruction. It is worth noting that defects with diameters below 2um
are not considered to avoid possible noise artefacts even though data acquisition down to

hundreds of nanometres is possible with this apparatus.

Figure 1: 3D rendering of the 3 model materials highlighting specific defects in them (scale in
pixel with 1pixel = 700nm).a) Model 2’ with agglomerates of carbon black badly dispersed. b)
Model 2°’; agglomerates of carbon black well dispersed. ¢) Grey scale image for CaCOs filler

in model material 1 d) Grey scale image for Carbon black filler in Model 2’
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7.3 Results & Discussion

7.3.1 Acquisition parameters

The variation of phase contrast between the defects and the matrix in grey scale images is due
to their different linear attenuation coefficient. The corresponding equation for linear
attenuation coefficient u is given by u = KpZ*/E3 where K is a constant, p is the material
density (g/cm3), Z the atomic number of the material and E is the energy of the incident
photon (keV’) at the point of interest [18]. This equation indicates that the parameter that could
be optimized for improving the linear attenuation coefficient is the energy of the incident
photon. In general, changing the tube current increases the number of photons for all the energy
spectrum proportionally, while tube voltage changes the energy spectrum (both energy
distribution of the photons and quantity). Even though in the laboratory X-ray tomography
changing tube voltage from 60kV to 40kV has a low effect on the energy of photon, we
observed a significant difference in the contrast for the defects in the model material (Fig 2a).
At 60 kV, the total volume fraction of agglomerates (both CaCO3 and Carbon black) obtained
is 0.94% whereas at 40KV it has increased to 2.4%. This increase is mainly due to the detection
of small defects with size distribution from 2um to 10um (Fig 2a). The observed difference in
the volume fraction for the same model materials at different tube voltage should come from
the better detection of agglomerates of Carbon black. Indeed, the maximum theoretical volume
fraction of CaCOs filler introduced in the material is 1%. To better differentiate CaCO3 and
Carbon black, these defects were analysed in a polymer matrix, which only contain either the
one or the other (Model materials 1 and 2). The greyscale images for model materials 1 and 2
(Fig 2c-d) show that the contrast between the agglomerates of carbon black or of CaCO3 with
the matrix is very similar. Therefore, when both ingredients co-exist in a material (e.g. model
material 3), differentiation between them is difficult during segmentation. The proposed
optimization of tube voltage is necessary when the phase contrast between defects and matrix
is small, whereas for ZnO, since its linear attenuation coefficient is sufficiently high (Z= 30 for
Zn), the information obtained at different tube voltage does not vary as shown in Figure 2b.
Model material 3 was evaluated at different number of projection (4000 and 8000) to improve
the acquisition of defect details. The volume fraction of agglomerates obtained for both cases
at 60kV tube voltage, were very similar: 0.94% (4000 projection) vs 0.73% (8000 projections).
At 8000 projection we observed higher number of artefacts created by the defects of higher u,
in our case, it’s ZnO inclusion. These artefacts can reduce the detection of defects with less

contrast in the nearby region, thereby difference in the statistical information.
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7.3.2 Processing effect on occurrence of defects

As discussed in section 7.3.1, the minimum volume fraction for the agglomerates that could be
obtained is 1.4% even though theoretical total volume fraction of carbon black in the model
material 4 is 15.7%. The effect of processing efficiency on the occurrence of the defect is
qualitatively and quantitatively verified through Figure la-b and Figure 2c. Layers of
agglomerates of carbon black are observed in Figure 1c due to the insufficient time given for
wetting and dispersion during the mixing process, whereas Figure 1d shows more
homogeneously dispersed carbon black in the polymer matrix which corresponds to model 2°’.
At the same time, the volume fraction of agglomerates in the matrix observed for the model 2’
is 4.91% and 0.23 %, for model 2°* (Table 3) which also demonstrates that depending on the

dispersion of agglomerates volume fraction detected varies.

7.3.3 Statistical information

A 3D rendering of the defects for each models generated using ImageJ© is shown in Figure 1.
Application of X-ray tomography to obtain various statistical information as mentioned in
section 2.2 for all the possible defects are given in Figure 2 in detail. The summary of all these
parameters are given in the Table 3. The equivalent diameter and inter-particle distance
presented in the Table 3 are the median of their distribution. These information are critical to
understand initiation and propagation mechanism of cracks. It is interesting to see that statistical
distribution for size and inter-particle distance (Fig 2c-d and Table 3) for model materials 1 and
2>’ are very similar. At this point one could raise the question of the impact of these 2 types of

defects whose the only difference is in their surface characteristics?

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI015/these.pdf
© [M. Kallungal Abdul Jaleel], [2022], INSA Lyon, tous droits réservés



CHAPTER2 73

1.00 3.00
3 090 a) 3
= 250 T
£0.80 g
° £
£ 070 2z Model 3-60kV g
£ Model 3-40kV 200 =
. 0.60 --=--Model 3-60kV cumulated E
-
E 0.50 —Model 3-40kV cumulated 150 8
= 040 T
E ' 1.00 E
2 030 g
g 1 BR T s
2 020 ©
E 0.50
B8 0.10
< N y

0.00 2 2 : t 0.00

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68
Equivalent diameter, D,,(nm)
0.4 6.00

0.35

0.3

0.25

0.2

0.15

0.1

0.05

Agglomerates volume fraction, ¢, (%)

ez Model 2'-40kV"
Model 2''- 40kV
-----Model 2'-40 kV_cumulated
——Model 2"'-40kV_cumulated

i

sh

i g = o

=] =1 =3 =3

= = = =
Cumulated volume fraction (%)

=
=
S

0

i

p=

0 8 16 24 32 40

48 56 64 72 80
Equivalent diameter, D,, (nm)

88 96 104 112 120

0.00

S
2
3

e =4 e
s = =
z by &

ZnO volume fraction, ¢, (%)
g

b)

e
w
e

e
b
i

S
I
S

ez Model 3_ZnO-60KY
Model 3_ZnO-40kV
----- Model 3_Zn0-60kV cumulated
—Model 3_Zn0-40KY cumulated

e
-
o

e
=
=

e
=
b

=4
2
2

28 32 36 40

8 12 16 20 2

0
Equivalent diameter, D, (nm)
25
1d) - ~CaCO3_Model 1
20 1 5 =+ Carbon black_Model 2'
I
. 1T ;! —Carbon Black_Model 2"
B |
= 154 17
=3 4
= 1 1
£ !
= 1!
= ]!
2107
& 1!
i
51
10
0

10 20 30 40 50 60
Inter-particle distance (um)

Cumulated volume fraction (%)
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and 2’ vs Deg. d) Frequency distribution of inter-particle distance between the defects for all

the model mixes.

Table 3. Summary of the statistical information about defects

CaCO3 Carbon Black ZnO Agglomerates
Parameters

1 2’ 2” 3 3
Median Diameter

_ 2.94 3.56 2.69 3.28 2.35

Equivalent (um)
Inter-particle distance

14.67 7.24 16.8 27.46 27.47
(Hm)
Volume fraction % 0.89 4.91 0.23 0.28 2.4
Theoretical volume

1.4 18,7 18,7 0.3 16.7

fraction %

7.4 Conclusion and perspective

The proposed methodology for X-ray Tomography helps us to 3D characterize the defects in

the polymer matrix more precisely at the micron scales. It is advisable to use a low tube voltage
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in X-ray Tomography, to improve the phase contrast between the defects like agglomerates of
carbon black and the polymer matrix. Still X-ray tomography has its own limits, e.g when the
linear attenuation coefficient of the defects are very close; it becomes very difficult to
differentiate them. Also, methodology presented in this paper does not ensure detection of all
the agglomerates with smaller size distribution, which is due to the limitation of the X-ray
Tomography with non-synchrotron sourcing. Various statistical information can be obtained
from the 3D images analysis using the optimized methodology, such as the distribution of sizes
and inter-particle distance. These information are of prime importance when one want to
understand the mechanisms of crack initiation and propagation. To do so, the next step of our
work will be to conduct in-situ fatigue experiments and to observe the nucleation of voids and
crack growth, still using X-Ray tomography.
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ABSTRACT

In this paper, a novel methodology for characterizing the morphology distribution of filler
agglomerates in Elastomer composites is presented, based on laboratory sourced X-ray
Tomography. This characterization is mandatory to understand and optimize the fatigue and the
rupture properties of this material. Various feature extraction methods (via e.g. Image
processing filters, segmentation) and selection tools (Spearman’'s rank correlation coefficient)
combined with K-means unsupervised clustering algorithm were developed for identifying the
distinct morphological classes in model materials (carbon filled ethylene propylene diene
monomer rubber). The interest of this methodology was demonstrated by precisely
differentiating the materials compounded with different processing parameters. For instance, in
this example, thanks to this analysis, it was found that introducing the filler before the elastomer

in internal mixer tends to favor more structured agglomerates.

1 INTRODUCTION

Elastomers are used in many applications such as load-bearing components, anti-vibration
mounts, seals etc... The optimisation of properties for these applications requires the addition
of many ingredients in the pristine polymers. The ingredients used are fillers (Carbon black CB,
Silica), processing aids (paraffin wax), crosslinking agents (Sulphur, Peroxide), cure activators
(zinc Oxide ZnO, Stearic Acid) and accelerators (to control the cure rate). A good dispersion of
these ingredients, especially CB, is achieved through their mixing, in an internal mixer and a
two roll mill machine. Studies have shown that the choice of processing parameters such as
filling ratio, shear rate, ram pressure applied in the internal mixer, mixing energy etc... impacts
the morphology (e.g size, shape factor), the spatial distribution and the volume fraction of the
CB agglomerates (hereafter referred as CBagg)[1-5]. Apart from them, other microstructural
heterogeneities can also exist in the rubber compounds such as unreacted ZnO inclusions, voids
etc..[6] Studies have demonstrated the potential impact of all these so called “flaws” or
“defects” on crack mechanisms during monotonic and dynamic solicitation of the material[7—
16]. Different research works emphasize the importance of quantifying their morphology. For
instance, Gent et al. proved the dependence of the initiation of cavities in silicone elastomer on
the size and spatial distribution of model flaws (using spherical glass beads)[17]. In addition,
Chow et al. have shown theoretically the importance of the aspect ratio of rigid flaws on these

mechanisms, as it impacts the stress concentration at their poles[18].
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In literature, the characteristics of carbon black agglomerates (CBagg) in an elastomer are
obtained from the roughness measurement of their micro-tomed sections, or from the light
reflexion analysis of a freshly cut sample surface with a Dispergrader technique or from high
resolution electron microscopy such as SEM or TEM[10,19]. However, the main drawback of
these techniques is that they can only provide 2D information and therefore a full description
of the morphology or spatial distribution of CBaggi cannot be drawn up. X-ray Tomography can
be used to obtain 3D information on the polymer at the micron scale[20,21]. Due to the similar
attenuation contrast of carbon black agglomerates (CBaggi) and elastomer matrix, to the authors’
knowledge, only one paper reports their detection and morphological characterization using
non-synchrotron sourcing X-ray tomography in an EPDM matrix[22]. To do so, the authors had
to adapt the laboratory Tomography parameters. However, a methodology is missing to extract,
from the obtained data, the pertinent descriptive features, which can help in relating the
agglomerates morphology and spatial dispersion to the material mechanical properties. This is
the motivation of the work presented here.

Such methodology could use different tools that have been developed for the classification of
filler aggregates. Medalia et al.[23-26], through a series of publications, used various Euclidean
geometric features, such as bulkiness factor, anisometry, area and structuring factor, to analyse
TEM images. Differently, Bourrat et al. [27] proposed to use mass fractal analysis, which also
applied to the same type of images. This mass fractal approach was extended later by Rieker et
al. [28] for N330 carbon black dispersed in a polymer matrix, characterized by small-angle X-
ray scattering (SAXS) which provides information in the bulk. It was also used by Baeza et al.
[29] for analyzing the morphology of silica aggregates in an elastomer. Herd et al. [30] have
shown, when analyzing the morphology of nineteen different carbon blacks dispersed in an
elastomer, that the results of both approaches, Fractal vs Euclidean geometry, are correlated.
However, Euclidean geometry approach appears to be the most pertinent for specific shape
classification and for this reason, will be preferred in this paper.

The outline of this article is as follows. The proposed methodology for analyzing filler
agglomerates in elastomers is developed using experimental data obtained from model
materials. After the description of the model materials and testing methods in section 2, feature
extraction and selection techniques are presented (section 3). Following the review of clustering
techniques for morphological clustering (section 4), the results and discussion on the
classifications are then presented in section 5 and 6 respectively. Such classification is
performed for the agglomerates morphology in the different model materials. Our methodology

enables to differentiate two materials with identical composition, not only by the volume
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fraction of CBaggi, but also through various morphological features. It also provides a valuable
tool to understand the impact of operating parameters during the compounding process on the
morphology of CBaggi.

2 MATERIALS AND METHODS

2.1  Composition and materials processing

Model elastomers have been fabricated using a non-crystallizing Ethylene Propylene Diene
Monomer Rubber (EPDM), and High Furnace carbon black (N326) as reinforcing filler. Table
1 presents the compound composition, which was kept constant, and the compounding process
conditions, which were varied. The crosslinking agent is unsupported Bis(a,a-dimethylbenzyl)
peroxide. The processing of the samples was performed in a Haake Rheomix 600 OS mixer
(chamber volume: 120cm®) using Banbury rotors (42 cm®). All the components, except
peroxide, were mixed in the internal mixer (IM) for 2 min, and then passed 10 times in the 2
roll mill machine where the peroxide was added. The rotor speed of the internal mixer is
specified for each material in Table 1, as well as the sequence for introducing the ingredients.
USD protocol refers to “upside down”, i.e. the elastomer was added after carbon black. The
resulting model materials from this procedure are referenced as 30_rpm_usd and 60_rpm_usd.
TD protocol refers to “top down”, i.e. carbon black was introduced after the elastomer in the
internal mixer, and the resulting model materials are referenced as 30_rpm_td and 60_rpm_td.
After the mixing steps, the samples were molded as 2mm thick films by hot pressing at 170°C
under 190 MPa for 12 min. Cure time was estimated from the torque measurements, performed
using a Monsanto rheometer analyzer.

Table 1: Model materials compositions and compounding process conditions

30 rpm_usd 60 _rpm_usd 30 _rpm_td 60 _rpm_td

Ingredients

(Phr) (Phr) (Phr) (Phr)
EPDM Keltan 4450 100 100 100 100
Carbon Black N326 50 50 50 50
Peroxide 3.2 3.2 3.2 3.2
Rotor Speed (tr/min) 30 60 30 60

usD TD
Approach 1.CB 1.EPDM
2.EPDM 2.CB

Filler Volume Fraction 19.3% 19.3% 19.3% 19.3%
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2.2  X-ray tomography

The X-ray Tomography device is EasyTom from RX solutions. The Tungsten target current is
45 pA. LaBs cathode filament is used, along with a CCD detector. The volume analyzed is in
the order of 4-6mm?®. The sample is rotated over 360 degrees in front of the X-ray beam. Image
acquisition is performed every 0.09° (4000 projections in total). The voxel resolution in these
experiments is 1um?®. Imaging was performed at a tube voltage of 40kV for an optimised
attenuation contrast between the elastomer and agglomerates as discussed in a previous

paper[22] .

3 FEATURE EXTRACTION

3D images obtained from X-ray Tomography show different flaws like carbon black
agglomerates, voids, etc... The feature extraction methodology involves applying different
algorithms of image processing to selectively display CBagg from the acquired tomography
scans. Thereby, various statistical information related to their morphology can be obtained. A
methodology to extract the CBagg spatial distribution was also applied on the same samples. It

is described in Sl along with the obtained results (Description Al).
3.1 Image processing

Various functions such as geometry offset, ring filter, and phase contrast are applied to the raw
images to reduce artefacts and to improve the contrast between the matrix and the filler
particles. Image stacks are then built using a filtered back projection reconstruction algorithm.
Several Python modules are then used for image processing on the 3D reconstructed volume.
The general approach of feature segmentation by segregating the greyscale cannot be applied
in our case, since there is no significant difference in the attenuation contrast between the matrix
and the CBaggi. Therefore, various image filters are applied again on the image stack (Figure 1a)
to optimise the contrast and to remove additional noise. Typical denoising filters such as the
median filter are not effective. For this reason, a different workflow of image processing is
devised, which is inspired from the works of Emmanuelle Gouillart [31,32] . After intensity
rescaling (to improve the brightness and contrast) (Figure 1b), bilateral (Figure 1c) and non-
local means (Figure 1d) filters are applied on the image stack. In bilateral filter, the intensity of
each pixel in the image is replaced with a weighted average intensity of nearby pixels for noise
reduction and edge preservation. In non-local means filter (effective for images with fine-
grained texture), each target pixel value is replaced by an average of all the neighbourhood

pixels value, weighted by how similar these pixels are to the target pixel [33]. Subsequently,
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segmentation of the image is carried out, which is a crucial step for obtaining pertinent
information. Here we are using a supervised segmentation algorithm called Random Walker
which was developed by Grady to reduce manual intervention and user bias[33,34]. The
different image treatments have been implemented through the scikit-image module in
Python[35]. The output of the image processing and segmentation is presented in Figure 1e.
The final process of removal of the particles touching the edges of the stack, as these may
intervene in the morphological classification of CBagg, IS performed using ImageJ © free

software. A sample sub volume of the reconstructed 3D image is shown in Figure 2.

100
200
300

400

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Raw initial stack Intensity rescaling Bilateral filter

0 100 200 300 400 0 100 200 300 400
Non-local means filter Random walker segmentation

Figure 1: Image processing flowchart
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450 1001M

Figure 2: Sub-section volume of the model material 60 rpm_usd obtained using 3D
Tomography visualized using ParaView © software. Sub-section volume of the model material

30_rpm_usd is given in SI (Figure A4)

3.2  Morphological features extracted

Each agglomerate is labelled in the binary image after its segmentation from the matrix.
Agglomerates with volume below 125 voxels have not been considered. Geometric features
such as Eccentricity E, Anisometry Q, Bulk factor B, Volume V, Equivalent Diameter Eqgiam,
Length of major principle axis a, and Length of minor principle axis b of each CBagq are

extracted using the regionprops module in Python[35].

-
-
-

Slice view of an
. agglomerate

Convex hull with
volume(V )

Figure 3: Bounding of convex hull around an agglomerate to calculate the bulk factor

The volume V of a CBagg is calculated by counting the number of voxels it contains. The

Equivalent diameter (E qqiam ) represents a diameter of a fictive spherical inclusion having the
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same volume as the analyzed CBaggi. Length of major (a) and minor principal axis (b) are those
of an ellipsoid that has similar normalized 2" central moment [36] as the CBagqi. Eccentricity
(E) of an ellipse is defined as the ratio between its distance of two foci and the major principal
axis length. Here, E is the eccentricity of the centered elliptic section of the ellipsoid,
perpendicular to the ¢ axis (with a > c¢ > b):

E =.1-b?/a? (1)
For E=0, the morphology is a sphere and for E close to 1 the morphology get closer to that of
a 1D or 2D object. Anisometry (Q) is the ratio of radii of gyration and corresponds to
anisometry of the agglomerates as calculated by Medalia et al. [23]:

Q=b/a (2)
Bulk factor (B) corresponds to the ratio of the free space (volume in this case) between the
agglomerates and the convex hull constructed around the agglomerate (AV) to the total volume
of the convex hull (V,;,), as shown in Figure 3:
B=1-V/V, (3)
This definition is slightly different from the approach used by Medalia et al. [23] who proposed
to express bulkiness as a ratio of the area of radius-equivalent ellipse drawn around the object

to its projected area.
3.3  Feature selection

Using all the features V, Eqdiam, B, E, b, @, and Q for clustering presents some disadvantages.
Firstly, if the two relevant features chosen are strongly correlated to each other, they add more
weight to the classification process and thereby generate biased clusters. Secondly, the
computation complexity of clustering increases as the number of features increases. Therefore,
feature selection techniques have to be applied to evaluate the relevance of each one. Such step
is very critical when defining the morphology classes by unsupervised pattern recognition, since
we lack prior knowledge of each morphology class features. First, the relevance of each feature
was checked using Laplacian Score technique (described in Sl: Description A2). Then
Spearman's rank correlation coefficient (p ) has been used to discard the redundant feature. p
characterises the monotonic relations (linear or not) between two features. It varies between -1
to 1. A value close to |1| implies that they are correlated. Here, if two features have a coefficient
value below |0.7], they will be considered distinct. All the calculated p values are reported in
Figure 4 along with their distribution. All data from all studied materials have been used for the
analysis. They show that a, b, and Eqaiam are correlated to each other and also to V. As expected,

E is negatively correlated to Q (aspect ratio). B is only correlated to a and feature a is correlated

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI015/these.pdf
© [M. Kallungal Abdul Jaleel], [2022], INSA Lyon, tous droits réservés



86 CHAPTER 3

to other features (V, Equiam and b). Feature B has been retained because it can provide
information on the fact whether the agglomerates are structured or not and the two other relevant

retained features are V (size) and E (Eccentricity).
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Figure 4: Lower half of diagonal: Correlation plot for feature pairs, Diagonal: relative frequency
distribution of each feature. Upper half of diagonal: Spearman's rank correlation coefficient

between features.

The distributions of V, E and B for the 4 model materials are plotted in Figure 5. V
distribution is similar for all the materials, with a slight difference in the domain 1.25*103-
2.25*10% um?®. The relative frequency is lower for the materials processed with the upside-down
protocol (USD) in this domain (cf Figure 5a, b). The distribution curves of B (structure factor)
have a similar shape for all the materials (Figure 5c). The curves also indicate that the
agglomerates of the 60_rpm_td are the less structured, and those in the 30_rpm_usd are the
most structured. The E distributions of the 4 materials (cf Figure 5d) have similar Gaussian
shape with mean values around 0.75 for all the materials, indicating that their agglomerates are

not spherical.
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Figure 5: Statistics on each geometric features of the morphology of CB for all the model

aggl
mixes (30_rpm_usd, 60_rpm_usd, 30_rpm_td, 60_rpm_td) : a) volume V ; b) zoom on V values

in the 10%-10* decade ; ¢) bulk factor B ; d) eccentricity E.

To sum up, there are only slight differences between the 4 materials, regarding their E, B,
and V distributions. Moreover, as they can only be discussed separately, it is impossible to know
for instance, if the largest number fraction of agglomerates with a low structure factor in the 60
rpm_td is related to the smallest or the biggest agglomerates. In other words, these distributions
do not provide a clear picture of the differences in the agglomerates morphology. This motivates
the use of the clustering methodology described in the following.
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4 CLUSTERING

Manual clustering of all agglomerates using all the relevant features is a cumbersome task.
Some authors have recently used unsupervised clustering techniques (Machine learning
algorithms) such as hierarchical clustering, or principle component analysis [36] to solve this
problem[36-38] . For practical reasons, we chose K-means unsupervised clustering algorithm.

This was implemented using scikit-learn machine learning module in Python[39] .
4.1  K-means unsupervised clustering

K-means clustering algorithm attributes a set of data points x; (x; is defined by p coordinates)
describing n agglomerates (1 < i < n) by p features (V, B, E)) into k clusters C={C;, C,..,Cy }.
Each cluster can be described by the mean g of the observations in the cluster, commonly called
as cluster centroid. The algorithm tries to find a centroid that minimizes the inertia or the

variance of the squared Euclidean distance within the cluster, ||xi-p[?

Sk Srec e — @

As the number of clusters k is not known a priori, 2 validation criteria were used to determine

the optimal number of clusters.

e Calinski Harabasz (CAH): this ratio is sometimes called variance ratio criterion.

CAH = (SSg/SSyw) X (N — k)/(k — 1) (5

Where SSg is the overall “between-cluster” variance, SSw is the overall “within cluster”
variance, k is the number of clusters and N is the total number of data points (i.e.
agglomerates). CAH metric works very well for clustering algorithm based on squared
Euclidean distances such as K-means[40] . The ideal number of clusters corresponds to the
highest CAH score.

e The Davies and Bouldin index (DBI) can be used to infer the average similarity of a cluster
with its most similar cluster[41]. In this context, it is given by the equation as follows:

) ®

s; iIs the average distance between each data points in cluster i and its centroid (similarly

_ l k Si+Sj
DBI'= kzl:1 r?fzx( dij
for s; ), d;; is the average distance between the clusters centroids i and j. DBI index is the
lowest for the ideal number of clusters.
The workflow deployed in this article to have a generalized morphological cluster analysis is
schematized in Figure 6. Across-over sampling between model materials 30 _rpm_usd,

60_rpm_usd, 30_rpm_td and 60 _rpm_td has been applied. 30% of the overall data points
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(163907 data points) have been randomly chosen to train the clustering algorithm. This step is
repeated 10 times to remove the effect of sampling on the determination of the number of
clusters. The trained model is later on applied to all the data of each material to build their final

clustering.

Model mixes
163907 samples
1 Clusters of geometric
[ Standardize data features for each model
l materials

30% randomly selected
sample points

Optimize number

Apply trained
of clusters Model

(CAH, DBI, 5(i))

Extract
parameters,
centroids etc

Train K-means
Model

Figure 6: Illustration of the sampling of data and training of the K-means model

4.2  Statistical analysis of geometric features

As shown in the relative frequency distribution of V (cf. Figure 5), the 75% quartile and
mean values indicate that most of the data lie close to the lower side of the distribution. In the
case of B and E, they are more uniformly distributed. Since these features have a different order
of magnitude, clustering on the raw data of V might bring biased clusters. For this reason, we
applied standardization calculation to each feature f as follows:

f(X)~fmean (8)

f standard — o

which scales the data to unit variance and 0 mean. fmean and o are the mean and standard
deviation of the distribution of the observations of the feature f. Other standardization
techniques exist, such as rescaling the data to [0, 1], scaling the data according to the quantile
range, or transforming data from various distributions to a normal distribution. These
techniques were discarded as it was found that they do not provide relevant results. The

normalized distribution for each feature is presented in SI (Figure A5).
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4.3 Number of clusters

The number of clusters is chosen from the calculations of the metrics DBI and CAH. As said
previously, they have been calculated from 10 random samplings of data. These samplings have
a very small influence on the found metric values. Their average is given in Table 2 for DBI,
and reported in Figure 7 for CAH. Note that a third criteria, Silhouette coefficient (Savg) has
also been used to determine the optimal number of clusters[42] . However, this metric does not
seems relevant for the choice of the cluster number (Description A3 and Table A3 in Sl). For a
cluster number of 9, DBI and CAH metrics show a local minimum and maximum respectively,

suggesting that 9 is the optimal number of clusters.

Table 2: DBI Metric evaluation for each number of clusters, deduced from 10 random

samplings

k number | DBI

of clusters

2 0.932+0.01
3 0.800+0.05
4 0.836+0.00
5 0.853+0.08
6 0.859+0.03
7 0.811+0.02
8 0.801+0.02
9 0.797+0.02
10 0.829+0.02
11 0.849+0.02
12 0.852+0.01
13 0.852+0.01
14 0.846+0.02
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Figure 7: CAH score evolution with the number of clusters (with the standard deviation)
5 RESULTS
5.1  Classification of the agglomerates

Morphology features of the centroids (Vc, Ec, Bc) of the 9 classes are presented in Table

3. They can also be visualised in (V, B) or (E, B) plots (cf. Figure 8).
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Figure 8: Visualisation of the agglomerate clusters (considering the agglomerates from all the

model materials), presented in a) (V, B) plot and b) (E, B) plot
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Table 3: Features of centroid of each morphological class

Class

jabet | oM™ Be ke
1 411 [ 0102 | 0.702
2 415 | 0.145 | 0.804
3 421 | 0.082 | 0.591
4 662 | 0.317 | 0.873
5 1662 | 0.341 | 0.721
6 2381 | 0526 | 0.849
7 14631 | 0.589 0.783
8 50979 | 0.667 | 0.804
9 [190991 | 0.730 | 0.806

The agglomerates in classes #1, #2, #3 are the smallest and most similar in size (Figure
Ab6a in Sl and Figure 8a). They differ from each other by their Ec values and E distributions
(Figure 9a). These distributions are well separated from each other with small overlap. The
class #3 agglomerates have the lowest eccentricity (most spherical) and structure (lowest bulk
factor), whereas class #2 has the highest eccentricity (Ec = 0.804). The representative Bc and B
distributions (Figure A6b in Sl and Figure 8b) for the 3 first classes suggest that they contain
low structured agglomerates (low Bc values). Class #1 and #3 have similar B distribution,
whereas B values for class #2 is higher (meaning its CBagg are more structured).

The agglomerates belonging to classes #2, #4 and #6 have an intermediate size (even
though the class #6 agglomerates are significantly bigger than those from classes #2 and #4)
(Figure A7 ain SI). Their eccentricity is the largest suggesting that they are the most elongated
in one or both directions (cf Table 3, Figure A7b in SI). The main difference between these
three classes lies in their structure factor B, as shown in Figure 9b, the class #6 agglomerates
are the most structured, followed by the class #4 agglomerates.

The agglomerates belonging to the #7, #8 and #9 classes are the biggest of all
agglomerates. The differentiating parameter between these classes is the size of the
agglomerates: the higher the class, the bigger the agglomerates. Their eccentricity distribution
is very similar. Moreover, the bigger the agglomerates, the more structured they are, as shown

on Figure 8a. Finally, the class #5 agglomerates have an intermediate size and a B distribution
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close to that of class #4 agglomerates (cf. Figure 9b), and an E distribution close to that of

agglomerates in class #1 (cf. Figure A7c).
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Figure 9: a) Relative frequency distribution plots of E for model material 30 _rpm_usd
corresponding to morphological classes #1, #2 and #3, b) relative frequency distribution plots

of B for model material 30_rpm_usd corresponding to morphological classes #2, #4, #5 and #6

5.2  Application of the methodology to the model materials

Model materials presented in Materials and testing section have been processed differently.
Two rotor speeds (30 rpm vs 60 rpm) along with 2 ways of introducing the fillers and rubber
into the internal mixer (Upside-down and Top-down approach) have been tested. Cumulated
volume fraction gumu Of CBagg in the model mixes is clearly correlated to the rotor speed
(30_rpm_usd: 10.4%, 30_rpm_td: 11.6%, 60_rpm_usd: 6.0%, 60_rpm_td: 5.6%). Note that the
cumulated volume fraction of the agglomerates of size below 125 voxels, which have not been
taken into account in the morphological analysis, is around 0.4% for all the materials. A deeper
analysis of the agglomerates morphology and spatial distribution is required to understand the
differences induced by the USD and TD approaches. Actually, as described in SI (Description
Al), the consequences of changing from TD to USD protocol on the CBaggi Spatial distribution
is small. An analysis of the morphology classes of the agglomerates appears to be much more

insightful and is presented in the following.
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5.2.1 Differentiation of model mixes using CBaggt morphology clustering
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Figure 10: CBagg vVolume fraction in the different classes, for the 4 model materials.

CBagg Volume fraction in each morphological class for the 4 model mixes is presented in
Figure 10. For a given filler addition protocol, in most of the classes, the agglomerate volume
fraction decreases when the rotor speed is increased, especially for classes with the biggest
agglomerates and/or the most structured ones. Interestingly, the contrary is found for classes #1
and #3, which correspond to relatively small and low structured agglomerates (that have a larger
eccentricity than in class #2).

As mentioned earlier, geumu Of CBaggl in the model mixes is not significantly changed when the
filler addition protocol changes. Compared to TD protocol, Upside Down protocol on model
mixes processed at 30_rpm leads to larger volume fractions of agglomerates in the classes #4
and #6, which correspond to the agglomerates with the largest eccentricity. In the other
morphological classes, the agglomerates volume fraction is lower when the USD protocol was
applied. The impact of changing from USD to TD protocol is different for the materials
processed at 60_rpm. With this rotor speed, the USD protocol leads to a higher volume fraction
of CBaggl in the classes #4 and above, corresponding to agglomerates with V and B distribution

which spread over a domain of values larger than in classes #1, #2 and #3.
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Knowing the distribution of each feature in each morphological class, the differentiation
between the model mixes can be analyzed even more accurately. One can use for instance, the
cumulative frequency distribution of the features B and E, shown in Figure 11. Increasing the
rotor speed produces agglomerates with lower structure (with a shift in the cumulative
probability distribution of B towards the lowest values). This effect is prominent for the
morphological classes #7 and #8 (Figure 11a, b) (as seen in Sl Figure A8, this effect is negligible
for the other classes), which were the classes for which the differentiating parameter was the
size. Similarly, there is a decrease in E of the agglomerates in class #8 (which corresponds to

the biggest agglomerates) due to an increase in the rotor speed, as shown in Figure 11c.
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Figure 11: a) and b) Cumulative probability distribution of B for agglomerates of classes #7 and
#8, for all the model materials, ¢) cumulative probability distribution of E for agglomerates of

class #8, for all the model materials.
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6 DISCUSSION

As shown above, the methodology we developed, provides insightful information (and
because of the use of only 3 features, they were easy to visualize, in Figure 8) to evaluate the
influence of the processing parameters on the morphology of the CBaggi. By doubling the rotor
speed, the total shear deformation undergone by the compound in the internal mixer was also
doubled. This promotes more rupture and erosion of agglomerates[43,44]. As expected, this
leads to a lower cumulative volume fraction of agglomerates with B parameter above 0.2
(10.4% vs 6.0%), corresponding to the classes #4 and above, i.e. this decreases the volume of
the large and more structured agglomerates. Moreover, the increase in the volume fraction of
the less structured small agglomerates (classes #1 and #3) with the smallest eccentricity
(compared to class #2) suggests that the increase in the rotor speed promotes the creation of
more spherical agglomerates from the erosion of the big ones. This is confirmed by the
evolution of the E and B distributions within the classes #7 and #8.

In the comparison of TD vs USD protocol, interesting differences can be found through
the clustering methodology. The consequences of the carbon black addition protocol seems to
depend on the rotor speed. At 30 rpm, when changing from TD to USD protocol, one observes
in particular that the volume fraction of the big agglomerates (classes #7, #8 and #9) decreases.
These agglomerates seem to be broken down to lower size agglomerates with large eccentricity
corresponding to an increase in the CB volume fraction in the classes #4 to #6. At 60 rpm, the
trend seems different with a slight increase in the volume fraction of the biggest agglomerates
(classes #7 and #8). In general, TD protocol leads to a more rapid incorporation of CB in
comparison to USD approach, as shown by the higher fraction of remaining CB, not
incorporated after the IM step (SI Table A4), i.e. prior to the roll mill step. This is actually in
contradiction with the previous observations for the model materials mixed at 30 rpm. This
means that the final CB agglomerates dispersion and morphology are the result of a very
complex interplay between the CB dispersion at the end of the IM step with the following roll
mill step. Only supplementary studies, including a precise CB dispersion characterization as a
function of time during the different mixing steps may help to understand our model material

microstructure. For this, the use of the methodology developed in this paper is required.

7 CONCLUSION

Very few studies have focused on the morphologies of carbon black agglomerates in

industrial rubber compounds. This is mainly due to the limitations in the characterization
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techniques available at laboratory scale. Here, we demonstrated that even when using laboratory
sourced X-ray Tomography, a good attenuation contrast between agglomerates and matrix is
attainable provided that a LaBs X ray source operated at 40 kV is used. The attenuation contrast
between phases can also be increased with the help of various image processing algorithms,
thereby the extraction of various features becomes efficient. Like with carbon black aggregates,
various morphological features can be used to characterize CBagg. Out of the 7 features
extracted from image analysis, only 3 were retained using feature selection technique
(Spearman'’s rank correlation coefficient). The relevant features appeared to be the volume, the
bulk factor and the eccentricity. Morphological classification based on these features was
performed using K-means unsupervised clustering algorithm.

Thus, we developed a complete methodology to obtain a morphological classification on CBaggi.
This provides many insights on the peculiarity of the morphology of agglomerates in the studied
model materials, and enables to distinguish samples with the same measured agglomerates
volume fraction. The main advantage of our approach is that it enables to understand the impact
of small changes in the materials processing protocol. Notably in the current study, the impact
of two processing parameters, (influence of rotor speed and filler addition protocol) can be
precisely characterized. This paves the way for a better understanding of the incorporation and
desagglomeration mechanisms of carbon blacks during the process. This can also provide useful
information to identify in the final materials, the critical morphology of carbon black

agglomerates for crack initiation and propagation.

8 ACKNOWLEDGEMENTS
This work was supported by LRCCP and ANRT (CIFRE N° 2018 /0429)

9 SUPPORTING INFORMATION

1. Description Al: spatial distribution:

In addition to the agglomerates morphologies, the spatial distribution of agglomerates in a mix
is another important information to characterise the quality of the filler dispersion. To
understand the aggregation of agglomerates at the micron level, it is interesting to calculate the
distances to the nearest neighbours of each CBaggl. In order to do it, a matrix with the distances
between each agglomerate and all other agglomerates in the model material has to be evaluated,
based on their position. Since the number of agglomerates in each model material is very high,
it requires huge computation power and memory storage. To reduce this computation and the

memory requirement, spatial clustering was performed on each model material using the same
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K-means algorithm applied for morphological clustering, except that the data points are the
spatial coordinates of the agglomerates. All the agglomerates that are close to each other
(centroids of the agglomerates) in the model material are clustered into one spatial class. Here
8 classes have been identified as the optimal number, which translates to around 12% of the
volume fraction for each spatial class in the stack (Figure Al in appendix). The distribution of
the spatial distance of each agglomerate in each class to the class centroid Dcentroid (Dcentroid =
(xi-u)®°, where i is the spatial coordinates of agglomerate center and ux is the centroid of the
k" spatial class (1< k < 8)) gives insight on the agglomerates spatial distribution. The
distributions found for the 8 spatial classes are very close to each other (Figure A2a) indicating
that each class can be considered as a representative volume of the model mix. As mentioned
earlier, we are more interested in the dispersion at lower scale. The clustering (equivalent to a
reduction of the sample size) being completed, the distances between the 20 nearest neighbours
for each agglomerate in one class can therefore be calculated. 20 has been arbitrarly chosen,
knowing that a parallelepiped in which an agglomerate can be bounded, counts 26 neighbors
(in contact through the faces, vertices and edges). These distances d are the minimal ones
between the surfaces of 2 agglomerates, as depicted in figure A2b, and are calculated as follows:
di =30 —x)2+i—y) 2+ (@—z)2—(ri+7r) (1<j<2001<i<M) (9

Where X, y, z are the spatial coordinates of the agglomerate centre, r its radius calculated from

its Eqaiam, the index i is for the agglomerate considered, j for one of its 20 closest neighbours
and M is the total number of agglomerates in the spatial class considered for the analysis . In

Figure A3, we have chosen the spatial class n°1 for all the model materials.
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Result: Spatial Distribution of CBagg
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mean value for each mix. d, corresponds to the mean of the distribution

WMH
Model mixes
(um)
30_rpm_usd 18.9
60_rpm_usd 20.9
30 _rpm_td 18.1
60 _rpm_td 20.1

Table Al: Value of the Width at MidHeight of the peak of the nearest neighbor distance
distribution for the model mixes

The distributions of the distances to the nearest neighbours are presented in figure A3 for all
the model mixes. There are slight differences between the different materials. Increasing the
rotor speed leads to a shift in the distribution towards larger values. The Width of the peak
distribution at its MidHeight (cf Table Al) is also slightly increased. In addition, we know
that the agglomerates volume fraction is reduced. Thus, the increase in the rotor speed improves
the CB deagglomeration, reduces the size and volume fraction of the agglomerates, and

logically increases the distance between them.
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2. Description A2: laplacian score

Laplacian Score (LS) works on the principle that data from the same class tend to be close to
each other and each feature is evaluated based on its “locality preserving power”. LS ranges
from 0 to 1, where score value close to 1 corresponds to a relevant parameter. The algorithm
developed by He et al. [45] has been used to calculate the Laplacian score for each feature
(Table A2). Laplacian score shows that each feature can be used to distinguish different clusters

in the data as all the features have a LS above 0.9, except B (0.85).
V Eqdiam B E b a Q

1.000 1.000 0.851+0.034 | 0.920+0.009 | 0.972+0.004 | 0.970+0.003 | 0.925+0.010

Table A2: Laplacian score for each feature

3. Figure A4

Figure A4: Sub-section volume of the model material 30 _rpm_usd obtained using 3D

Tomography visualized using ParaView © software
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4. Figure A5
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Figure Ab5: Statistics on each standardized geometric features(using equation 8), Vstandard ((a),
(b)), Estandard (C) and Bstandard (d)- which have been retained as descriptors of the morphology of
CBagg for all the model mixes (30_rpm_usd, 60_rpm_usd, 30_rpm_td, 60 _rpm_td) - is
presented

5. Description A3: silhouette coefficient

The Silhouette coefficient (S) [42] is a validation metric to check the consistency within
clusters of data. It calculates the cohesion of an observation to its own cluster compared to other

clusters using the following equation.

~ _ bM-a()
S(l) - max{a(i),b(i)} (7)
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Where b(i) is the mean distance of i" data point to all other data points in the closest
neighboring cluster to which i is not linked, i.e. between an agglomerate and agglomerates from
other clusters (mean nearest-cluster distance) and a(i) is the average distance of i observation
to all other observations in the same cluster (mean intra-cluster distance). S(i) varies between
-1and 1, where 1 corresponds to a good partition of a cluster, score near 0 indicates overlapping
of clusters space and negative value signifies that observations have been partitioned wrongly.
We will use Savyg Which is the average of all the S(i) values.

k number Savg

of clusters
2 0.448+0
3 0.450+0
4 0.371+0
5 0.365+0
6 0.347+0
7 0.358+0
8 0.351+0
9 0.344+0
10 0.327+0
11 0.322+0
12 0.326+0
13 0.323+0
14 0.315+0

Table A3: Sayy metric evaluation for each number of clusters, deduced from 10 random

samplings
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6. Figure A6
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Figure A6: a) and b) Show the relative frequency distribution plot of V and B for model

material 30_rpm_usd corresponding to morphological classes #1, #2 and #3.

7. Figure A7
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Figure A7: a) and b) Show the relative frequency distribution plot of V and E respectively
corresponding to morphological classes #2, #4, #5 and #6, c) shows the relative frequency
distribution plot of E corresponding to morphological classes #1 and #5 . The agglomerates

considered for plotting is from model material 30_rpm_usd
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8. Figure A8
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Figure A8: Cumulative probability distribution of B within each morphological class

corresponding to each model material.
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9. Table A4

Protocol Time : Total Cohesive i Loose Total % of
(min)  rotation i (gm) Carbon mass Carbon

(rad) Black (gm) Black
(gm) loose
USD @ 60 rpm 2 753.6 53.1 1.8 54.9 3.3
TD @ 60 rpm 2 753.6 54.4 0.2 54.6 0.4
USD @ 30 rpm 2 376.8 52 2.392 54.392 4.4
TD @ 30 rpm 2 376.8 51 1.761 52.76 3.3

Table A4: Amount of Carbon Black incorporated depending on the filler addition protocol and

rotor speed of the internal mixer. (This information was obtained for a mix fabricated using the

filler addition protocol suggested in Materials and Testing). This table demonstrates the

differences in the CB incorporation in the mix depending on the time spent in the internal mixer.
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ABSTRACT

This paper presents the impact of Carbon Blacks agglomerates, at different concentrations, on
crack propagation mechanisms in a CB filled Ethylene Propylene Diene Monomer (EPDM)
elastomer. As shown by Transmission electron microscopy, these CBaggl COnsist of aggregates
clusters with interpenetrating elastomer, and for this reason, are soft and deformable. Crack tip
observation using X-ray tomography demonstrates that these CBaggi can either undergo fracture
(Abstract figure) or arrest/ deviate a crack during propagation. This causes higher energy
dissipation at the crack tip, which contributes to the dissipative component of the strain energy
release rate G. For this reason, it is found that among the two materials tested with a significant
amount of CBaggi (more than 3%), the material with the highest concentration has a slower crack

propagation speed at high G.

Tensile directiont

Crack no

~0%
Tensile direction CB agglomerate

fracture

Abstract figure: Illustration of crack propagation mechanism in the presence of carbon black

agglomerates at the crack tip vicinity.

1. INTRODUCTION

Many applications such as pneumatics, sealants, and anti-vibration device uses
elastomer based materials. In these applications, these materials undergo static or dynamic
strain solicitations which reduce their durability. They contain reinforcing fillers such as carbon
black (CB), silica nanoparticles, clay, talc or carbon nanotubes to improve their ultimate, fatigue
and/or visco-elastic properties[1,2]. These fillers can form agglomerates in the processed
materials, in spite of the efforts made to avoid what is considered as defects or flaws[3,4]. Other
defects can also be found like metallic oxides inclusions, micro-bubbles or voids.

Unfortunately, all these defects are known to influence the rupture properties[5,6].
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Since 1950s, many researchers extensively studied these properties in rubber materials.
Rupture is the consequence of the initiation and propagation of a crack or multiple cracks
through the entire section of the material during its solicitation[6]. In some cases, crack
propagation mostly dictates the durability of the material. Hence, many studies characterized
the material evolution in the vicinity of the crack tip during the crack growth[7,8]. Postmortem
analysis using electron microscopy showed the presence of defects like ZnO, carbon black
agglomerates (CBaggi), and cavities in the crack vicinity[7—11]. Cavities participate in the crack
propagation which occurs by successive breaking of the ligaments between them and the crack
tip[8,12]. The high hydrostatic stress beyond the crack tip promotes the formation of cavities
at the poles of the defects made of rigid inclusions[7,13,14]. On the other hand, in the case of
filled elastomer, improvement of resistance to crack propagation is ascribed to the ability of the
filler to deviate or arrest the crack[15]. Crack can follow the contours of the fillers, and are
therefore deviated, increasing the crack path length[16]. Same mechanisms are also suspected
for filler agglomerates, but they have not been explored. The crack can also be arrested by the
reinforced anisotropic structures (fibrillary structure) formed at the crack tip where the material
is submitted to very large strain[17]. Even though all these mechanisms are often discussed in
literature, their experimental observation is much less reported, especially using in situ
techniques.

Various tools such as Scanning electron microscopy (SEM), Transmission electron
microscopy (TEM), Atomic Force Microscopy, Small Angle X-ray Scattering, and X-ray
Tomography are available to precisely characterize the defects in elastomer materials. Although
techniques like SEM[11,18,19], TEM[20] and AFM[21] provide a better resolution, use of these
techniques for in-situ characterization is limited due to small observable area, small size of the
sample, or to the material degradation during the observation. SAXS is a non-destructive
characterization technique that provides spatially averaged information at sub-micron scale
such as the average particle size, shape, distribution of defects or cavities[22]. It is however
difficult to visualize or quantify the local dissipative mechanism occurring in the crack tip
vicinity using this technique. Recent studies showed that X-ray tomography using laboratory
or synchrotron sources is a powerful technique which can provide 3 dimensional information
of the microstructures inside the sample at the micron-scale[23-25]. This technique is also
suitable to conduct in-situ analysis[26] on the crack propagation and to characterize the

materials, crack surface and material evolution in the vicinity of the crack notch.
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This paper aims at understanding the impact of defects, specifically CBaggi 0N the crack
propagation in elastomer materials. The influence of the defects concentration will be explored,
thanks to the study of model materials with different CBagg concentrations. It will be shown
that the difference in the crack propagation resistance correlates with the energy dissipation
inside the material, which is related to the defects concentration. In-situ tensile and crack
propagation tests using X-ray Tomography enable to understand the various dissipative
mechanisms associated to CBagg at the origin of this dissipation energy.

2. MATERIALS AND TESTING

2.1 Composition and materials processing

Model materials used for the current study are based on a non-crystallizing Ethylene Propylene
Diene Monomer Rubber ( EPDM Keltan 4450 ) reinforced with high furnace carbon black
(N326 from Cabbot) and cross-linked using unsupported Bis (a,a-dimethylbenzyl) peroxide.
The composition of the model materials (Table 1) was kept constant whereas compounding
process conditions were varied in order to generate more or less flaws inside the materials. All
the ingredients except the peroxide were mixed in a Haake Rheomix 600 OS mixer (chamber
volume: 120cm?®) using Banbury rotors (42 cm®) at a certain rotor speed and mixing time (Table
1), and were then passed 10 times in a two-roll mill where the peroxide was added. The
sequence of ingredients addition is detailed in Table 1. USD method refers to “upside down”,
i.e., the elastomer was added after carbon black and 7D method refers to “top down”, i.e.,
carbon black was introduced after the elastomer in the internal mixer. After the mixing steps,
the samples were molded into pure shear geometry specimens (Length=35mm, height =5mm,
width =0.8mm) by hot pressing at 170°C under 190 MPa for 12 min. Curing time was estimated

from torque measurements performed using a Monsanto rheometer analyzer.

Table 1: Composition of the model materials

F1 F2 F3
Ingredients
(Phr) (Phr) (Phr)
EPDM Keltan 4450 100 100 100
Carbon Black N326 50 50 50
Peroxide 3.2 3.2 3.2
Rotor Speed (tr/min) 30 60 60
Mixing Time (min) 2 4 10
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TD usD D
Introduction Protocol 1.EPDM 1.CB 1.EPDM

2.CB 2.EPDM 2.CB
Filler Volume Fraction 19.3% 19.3% 19.3%

2.2 Multiscale characterization of materials

Microstructural analysis was performed using X-ray Tomography (laboratory source and
synchrotron radiation source). The internal structure of carbon black agglomerates or

aggregates was characterized by TEM.
2.2.1 X-ray tomography laboratory source (Lab Tomography):

The laboratory X-ray tomography device used for postmortem analysis of the crack
propagation path and to understand the fracture surface is the EasyTom apparatus from RX
Solutions. The Tungsten target current is 45 pA. LaBe cathode filament is used, along with a
CCD detector. The volume analyzed is ca. 4-8mm? with a voxel resolution chosen in the range
of 1-2um? depending on the requirements. The sample was rotated over 360 degrees by steps
of 0.09° in front of the X-ray beam. The tube voltage was kept at 40kV to have an optimised

attenuation contrast between the elastomer and the agglomerates[27].
2.2.2 Synchrotron radiation computed tomography (SRCT)

SRCT experiments were performed at the PETRA Il P05 beamline at DESY, Germany
(operated by Helmholtz-Zentrum Hereon), and the Anatomix beamline at SOLEIL , France. The
P05 beamline was used to study the local damage mechanisms inside the material during a
tensile test. The monochromatic X-rays energy was fixed at 15keV with a spatial resolution of
2.19um. The sample was mounted in a tensile rig (Figure 1a). Its specific geometry (Figure 1b)
was designed to create higher stress in the region of interest (ROI). The sample was rotated
over 360° by steps of 0.225°. Each projection step lasted 30ms per projection resulting in a
total time per scan of 50s. Experiments performed at Anatomix @SOLEIL focused on the
phenomena occurring beyond the crack tip during quasi-static uniaxial extension. The filtered
white beam used had a mean energy of 20keV. The experimental setup is shown in Figure 1c.
The spatial resolution was 1.3um. The sample was rotated over 360° by steps of 0.18°. Each
projection required 150 ms. The Pagnanin algorithm was applied to reconstruct the phase
inside the sample[28]. Similar filter was not used with the data obtained at PO5 beamline, as

3D reconstruction was performed from attenuation contrast.
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2.2.3 Transmission electron microscopy (TEM)

Nanoscale characterization was performed using TEM (CM120 Philips microscope) on a
section with 90nm thickness prepared by cryo-ultra-microtomy (Leica Ultra cut UCT
microtome). This section is placed on a 400-mesh copper grid. The accelerating voltage was
set to 120kV and the CCD detector used is an Orius CCD camera from Gatan.

Scintillator -
s Sample
Plexi Glass tube

Rotation stage

X-ray beam

Figure 1: PO5 beamline experiments: a) general view of the setup with the position of X-ray
beam, tensile rig and scintillator, b) sample geometry used for in-situ tensile test. Anatomix
beamline: ¢) homemade tensile rig from MATEIS lab, d) Single edged notched sample geometry

used for in-situ crack propagation test.
2.3 Crack growth measurement technique
2.3.1 Strain energy release rate versus crack propagation speed

Crack propagation speed (Vp) was characterized as a function of the strain energy release rate.
G is the product of W(J) by ho for a pure shear geometry specimen with a crack displacement
length ¢, where W(A) is the strain energy density of the unnotched sample submitted to a
stretching of A with an initial height of ho [29]. W(2) is calculated from the area under the curve
of the stress-strain plot. This one is deduced from the nominal stress strain curve obtained from
the tensile test of unnotched PS specimen, using Digital Image Correlation (High speed camera
combined with the CORELI software, the image acquisition frequency was 1Hz). The DIC

resolution is estimated to be 34 um.

We applied a modified version of the static-growth test introduced by Lake etal. [30] involving
the continuous deformation of a notched test piece (PS) at a constant strain rate (0.0065 s2).

This allows to characterize Vp over a broad range of strain energy release rate. Note that the
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samples were not accommodated prior to the crack propagation test. An initial notch (co) of
10mm was made on one side of the test piece with a thin razor blade. Crack displacement up to
5 mm was considered for the analysis of Vp, to ensure conditions required by Yeoh et al. [31],
i.e., 1.25< c/ho <3 (c=10mm, ho=5mm). The acquisition of the crack images during the first
90s of crack propagation test was performed every 100ms (crack propagation is slow), the time

intervals was reduced to 10ms for the rest of the experiment.

Crack contour (Figure 2a, b, c)) and displacement (Figure 2d)) were derived from every image
using ImageJ © free software and python modules [32]. Vp was calculated for every 0.2 kd/m?
G variation from the equation Vp = c;.02 — ¢/ At, Where ¢ refers to crack tip position
(Figure 2b). Finally, the averaged Vp of 3 specimens of the same material was used for plotting
the Vp(G) curves. In addition, “instantaneous ” crack speed (Vpi) was calculated from the crack

displacement between two consecutive images.
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Figure 2: a) Stretched notched PS specimen with speckled pattern. b) Crack contour plotted
derived from the picture (a) at a given G. The yellow star denotes the crack tip c) evolution of
the crack contour after the increase of G by 0.2kJ/m?. d) Crack displacement measured with
three specimens of the same model material F1 as a function of G. The same plots for F2 and
F3 materials are reported in SI (Figure Al).

2.3.2 In-situ crack propagation test using X-ray tomography (Anatomix)

For the in-situ tomography study of the crack propagation, single edge notched geometry

(SENT) (Figure 1d) was used instead of PS geometry due to field of view limitations (2.3mm x
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2.3mm x 2.3mm). The notched sample was stretched up to a given strain (10%, 20% 30% etc.)
and maintained at this stretching level for 20 min during which the crack can propagate. To
stop the crack propagation and the material movements during the tomographic scan, the
sample deformation was decreased by 2.5% before launching the 8 min scan. This protocol

enables to obtain images with good quality.

3. RESULTS

3.1 Multiscale CBaggl analysis

Lab Tomography was used for the characterization of the CBagg existing in the different model
materials[27]. The cumulative volume fraction (¢ ymu) Of CBagg Whose volume is above
125um?3is 10.1%, 3.0% and <0.2% in F1, F2, and F3, respectively. Similar characterization of
agglomerates using synchrotron radiation computed Tomography (SRCT) leads to slightly
higher values (11.5%, 4.3% and <0.85% in F1, F2, and F3 respectively), due to a better
detection of CBaggi . Since good correlation is observed between both methods and more data
are available from lab tomography, ¢.m.; Calculated from this technique will be quoted
throughout this paper. F1 has a higher percentage of agglomerates with intermediate and big
size (Figure A2 in Sl). Eqgiam represents the diameter of a fictive inclusion having the same
volume as the analyzed CBaggi. The mean size (i.e. mean Eqdiam Value) of the CBagg in F1, F2
and F3 is 10.8um, 11.um and 9.7um respectively. Based on the ¢ ymvui, F2 Can be considered
as more representative of industrial grade rubber compounds and F3 as a special case which

rarely exists in the industry.

As shown in the TEM image in Figure 3, CBagg detected by tomography are actually made of
local over concentration of aggregates inter-penetrated by elastomer. At 200nm resolution, we
can observe the dispersion of aggregates either in CBaggl Or in the matrix of F1 (Figure 3b).
Thus, the detected agglomerates appear as soft deformable clusters in which concentration of

aggregates varies locally.
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Figure 3: a) TEM image of a slice of CBagg in F1 at a resolution of 1um, b) zoomed portion of

the yellow square in “a)’ at a resolution of 200nm.
3.2 Macroscopic properties
3.2.1 Dynamic and mechanical properties

The viscoelastic properties of the materials are governed by the size of the filler aggregates,
their volume fraction, and the polymer-filler interactions. The dynamic mechanical analysis (at
1Hz & 30°C) shows that all the model materials have similar dynamic properties for
deformation below 8%, which is consistent with the agglomerates structure obtained using
TEM, i.e. aggregates in CBaggl have interactions with polymer chains . The consequence of this
can also be seen in the monotonic uniaxial loading test of the materials (Pure shear geometry:
Figure 4b). All the materials have similar mechanical behavior at high nominal strain up to

100% with PS geometry (it was also checked for dogbone geometry).
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Figure 4 a) Shear storage modulus vs strain sweep for 3 model materials, b) true stress vs
nominal strain properties up to 100% strain of model materials using unnotched pure shear
geometry. The shaded region along each curve represents the standard deviation. True Stress

vs nominal strain properties up to rupture are given in Sl (Figure A3).

The materials have been cyclically strained three times up to a fixed nominal strain
(25%, 50%, and 75%) using a dogbone sample geometry (Figure 1d). For a given maximum
nominal strain, the unloading curves of the three cycles superimpose while the loading curves
for the 2" and 3" cycle coincide with each other and are below the 1% loading curve (Figure
A4 in SI). Such behavior is observed with filled elastomer and is characteristic of the so-called

Mullins effect. The energy dissipated only during the first cycle[33] is deduced from: AUR,,5 =

€max_mullins __ (€max_mullins : :
fO eycle 1 oyde 0 mean(eycle 2 &3) oyde, where gy and e are the nominal stress and strain

and €max muuins 1S the maximum nominal strain applied during the cycle. The hysteresis loss

(AUpys.) at high strain is higher for F1 (Figure 5) compared to F2 and F3.
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Figure 5: Irreversible hysteresis loss (AUp,,,) for F1, F2 and F3.
3.2.2 Crack propagation regime

Figure 6 presents the “instantaneous” crack speed measured during a continuous uniaxial
deformation of a notched PS sample. In F1 and F2 materials, it suggests that the crack
propagates by several cycles of crack growth and arrest, rather than a continuous propagation,
for G value below 1.2kJ/m? for F1 and ca. 0.8-1.2 kJ/m? for F2. For F3, the results indicates a
rather continuous crack propagation for all the G measurement domain (Figure 6¢). This is
consistent with observations of the crack surface of the ruptured materials. Figures 6 d-f
presents the crack surface projection on a 2D projection plane. The color coding is the height
variation of crack surface (Z profile) with respect to the Z value at the origin of the crack. The
typical characteristics of stick slip crack surface shape such as saw tooth[17], wavy[34], etc.
can be observed in Figures 6 d-f. This appears as a linear or triangle-shape wave front. All
these results confirm that Vp is in the domain of the Vp(G) curve where stick slip occurs
[12,17,34,35]. Occurrence of crack arrest is more frequent in F1 (higher number of triangle
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wave front). The number of crack arrests for F2 is intermediate between F1 and F3. In F3, the
crack propagation has a rather smooth profile.
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Figure 6 a), b), and c¢): Examples of Vp based on subsequent images for one specimen of the
model materials F1, F2, and F3, respectively. d), e) and f) crack surface for the model materials
F1, F2, and F3, respectively. The color range indicates the height variation with respect to the

height of the crack origin. The pixel resolution is 1.25pum
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Figure 7: a) €,,4, Observed next to crack tip as a function of G for F1, F2 and F3,

The displacement field was deduced from the images acquired during the crack propagation
(cf. SI Figure A5). From this, the nominal strain in the tensile direction was calculated as a
function of the distance to the crack tip, for different G. The nominal strain at the crack tip is
maximal and noted €,,,4,. As shown in Figure 7, €,,,, 1S above 50% for F1 and F2 for any given
G. The zig-zag pattern in the maximum nominal strain curve confirms the existence of cycles
of crack growth and arrest during the crack propagation. As expected, the €,,,,, profile for F3

is much smoother compared to the one of F1 and F2 (Figure 6 d, e).
3.2.3 Vp(G)

Vp(G) curves of 3 tests are presented in Figure 8. Following the literature, in the identified
domain of the Vp(G) curve, the crack growth rate obeys a power law dependency on G as
follows: V, = A. GP[36-38]. A and 8 are materials constants which depend on the material
properties, and therefore on their formulation and thermomechanical history [36—40]. £ is found
equal to 2.6, 3.3, and 3.7 for F1, F2, and F3, respectively. These values are consistent with the
ones found in the literature for EPDM [16,41-44]. Vp varies from 10° m/s to 102 m/s for G
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values ranging from 0.4 kJ/m? to 2.5kJ/m?. For practical purpose, the domain of Vp above
8.10° m/s is called hereafter high Vp or high G domain whereas the one with Vp below 8.107°
m/s, low Vp or low G domain. The observed crack growth begins at low G (<0.4kJ/m?) for
both F1 and F2, whereas it is at around 0.8kJ/m? for F3. The high value of G for F3 may be
associated to the very good dispersion of carbon black, without agglomerates. More

interestingly, at the highest VVp values, G is higher for F1 than for F2.
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Figure 8: Vp(G) curve for F1, F2 and F3.
3.3 Microscopic analysis
3.3.1 CBaggt damage mechanisms

An in-situ tensile test using SRCT (P05 imaging beamline) is used to identify local damage
mechanisms at microscale. The results from F2 material are presented in Figure 9. The slice
view of a CBagg at different nominal strains (Figure 9a) shows that agglomerates undergo
multiple fractures. Between 40% and 50% nominal strains, we only observed the breakage of
the biggest CBaggl (With Eqgiam above ca. 78um). For higher nominal strain, more CBaggi undergo

internal fracture. The higher the nominal strain, the smaller the minimum size of the CBaggl
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broken. For instance, the minimum Eqgiam 0f CBaggl that undergoes fracture at 60% and 70%
nominal strain is 33um and 20um respectively (Figure A6 in Sl). A slice view from the 3D
volume of F2 (Figure 9b) at 100% nominal strain shows that most of the agglomerates in the
sample have been fractured (some are marked by a yellow circle). Moreover, the number of
fractures inside a CBaggl increases with the strain, as shown with the biggest observed CBagg (cf
Figures 9a-b). The same phenomenon of CBagg fracture is evidenced at the crack tip in notched
sample (cf. Figures 10a-d). The greyscale intensity profiles throughout the observed
agglomerates at 0% and 37% nominal strain are plotted in Figure 10c and Figure 10d
respectively. The dips in the profile are a clear indication of these fractures (marked by a circle

in Figure 10c).

a) t Tensile direction Tensile direction b)
Slice of
tomogram y
. X
Nominal 0% 30%  40% 50%  60% 100
Strain %

©

Figure 9 a) Slice view of the evolution of damage of CBagg upon stretching. b) The circles in
the slice view of the sample volume at 100% nominal strain indicates the fractured
agglomerates. ¢) and d) 3D view of the agglomerate at 0% and 100% nominal strain
respectively. The red layers correspond to cavities created between the layers of fractured
CBaggl.

3.3.2 Other mechanisms observed at the crack tip

Figures 10 e)-f) and Figures 10 g)-h) present a slice view of a crack tip for F1 in two different
planes, at 0% and 36% nominal strain. In the image of the first plane at 36% nominal strain
(Figure 10 f), one can see that the crack has been stopped by an agglomerate. However, in the
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second observation plane, for the same nominal strain, the crack has also propagated through
another agglomerate (Figures 10 g)-h)). In addition, it was also observed that during crack
propagation, the crack path can be sometimes deviated towards a CBaggi, Which was not in the
initial notch plane (Figure A7 in Sl). The existence of all the above mechanisms is not specific
to the geometry used for SRCT, and was also confirmed with the pure shear geometry samples

(cf. Sl for further information, Figure A8).
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Figure 10: a)-b) Fracture of an agglomerate near a crack tip for F2 sample. c) - d) grey scale
intensity values along the black and blue line drawn on the CBagg from a) and b) images
respectively. ) & f) F1 material strained at 0% and 36% respectively (same observation plane).
g)-h) crack propagation through a fractured agglomerate in F1 sample in another observation
plane. In g) CBagg are identified by dotted circle at the crack tip. In h) the fractured CBagg IS
identified by 2 circles at the crack tip.
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4. DISCUSSION

Micron size agglomerates exist in industrial products, usually in non-negligible concentration.
To understand their role on the crack propagation mechanisms, three model filled EPDM
samples have been processed with a low CBagg concentration, a CBagg concentration
representative of the one found commonly in industrial products, and an abnormally high one.
We measured their crack propagation resistance and observed the local damage mechanisms
occurring at the micron-scale during this propagation. Compared to a material with quasi
absence of agglomerates (F3), increasing the agglomerates concentration ato 3.0% (F2) or
10.1% (F1) does not significantly change the mechanical properties, i.e. the viscoelastic
modulus and tensile stress strain curve at large strain (cf. Figure 4). Nevertheless, the crack
propagation is made faster whatever the G value tested. This is consistent with the larger
curvature radius of the crack tip (SI Figure A9) and the smaller maximum strain seen by the F3
materials at the crack tip (Figure 7). Our assumption is that in F1 and F2, the significant
agglomerates concentration locally perturbs the material deformation at the crack tip, hence
increasing the local stress concentration. More interestingly, the increase in the agglomerates

concentration from 3.0% to 10.1% decreases the crack propagation velocity as G increases.

Past studies correlated the energy dissipation during high strain loading to the crack propagation
resistance[17,33,45]. Thus, the better resistance to crack propagation for filled elastomers vs
unfilled one was partially attributed to an increase in the strain energy release rate brought by
the energy dissipated by the Mullins effect [12,34,45,46]. Similarly, the studies by Ducrot et
al.[33] and Slootman[47] showed that mechanisms involving sacrificial bonds, by dissipating
more energy in the crack tip vicinity, also improve the fracture toughness of the material.

When CBaggl are present, they can influence the crack propagation resistance through different
mechanisms. Like in the work of Kailash et al.[51], we have shown that CB agglomerates can
deviate the crack from its original path (SI Figure A7) , and therefore increase the total crack
path. In addition, they can also lead to a crack arrest as shown in Figures 10 e)-f).Thus, the
crack tip is momentarily reinforced and increases the stored energy available for the crack
advance. Note that such mechanisms are however temporary which explains the better

properties of F3 which has very few CBaggl.

Moreover, we have clearly evidenced that CBaggl are also the source of dissipative mechanisms.
Figures 3 shows that in the 3 materials, they contain soft layers of polymer. For this reason,

instead of relaxing stress concentration by cavitation at their poles, one observes, at sufficiently
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large deformation, their internal fracture relaxes the stress concentrations [22] (Figure 9). This
is consistent with the higher Mullins effect of the F1 material (shown by its higher AUp),s;
Figure 5) since it contains more agglomerates. Moreover, the higher the strain, the higher the
energy dissipated in the big agglomerates, since those can be multi-fractured (cf. Figure 9).
These mechanisms should lead to more dissipated energy in F1 than in F2 (as it has a larger
CBagg content), and therefore a larger strain energy release rate at a given crack propagation
speed.

Nevertheless, this does not explain the convergence of the Vp(G) curves of F1 and F2 at low G
values. The size of the zone where the strain is amplified ahead of the crack tip must also be
considered. Strain as a function of the distance to the crack tip, in the notch plane, is reported
in Figure 11 for F1 material at low G value(0.6 kJ/m?) and high G value (1.6 kJ/m?) (see Figure
A10 in Sl for F2). From these figures, the distance to the crack tip below which the strain is
larger than 50%, 60% and 70% can be estimated. 50% is the minimum nominal strain to observe
CBaggl fracture. We also know the dependence of this minimum strain with the CBagg Size. One
can then roughly estimate the corresponding volumes in the crack tip vicinity (assuming a tube
or cylindrical zone). They are reported in table Al in SI. They indicate that a significant number
of agglomerates are submitted to strain larger than the strain at which they can be fractured,
confirming that a lot of agglomerates fracture are occurring ahead of the crack tip for the G
domain considered. Much more agglomerates are concerned in F1 than in F2 (with a ratio
around 5). Their numbers are however largely reduced when G is decreased from 1.6kJ/m? to
0.6kJ/m2.  Thus, we can assume that at 0.6kJ/m?, the energy dissipated at the crack tip by the
agglomerate fracture is too low in both the materials to lead to a differences in the Vp(G) curves.
By increasing the G value, the dissipated energies in both the materials during crack
propagation are increased as well as their difference in absolute value, hence explaining the

divergence of their Vp(G) curves.
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Figure 11: a) Nominal strain profile ahead of the crack tip for F1 at 2 G values (0.6 kJ/m?,
1.6kJ/m?). The arrow indicates the size of the zone for which the nominal strain is above 50%,
60%, and 70%. The plot for F2 is presented in Sl (Figure A10). b) Scheme of the influence
zone in F1: cylinder of radius “a” for strain between 50% and 60%, “b” for strain between 60%

and 70% deformation, and “c” for strain above 70%.
5. CONCLUSION

An ideal reinforced elastomer always contains defects such as filler agglomerates especially
during industrial production. These agglomerates are likely formed of overconcentration of
filler aggregates and are therefore soft and deformable. Our original investigation by in-situ
Synchrotron source X-ray tomography has showed that these agglomerates can fracture at high
strain, depending on their size. Thus, they provide dissipative mechanisms around the crack tip

which can be particularly significant at high strain energy release rate.
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Figure Al: Crack displacement as a function of G for a) F2 and b) F3.
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materials F1, F2 and F3.
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Figure A3: True Stress vs nominal strain plots of model materials using unnotched pure shear
specimen geometry. The shaded region along each curves represents the standard deviation.
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Figure A4: Materials have been cyclically deformed three times up to a fixed nominal strain
(25%, 50%, and 75%) using a dogbone sample geometry. Shaded area is the irreversible

energy lost at 75% nominal strain.
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Figure A5: Example of displacement field (Ux) along the tensile direction deduced from DIC

measurement during crack propagation.
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Figure A6: The smallest CBaggi that undergo fracture at a given strain. a) CBagg With EQdiam =
65um undergo fracture at 50% nominal strain. b) CBaggi With Eqdiam = 33um undergo fracture

at 50% nominal strain. ¢) CBaggi With Eqgiam = 20um undergo fracture at 50% nominal strain.
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Figure A7: a) Crack surface of F1 visualized using SRCT. Crack arrests are identified by yellow
circles. There is a change in the direction of crack and the crack front forms triangle waves.
Post mortem analysis revealed that at each of these circled points, there was a CBaggi Which had
stopped the propagation or deviated the crack from its original path. b)-c) The corresponding
slice views of these agglomerates are presented alongside the picture (a).

Figure A8: a)-c), slice view obtained from lab tomography of fractured surfaces for the 3 model
materials. When crack approaches a CBagg, it breaks it (yellow circle) and propagates through
it, rather than undergoing deviation along the agglomerate’s contour, which is contrary to the
mechanism often proposed in the literature[16,48]. Crack arrest is visible in F1 (yellow circle
in Figure A8a) due to the presence of CBagg and a secondary crack initiation which originates
from this point changes the direction of crack. Initiations of secondary crack are less observed

in F2 (Figure A8b and Figure 6e). The contour of the propagation path looks similar to a saw
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tooth profile[17]. In F3, crack deviation is observed (visually less significant compared to F2
in Figure 6f), although it is not induced by the presence of agglomerates (Figure A8c). The
crack propagation direction is modified in the very beginning, maybe due to the notch geometry.
This can also be confirmed in the graph of €,,,,, at the crack tip for F3, as it is generally smooth

throughout the crack propagation (no crack arrest).

—— 1, ¢cs,,, 10.1%
—+— 2, b, 30%
I 1-3- ¢CB‘,W|.: < 0.2%

0.4

=
o

Notch radius (mm)
NN N
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Figure A9: Evolution of notch radius as a function of G during a crack propagation in a pure

shear geometry.
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Figure A10: Nominal strain profile ahead of the crack tip in the notch plane for F2 at 2 G
values (0.6 kJ/m?, 1.6kJ/m?)

Calculation of Number of CBaggl highly deformed in the crack tip vicinity:

At 1.6 kJ/m? (high G), the distance from the crack tip with nominal strain greater than 50%,
60% and 70% is around 325um, 230um and 180um respectively for F1. Similarly for F2, it is
around 440um, 200um and 160pum respectively. At 0.6 kd/m? (low G), size of the zone with
strain above 50% and 60% for F1 is 220um and 130um respectively and for F2, it is 170um

and 100um respectively. There is no zone next to the crack tip with strain greater than 70%.

Number of CBagg in @ zone= VVolume of the zone (e.g. a or b or ¢)*volume fraction of CBaggi/

Volume of one CBaggi With median Eqgdiam
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G Material | Zone | Length | Volume | Minimu | Median | Vol N
(kd/m?) of the of the m size of | size of | fraction
Z0ne Z0one CBaggI CBaggI Of CBaggI
(108um?q) | which above the
fracture minimum
size (%)
1.6/0.6 F1 a | 325/220 | 1.4/0.9 65 79 0.4 2/1
b | 230/130 | 0.6/0.5 33 39 1.6 30/25
c 180/- 0.9/ 20 23 4.5/0 647/0
Total Number of CBaggl ~680/25
F2 a | 440/170 | 4.3/0.3 65 0.01 0/0
b | 200/130 | 0.4/0.5 33 36 0.3 5/6
C 160/- 0.3" 20 23 1.2/- 135/0
Total Number of CBaggl ~140/6

Table Al: Calculation of Number of CBagg for each material in the dissipative zones
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ABSTRACT

The paper presents a precise 3D quantification of damage evolution and eventual crack
initiation due to metallic oxide inclusions and filler agglomerates during uniaxial solicitation,
thanks to synchrotron radiation X-Ray Tomography. An in-situ tensile study using this
technique reveals debonding at the poles of all metallic oxide inclusions upon stretching. These
cavities caused by debonding do not lead to crack initiation since they grow parallel to the
applied stress direction. Conversely, crack always initiates from carbon black agglomerates
(CBagg) in filled elastomers. The crack initiation mechanism is a three step process that begins
with the nucleation of cavities inside the CBagg upon stretching. This is followed by the growth
of these cavities which brings about the fracture of the agglomerates. Finally, this fracture can
lead to the creation of a matrix crack at the origin of the material rupture. It is also confirmed
that CBagg that initiate the critical crack in the material are the biggest sized CBagg and are
located close to the edges of the sample.

1. INTRODUCTION

Elastomers used in various applications are required to withstand high strain deformation
during different types of solicitations. Incorporation of reinforcing fillers is an efficient way to
improve their rupture and fatigue properties during such solicitations[1-3]. If the fillers disperse
improperly, particularly during industrial production, they will remain as filler agglomerates.
The existence of these agglomerates is inevitable in materials[4,5]. They are known to be
precursors for crack initiation and are considered as defects in the materials. Apart from these,
there are other defects like metallic oxides inclusions, micro-bubbles and voids in materials[6].
The latter appear in the matrix, mostly at the poles of the defects. There is a competition between
cavitation and debonding mechanisms, depending on the adhesion strength between the matrix
and the inclusions[7-9]. These damage mechanisms have been observed in industrial rubber
compounds, e.g. debonding at the poles of ZnO inclusions and cavitation in filler
agglomerates[10,11]. Post mortem analysis using electron microscopy reveals agglomerates at
the crack initiation sites in a ruptured material [6,10]. Huneau et al.[10] have suggested that
crack intiation from a filler agglomerate is due to cavity growth from its pole. However, this is
contrary to the observations made by Gent et al.[7,12] and Lefévre et al.[13], who studied
material rupture in the presence of more than one inclusion. They noticed that cavity growth at
the midpoint distance between two inclusions leads to rupture rather than cavitation at their

poles. Thus, there is no accordance in the literature on the transition phenomena from local
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damage associated to a defect to a crack that ruptures the material, especially for carbon black
agglomerates (CBagg)) in an industrial rubber compound. Such study requires a precise 3D
quantification and visualization of the damage initiation, its evolution and the eventual crack

initiation resulting from this damage.

To do so, we studied the rupture properties of 3 model materials containing a fixed
concentration of inclusions and varying concentrations of CBaggi. We performed an in-situ
tensile study on these materials using Synchrotron Radiation Computed Tomography (SRCT).
When performed concomitantly with mechanical testing, tomography enables a direct
observation of damage mechanisms associated to defects like metallic oxide inclusion and
CBaggl, the damage evolution and crack formation inside the material. This analysis enables to
extract various features controlling crack initiation mechanism such as the morphology and the

location of the critical defects at the origin of the material rupture.

2. MATERIALS AND TESTING

2.1 Composition and materials processing

Model materials used for the current study are based on a non-crystallizing Ethylene
Propylene Diene Monomer rubber ( EPDM Keltan 4450 ) reinforced with high furnace carbon
black (N326) and cross-linked using unsupported Bis (o,a-dimethylbenzyl) peroxide. The
composition of the model materials (Table 1) was kept constant whereas compounding process
conditions were varied in order to generate more or less flaws inside the materials. This specific
composition enables the generation of CBaggl defects. All the ingredients except the peroxide
were mixed in a Haake Rheomix 600 OS mixer (chamber volume: 120cm?®) using Banbury rotors
(42 cm?®) at a certain rotor speed and mixing time (Table 1), and were then passed 10 times in
a two-roll mill where the peroxide was added. The sequence of ingredients addition is detailed
in Table 1. USD method refers to “upside down”, i.e., the elastomer was added after carbon
black, TD method refers to “top down”, i.e., carbon black was introduced after the elastomer
in the internal mixer. After processing the material in the internal mixer and the two-roll mill
machine, the samples were molded to a 2 mm thick sheet at 170°C under 190 MPa for 12 min.
Curing time (t98) was estimated from torque measurements performed using a Monsanto
rheometer analyzer. The samples for mechanical tests were die cut from this sheet using
pneumatic punching tool. Hereafter, the samples are named S_X with X corresponding to the
volume fraction of CBagg With a volume larger than 125 pum3. This volume fraction was

calculated from observations by synchrotron source X-ray tomography (and not from
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laboratory sourced X-ray tomography like in chapter 4). Note that the so called S_11.5 and
S_4.3 samples correspond to F1 and F2 presented in Chapter 4.

Table 1: Composition of the Model Materials and process conditions

Samples S 115=F1 S 4.3=F2 S 9.0
Ingredients (Phr) (Phr) (Phr)
EPDM Keltan 4450 100 100 100
Carbon Black 50 50 50
Zn0O
Peroxide 3.2 3.2 3.2
Rotor Speed (tr/min) 30 60 30
Mixing Time (min) 2 4 2
D uUsD uUsD
Introduction Protocol 1 Eppm 1CB 1CB
2.CB 2.EPDM 2.EPDM
Filler Volume  19.3% 19.3% 19.3%

2.2 Scanning electron microscopy (SEM)

We characterized the rupture surface of the materials by SEM using Zeiss Supra SEM
(Germany). The materials were not metallized to avoid any closing of the crack. Observation
of non-metallized surfaces requires low acceleration voltage to avoid any accumulation of
charges. Thus, the energy of the electron beam was kept at 1 kV. The detector used is secondary
electron detector. The composition of defects was obtained using Energy Dispersive X-Ray
(EDX) detector. EDX needs a higher acceleration voltage of 10 kV for a higher emission of

characteristic X-ray from the material surface.

2.3 Synchrotron radiation computed tomography (SRCT)

SRCT experiments were performed at the PETRA Il P05 beamline at DESY, Germany
(operated by Helmholtz-Zentrum Hereon), and the Anatomix beamline at SOLEIL , France. We
obtained information regarding the onset of damage and crack initiation mechanism using both
beamlines. At P05 imaging beamline, the energy of the monochromatic X-rays was 15keV with
a spatial resolution of 2.19um. The sample was mounted in a tensile rig (Figure Ala, SI). Its
specific geometry (Figure 1) was designed to create as high stress as possible in the region of

interest (ROI). The sample was rotated over 360° by steps of 0.225°. Each projection step lasted
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30ms resulting in a total time per scan of 50s. We reconstructed 3D images with and without
phase contrast. Images without phase contrast were used for the detection of damage (CBagg
fracture and cavities) in the materials during the test. Then the CBagg associated to damage
were segmented from the images acquired with phase contrast. This contrast was obtained by
applying a phase retrieval algorithm implemented by Mooseman et al. [14]. Experiments
performed at Anatomix @SOLEIL used a filtered white beam with a mean energy of 20keV and
a spatial resolution of 1.3um. The experimental setup is shown in SI (Figure Alb). We used a
homemade tensile rig with 5kN load cell for the tensile tests. The sample was rotated over 360°
by steps of 0.18°. Each projection required 150 ms. At Anatomix, we improved the phase

contrast of the image by applying Pagnanin filter before the 3D volume reconstruction[15].

Figure 1: Sample geometry used for in-situ tensile test

After the reconstruction, we performed image analysis to optimize the contrast and to remove
additional noise. Chapter 3 contains the details of the protocol. Each agglomerate is labelled
in the binary image after its segmentation from the matrix. Its geometric features such as
Volume V, Equivalent Diameter Eqgiam, Length of major principle axis a, Length of minor
principle axis b and Eccentricity E are extracted using the regionprops module[16] in Python.
The volume V of a CBaggi is the number of voxels it contains. The Equivalent diameter (Eqdiam)
represents the diameter of a fictive inclusion having the same volume as the analyzed CBagg.
Length of major (a) and minor principal axis (b) are those of an ellipsoid that has similar
normalized 2" central moment as the CBaggi. Eccentricity (E) of an ellipse is the ratio between
the distance of its two foci and the major principal axis length. Here, E is the eccentricity of the

centered elliptic section of the ellipsoid, perpendicular to the ¢ axis (with a > ¢ > b): =

V1 —b2%/a? . The bulk factor (B) of an agglomerate corresponds to the ratio of the free space
(volume in this case, AV) between the agglomerate and the convex hull constructed around it

to the total volume of the convex hull (V,;,), i.e. B(4V) =1 -V /V,,

2.4 Transmission electron microscopy (TEM)

We performed nanoscale characterization using TEM (CM120 Philips microscope) on a 90nm-

thick section prepared by cryo-ultra-microtomy (Leica Ultra cut UCT microtome). The thin
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section was placed on a 400-mesh copper grid. The accelerating voltage was set to 120kV and

the CCD detector used was Orius CCD camera from Gatan.
2.5 Tensile testing

Tensile tests were conducted on an MTS 1/ME machine equipped with a 100N load cell. The
nominal stress is defined as a,, = F/S,, where F is the force and So is the initial section of the
sample. In most cases, true stress is used, which is defined as a(t) = F(t)/S(t) where S(t) is
the current section area of the sample. In elastomeric materials whose deformation is isochoric,

the true stress can be defined as ¢,,(1 + €,,), where g,, is the nominal stress and €, is the

nominal strain defined as €,, = i—L (L, 1s the nominal length and AL is the displacement). The
0

nominal strain is obtained using digital image correlation. The strain rate was around 0.005 s

1. The geometry of the sample used for tensile tests is presented in Figure 1.

3. RESULTS

3.1 Microstructural characterization of different defects

Filled EPDM contains mainly 2 kinds of defects, pre-existing inclusions in the polymer and
non-dispersed CBaggl. As illustrated in Figure 2, the inclusions have high greyscale values,
which indicates that they are made of elements with higher atomic number than carbon. EDX
analysis confirms that they are inclusions of metallic oxides (Na2O or K;0) (Sl 6.2). Their
volume fraction is around 0.03-0.05% in the 3 model materials. Their average and largest Eqdiam

are 7.5um and 32um, respectively.
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Figure 2: a) slice view of ROl of an S_9.0 test sample. Zoomed areas correspond to an inclusion
and two CBaggl. The grey scale intensity values across the lines drawn through these defects are
plotted in b).

CBagg can be clearly distinguished from the matrix owing to the phase contrast imaging
techniques implemented at PO5 beamline. The two agglomerates presented in Figure 2 have
different densities. CBagg_1 has a lower density at the center than CBaggl_2 Since there is a drop
in greyscale values in its center. CBaggl 2 is the most frequently observed type of agglomerate
in the material. TEM images have shown that these agglomerates are made of local over
concentration of aggregates inter penetrated by elastomer (cf Figure 3 in chapter 4). The smaller
electronic density of CBaggi 1 can be due to a lower concentration of aggregates and the possible
presence of voids. In any case, all the detected agglomerates are deformable clusters in which
concentration of aggregates varies locally. The volume fractions of CBaggi With a volume above
125um? are 11.5%, 4.3% and 9%, in S_11.5 (F1 in chapter 4), S_4.3 (F2 in chapter 4) and
S_9.0 respectively. The corresponding mean Eqgiam Of these CBaggi populations are 10.8um,
11.0um and 11.1pm respectively. The distribution of their structure factor (SI 6.3) shows that
CBaggl in S_11.5 are the most structured and those is S_9.0 are the least structured.

3.2 Tensile properties

Figure 3 shows the stress-strain diagrams obtained for the 3 model materials using the sample
geometry in Figure 1. The mechanical properties are not affected by the concentration of CBagygl,
similar to the results reported in Chapter 4 for pure shear geometry specimens. An analysis of
their rupture properties reveals that they all have similar strain and stress at break (Figure 3b).
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Figure 3: a) true stress vs nominal strain for the 3 materials with different concentrations of

CBaggl, b) true stress and nominal strain at break for the 3 materials.
3.3 Damage mechanisms associated to the different types of defects

3.3.1 Visualization of damage mechanism

Tensile direction

Cavity volume evolution
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Figure 4: a)-f): damage evolution around an inclusion with V= 18000um? (Eqgiam = 32um) as a
function of deformation: b) decohesion, e) and f) cavity growth in the direction of the applied

stress, g) cavity volume around this inclusion, as a function of nominal strain.

Figure 4 shows the slice view of an inclusion with V= 18000um? (Eqgiam = 32um) inside the
material during its tensile testing. These inclusions are rigid, they do not deform during the
experiment and do not fracture like sometimes observed with ZnO inclusions (S1 6.4). As the
material deforms, decohesion occurs at the poles of the inclusions since they have a weak
adhesion with the matrix. This phenomenon can occur at the early stages of deformation,

depending on the size of the inclusion. In the present case, the cavity volume increases with
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the strain up to around 135%, then slows down. As shown in SlI 6.5, the smaller the inclusion,
the sooner the cavity volume slows down: at 90% nominal strain for a V=6700um? (Eqgiam Of
23um).

The damage in CBagg Was already described in the previous chapter (Figure 9, Chapter 4):
cracks appear inside the agglomerates at a certain applied strain. Upon further stretching, more
cracks appear within the agglomerates. Most of the CBaggi undergo this damage sooner or later.

Similar damage evolution was also observed in S_9.0 material (see Sl 6.6).

3.3.2 Decohesion onset

In addition to the strain at which decohesion occurs, the corresponding stress can be analyzed

(Figure 5). The comparisons are made with Eqgiam instead of V for an easy understanding.
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Figure 5: log plot of evolution of stress at the decohesion onset (o;) with the Eqgiam Of the
inclusion (S_4.3 material). Dotted line for the linear curve fitting.
The plot of macroscopically applied stress o; at the onset of decohesion for inclusions of

different Eqdiam (Figure 5) clearly shows that smaller inclusions require higher macroscopic
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stress for decohesion, as often reported in literature[8,9,17]. The stress at the onset decohesion
depends on the size of the debonded zone. If one assumes that the stress depends only on the
square root of the diameter of the inclusion and that the bond fracture surface area is
independent of the particle size - like Gent et al.[9] did for the decohesion from spherical
inclusion- then one should find a linear dependence of a; with Eqg;qm . As shown in Figure
5, the curve fitting rather indicates a dependence with Eqg;4m~ =22. This discrepancy is not so
surprising since the model relies on strong assumptions (spherical inclusions) whereas the
inclusions observed here are very irregular. Actually, the good quality of the fit is more

surprising.

Similarly, the onset of cavitation in agglomerates was correlated to the true macroscopic stress
(Figure 6).
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Figure 6: applied stress at the cavitation onset (g,) as a function of the Eqgiam Of the agglomerate
in which it occurs (results from S_4.3 and S_9.0 materials). Dotted line for the linear curve

fitting.
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As shown in Figure 6, the linear curve fitting is satisfactory and suggests a dependence of g,
on Equiam®°. The cavity being created inside the agglomerates, the Gent model previously cited
seems irrelevant to explain these results. One may rather use the Mossakovskii and Rybka
description (which is actually not so far from the Gent description), which derives the stress for
the detachment of an elastic half space from a rigid plate when a circular debond of radius a is
located at the interface. It predicts a dependence with a®°. We have indeed observed that the
structure of agglomerates is very heterogeneous and may be described like an assembly of
strong aggregate layers separated by soft polymer layers. In this description, the largest layers,
close to the equator of the agglomerate (the poles indicating the tensile stress direction), are the
ones where the cavitation (originating here from debonding) is the easiest[18] and have indeed
a circular surface with a radius close/proportional to the radius of the agglomerate. Some
similarities can be found with the cavitation observed in a semi crystalline polyamide 6

specimen undergoing tensile deformation[19].

3.4 Visualization of crack initiation

The transition from a fracture within a CBagg towards a crack inside the matrix has been
visualized by tomography. This is illustrated in Figure 7 with the S_9.0 material. Note that the
agglomerate shown in Figure 7a is of the same type as CBaggi_1 in Figure 2 i.e. it has a lower
density compared to most of the observed agglomerates. The greyscale values show that its core
is less dense. Nevertheless the observations on this agglomerate are very similar to those
performed on other samples, and have been preferred for the quality of the images (see another
example in SI 6.7). The onset of the fracture nucleation occurs at around 75% nominal strain
for this CBaggi Whose Eqgiam IS 40pum. The fracture inside the agglomerate transforms to a crack
in the matrix at around 130% nominal strain. Such crack can then propagate through the
material. Figure 7d shows the state of the crack inside the matrix just before material rupture.
The evolution of nominal strain with the cavity volume (i.e. the future catastrophic crack)
created in the agglomerate has been deduced from the tomography images and is pictured in
Figure 7e. Between 70%-120% nominal strain, the volume variation is almost negligible. Then,
at higher strain, the cavity rapidly grows radially and its volume increases exponentially. When
the cavity becomes a crack propagating in the matrix, its volume grows catastrophically. SEM
images (Figures 8a and 8b) confirm the above observation, with evidence of crack initiation
from one critical defect (CBagg)). However, a filled EPDM can also break due to multiple

initiations as shown in Figure 9. In this case, the SEM image shows that cracks originate and
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propagate radially from the two CBagg Observed. The 2 cracks eventually coalesce and this

leads to the material rupture.
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Figure 7: visualization of crack initiation in a filled EPDM, a)-d) microstructural evolution of
the critical defect with nominal strain (€). The inset photo in each figure shows a magnified
CBagg.b) onset of the fracture/cavitation inside the CBagg at 75% nominal strain, c) onset of
matrix cracking at 132% nominal strain, d) state of the crack just before sample rupture, €)

volume of the cavity inside the agglomerate as a function of the macroscopic deformation.

Cette these est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI015/these.pdf
© [M. Kallungal Abdul Jaleel], [2022], INSA Lyon, tous droits réservés



154 CHAPTERS

Radial crack
propagation

Figure 8: Continuation of Figure 7, a) slice view of the broken sample with the critical defect.
The inset photo shows the magnified critical CBaggi. b) SEM observation confirming the crack

initiation and further propagation of the crack from the critical defect.

Even though other defects (metallic oxide inclusions) exist in the materials, crack always
initiates from CBaggl defect(s). Moreover, we can conclude from our observations that the crack
initiation mechanism remains the same whatever the CBaggi cOncentration in the material is (as
shown in Sl 6.7 for material with 4.3% of CBagg). It is worth noting to be complete that, there
are exceptions to this when there is a surface defect such as a pre-existing cut at the surface

edge due to improper die cutting of the samples (Sl 6.8).
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Figure 9: SEM observation of the ruptured surface of S_11.5.

4. DISCUSSION

The filled material presented in this chapter contains two types of defects — metallic oxide
inclusions and CBaggi. To understand their role on crack initiation mechanism, model materials
with 3 different concentrations of CBaggl have been processed; the 1% material contains very
high concentration of CBaggi (S_11.5 with 11.5% volume fraction), the 2" material has CBaggl
concentration representative of those commonly found in industrial production (4.3%) and the
last material contains an intermediate CBaggi concentration between the former 2 model
materials (9%). It is worth noting that we did not incorporate ZnO particles (commonly used in
the industry) to avoid problems related to the non-visibility of CBagg in their presence, as
reported in some recent literature studies. However, the studied EPDM contains low
concentrations (less than 0.05%) of pre-existing metallic oxide inclusions in them. The
mechanical property characterization shows that despite their different concentrations of CBagygl,
all the model materials have similar rupture properties, i.e. strain and stress at break, which is
a counterintuitive result. A micron-scale characterization of the material is performed to

understand this result.

Crack initiation is due to the nucleation of damage and its final evolution to a matrix

crack. Matrix decohesion occurs at the pole of the rigid metallic oxide inclusions when the
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material is stretched. This debonding does not lead to crack initiation. For instance, a debonded
cavity with Eqgiam Of 35um does not rupture the material even when the material is stretched
above 135% nominal strain. The created cavities mostly grow in parallel to the applied stress
direction as shown in previous studies[7,20]. This might be due to lower tearing energy along
the direction of applied stress compared to propagation in the perpendicular direction: in an NR
matrix, the fracture strength required for the tear to grow in the direction of applied stress is
about 40% less than the strength required for it to grow in the perpendicular direction[21,22].
The study concluded that this crack tends to stop eventually. Thus, defects like metallic oxide
inclusions are not critical for crack initiation; we confirmed this through the observation of
rupture surfaces of different samples (S1 6.9). This is consistent with the observations made by
Huneau et al.[23] regarding materials containing ZnO submitted to fatigue solicitation.

Conversely, CBaggl Can initiate cracks in the material upon stretching. Cavitation occurs
inside the agglomerates. The dependence of the stress needed to observe this cavitation with
power -0.5 of the agglomerate diameter suggests that it may originate from some decohesion
mechanism at the interface between two of the layers (with different aggregates concentration)
which form the agglomerates. In a second step, the cavity grows rapidly inside the CBaggi. Not
all CBaggl transform their internal fracture into a crack in the matrix. To do so, their location
inside the sample should be in a zone with large stress triaxiality. Moreover, when they undergo
multiple internal fractures, this likely delays the propagation of the main internal cavity to the
matrix, which triggers a fracture through the matrix. This was verified for all our model

materials, using SRCT characterization combined with SEM analysis.

The morphology features of 9 critical CBagg that initiated crack are presented in Figure
10. Critical agglomerates in S_11.5 have larger structure factor compared to S_4.3 (due to more
shearing energy provided to S_4.3 inside the internal mixer, as explained in Chapter 3), and
they are more elongated, but this is also the case for all the agglomerates of S_11.5 when
compared to those of S_4.3. Actually, the common feature of all the critical agglomerates,
without distinction of the materials, is a minimum volume around 40000um3which corresponds
to an Eqgiam around 40um. All these critical CBaggi Were also found to be closer to the surface
edges, where the strain is larger compared to the specimen center (SI 6.10). Now, given the
different CBaggi concentration, these results show that in the range of the tested concentrations,
the quantity of CBagg IS not important with respect to crack initiation (likely because the

probability to find a critical agglomerate is large enough for all the tested materials). This is
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indirectly confirmed by results of tensile testing (Figure 3), which do not exhibit significant

differences between the 3 compounds.

a) ‘ b)

o S 43
S 9.0
& Critical CB,gy

0.2 4

Figure 10: morphology features: a) V vs B and b) E vs B for materials S_11.5,S 4.3and S_9.0.
The black symbols characterize the morphology of the critical defects found in these materials.

After crack initiation, crack propagates and ruptures the material. The previous chapter showed
that the crack propagation resistance of S_11.5 (F1) is higher than S_4.3 (F2) at high strain
energy release rate (G). However, the ultimate properties of these materials remain the same.
This is ascribed to the small cross section dimensions of the tensile specimen (Imm x 1mm)
which is not sufficient for crack propagation. At high G (high strain) crack propagation speed
is in the order of magnitude of 10 m/s. Note that G increases with the strain and the crack size.
Therefore the sample breaks too fast to see any differentiation in the rupture properties between
the materials. Thus, in this geometry during tensile test, rupture properties are governed by the

crack initiation mechanism.

5. CONCLUSION

An in-situ tensile study using SRCT on a filled EPDM shows the damage and the crack
initiation mechanisms associated to different defects which act differently upon stretching the
material. We demonstrated that the damage mechanism associated to defects based on metallic
oxide inclusions is debonding and the stress for debonding onset depends on their size. The
power law dependence between applied stress and inclusion size requires further studies, which

takes into account the debonded area, adhesion energy etc... In any case, the inclusions are not
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critical defects in the material and the cavities they bring about grow in the direction of the
applied stress rather than perpendicular to it. On the other hand, CBagg are found to be critical
defects for crack initiation. The first step is nucleation of a cavity inside the agglomerate due to
debonding of polymer layer from the aggregates layers. However, this needs to be further
explored through a nanoscale characterization for understanding cavity nucleation mechanisms
inside CBaggi. The nucleated cavity grows as the fractured CBaggi undergoes further deformation,
and then propagates into the matrix, which triggers rupture of the material. However, all the
CBaggl that fracture do not lead to a crack propagating in the matrix. Only those with size bigger
than 40 um and in the more deformed zone of the specimen (close to the edges of the sample

in our test) initiate a crack.

6. SUPPORTING INFORMATION

6.1 SRCT experiments

Tensile rig

Scintillator -
— s Sample
Plexi Glass tube

Rotation stage

X-ray beam

Figure Al: a) P05 beamline experiments: hutch photo with the position of X-ray beam, tensile
rig and scintillator, b) sample geometry used for in-situ tensile test, c) Anatomix beamline:
homemade tensile rig from MATEIS lab.
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6.2 EDX analysis of inclusions

~a) b) c)

Carbon Oxygen

Figure A2: a) SEM image of rupture surface of S_9.0. The critical defect is a carbon black

agglomerate. The bright spot is an inclusion. b) EDX analysis for C. ¢) EDX analysis for O.

Spectrum Label Map Sum Spectrum

C 94.81
N 0.00
O 4.15
Na 0.27

S 0.28

K 0.26
Ca 0.23
Total 100.00

Table Al: Mass fraction of the elements present on the surface of the ruptured material.

The EDX results show that the inclusion has lower C content and higher O content than the

rest of the components.
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6.3 Distribution of the structure factor of CBaggl
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Figure A3: Distribution of the B feature describing the structure of CBagg in S_11.5,S 4.3
and S 9.0

6.4 Onset of damage mechanism for ZnO

0% 75% 100% 120% 140% 175%
0% 75% 100% 120% 140% 175%

DOD oo~

Figure A5: Damage evolution in a material containing 3% volume fraction of ZnO. a) at 120%

nominal strain, there is a debonding at the poles followed by fracture of ZnO at 140% nominal
strain. b) debonding at the poles of ZnO inclusion at 120% nominal strain, without subsequent
fracture of the inclusion.
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6.5 Growth of cavity volume for inclusion with size =23um
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Figure A4: Evolution of cavity associated to a defect with Eqdiam= 23um

6.6 S 9.0 damage mechanism of CBagg

€:0% €:35% €:65% €90% €:120% €:140%

Figure A6: a)-f) evolution of CBaggl during a tensile test of material S_9.0 observed using SRCT.
CBaggl are fractured between 35%-65%, to be precise at 40% nominal strain. CBaggi undergo

multiple fragmentations as the macroscopic deformation increases.
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6.7 S_4.3 damage mechanism
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Figure A7: Crack initiation mechanism for S_4.3

6.8 Images of the CBagg in the edges

Figure A8: Slice images showing critical defects. The defects pointed in the images are CBagg
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6.9 Material Rupture surfaces
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Figure A9: SEM image showing the rupture surface of S 9.0, a) decohesion at the inclusion,
marked by a yellow circle next to the critical defect, b) rupture surface and critical defect
(CBaggl) in a material containing ZnO. c) and d) enlarged views of a ZnO inclusion (rectangle

1) and of the critical defect from picture b).

6.10 Digital volume correlation

Digital Volume Correlation (DVC) is a correlation methodology to measure the 3-dimensional
displacement and strain field inside a material volume during a solicitation (e.g. compression,
tension etc.) The principle used in DVC is developed from DIC, where the displacement vector
of each voxel in the volume subset is obtained and is used to calculate the strain field. The
analysis was performed using a routine developed by Joel Lachambre in his thesis [24]. An ROI
of 400*300*200 voxels has been defined within a sample volume of 850*1000*500 voxels. In
order to have a good correlation, the step displacement during tensile test is limited to 40 um

The chosen size of the mesh is 16 voxels. The resolution of the voxel is 2.19um?.
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Figure A10 shows the strain field inside the sample for a 50% applied nominal strain on the

sample. The strain field represents the region with strain greater than 0.8*maximum strain. The

strain is higher towards the edges. The critical CBagg is marked in blue color in Figure A10.

The CBaggl are closer to the region where there is high strain.
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Fig A10: Strain field for model material S_9.0 in the direction of applied stress. The colored

areas are those where local strain is greater than 80% of the maximal strain.
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CHAPTER 6
Tomography observation of crack initiation

from CB agglomerates in filled EPDM

submitted to fatigue loading
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1. INTRODUCTION

Many studies have shown the existence of cavities and their growth during fatigue
solicitation of filled elastomers, especially carbon black-filled ones [1-5]. These cavities are
formed mainly at the pole of metallic oxide inclusions (e.g. ZnO particles, which is a cure
activator in sulphur based curing system) or between these inclusions. Recent studies have also
detected cavities which are not associated to these inclusions and are presumed to be related to
CBaggl. Thus, a clear understanding of the mechanism of crack initiation from CBagg is lacking
in the literature. Since CBagg are not detected easily, the impact of the concentration and the
nature of CBaggi ONn crack initiation is also unknown. Such analysis requires a 3D quantification

of the crack initiation process from CBaggl during fatigue.

Thus, this chapter aims at understanding the role of CBaggi 0N crack initiation mechanism
during fatigue solicitation of carbon black filled elastomer. To this end, two model filled EPDM
materials have been processed, one with a very high concentration of CBagg and the other with
a CBaggl concentration usually found in manufactured products. These materials were already
studied in Chapters 4 and 5 for crack propagation and initiation tests during uniaxial and
monotonic solicitations. This chapter also presents results obtained from the same methodology
with an industrial material. This one contains oil, and is typically used in many applications
such as seals, ant-vibration mounts etc... It also contains a higher concentration of carbon black
than the model materials. The results obtained with the model and the industrial materials are
presented separately in sections 3 and 4 respectively. Both series of results are discussed

comparatively in section 5.

2. MATERIALS AND PROTOCOLS

2.1 Composition and materials processing

Table 1 presents the formulation of both the model and the industrial materials. They were
performed at INSA Lyon and LRCCP (Vitry-sur-Seine) respectively. The details of the
processing are given in Chapter 2 section 2.2. It is worth noting that we used Zn Stearate
complex instead of ZnO in order to avoid the presence of residual ZnO particles in the final
material. The presence of ZnO perturbs the detection of carbon black agglomerates.
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S 115 S 43 | (for industrial)

Ingredients

(Phr) (Phr) (Phr)
EPDM KELTAN 4450 100 100 100
N326 50 50 100
Paraffinic oil Torilis 6200 40
Zn Stearate 4.5
MBTS 80 1.5
TBzTD 70 2
Sulfur 1.5
ZBEC 70 1
Peroxide 3.2 3.2
Rotor Speed (rpm) 30 60 60
Mixing Time in internal mixer(min) 2 4 5

TD uUSD uUSD
Introduction protocol 1 EPDM 1CB 1CB

2.CB 2.EPDM 2.EPDM
Filler Volume fraction 19.3% 19.3% 24.8%

Table 1: Material formulations and protocols for model and industrial materials.

2.2 Fatigue testing

Figure 1: a) MTS Acumen Electrodynamic test systems used for fatigue testing at LRCCP, Vitry-
sur-Seine. b) the special clamping jaw enables to test up to 10 samples in parallel

The machine used for the fatigue testing of model materials at the laboratory is Bose
Electroforce from TA Instruments equipped with 22N load cell, whereas the machine used for
testing the industrial mix is Acumen Electrodynamic test systems from MTS (Figure 1). Sample
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geometry is depicted in Figure 2b. The solicitation frequency is maintained at 2Hz to avoid any
self heating of the samples[6]. All the tests are performed at ambient temperature. The
minimum nominal strain applied is 5% in order to avoid any buckling of the sample (cf. Figure
Al in Sl). The nominal length of the samples of model materials is calculated at force of 0.1N,
after the sample has undergone 100 cycles of accommodation. However, such calibration was
not performed for the industrial materials. The fatigue life duration of the sample is obtained
at various maximum nominal strains. Crack initiation and further crack propagation are

observed through ex-situ characterization of the fatigued samples using X-ray Tomography.

2.3 Exsitu microstructural characterization using Laboratory X-ray tomography source
(Lab tomography)

We conducted ex-situ test using laboratory sourced X-ray Tomography to characterize
the damage evolution in the materials during fatigue test. Tomography scans of the samples
were performed after interruption of the fatigue test at a pre-determined number of cycles.
These cycle numbers were determined from the knowledge of the number of cycles needed for
the rupture the material at the chosen strain.

The X-ray tomography device is EasyTom Nano from RX solutions with a Tungsten target
and X-ray sourcing from a LaB6 cathode filament. CCD detector is used, since it is suitable
for X-rays with low energies. The volume analyzed is ca. 4-6mm? with a voxel resolution of 2-
2.25um3 depending on the testing requirements. The resolution chosen for the fatigue studies
on model materials is 2um? and for industrial materials is 2.25um?. The sample is rotated over
360 degrees in front of the X-ray beam (Figure 2). Image acquisition is performed at every
0.09° (for a total of 4000 projections). The tube voltage is kept at 40kV to obtain an optimised

attenuation contrast between the elastomer and agglomerates.

b)

Test sample \ v
o o enl

) | an] N ‘ J
P _\\ N> C o~ |
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&
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-

Figure 2: Tensile rig kept installed inside an X-ray Tomography machine, b) sample geometry

used for fatigue tests
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During the scan, the sample is mounted in the tensile rig as shown in Figure 2a and stretched
up to 15% strain to open the cavities or voids inside it. The tensile rig is made of a plexi-glass®
(PMMA) tube. The thickness of the plexi-glass® tube is reduced from 1mm to 0.5mm at the

centre, so that there is low transmission loss of photons.

3. RESULTS

3.1 Model materials

This section presents the fatigue properties of both model materials, S_11.5 and S_4.3. These
are the same materials studied in chapter 4 (called F1 and F2) and chapter 5 (called S_11.5
and S_4.3). Their cumulative volume fraction (¢CBaggl) of CBagg Whose volume is above
125pum?, deduced from lab tomography experiment, is 10.1% and 3.0% in S_11.5 and S_4.3
respectively (cf. Chapter 3).

3.1.1 Fatigue data

b
o2 1202

S_11.5
9

R 110

100 @@ eo SO

90 @0 & e e @

80

Maximum force (N)
Maximum nominal strain %

70+

; 60 y y ‘
0 10000 20000 30000 40000 30000 60000 7000 2 3 4 5 6
10 10 10 10

. 10
Number of fatigue cycles Fatigue life duration, N,

Figure 3: a) Evolution of the maximum force during a fatigue test for model material S_11.5 at
100% maximum nominal strain, b) fatigue life duration of the model materials at a maximum
nominal strain of 90 % (3 and 5 specimens tested for S_4.3 and S_11.5 respectively) and 100%

(5 specimens tested for each sample).

Figure 3a presents the evolution of the maximum force during the fatigue test of the
model material S_11.5 cycled at maximum nominal strain of 100%. There is a drop of around

0.8 N during the first 100 cycles of fatigue. Thereafter, the maximum force gradually decreases
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throughout the fatigue test, and abruptly drops at material rupture. The number of cycles
required to reach this abrupt decrease is considered as the life duration (Nf). Figure 3a shows
Nf of both model materials fatigued at a maximum nominal strain of 90% and 100%. From
preliminary fatigue tests performed at different maximum nominal strain ranging from 75% up
to 110%, we chose these strains to have a Nf anywhere between 1000 cycles and 10000 cycles.
At 100%, the fatigue life duration (Nf) of S_11.5 (28000+£25000 cycles) seems to be higher than
that of S_4.3 (2200£1100), even though the results for this material are much more dispersed.
Better life duration for S_11.5 may be deduced from the fatigue tests at 90% maximum nominal
strain. Nevertheless, this conclusion must be taken with caution, one fatigue test with S_4.3 led
to an exceptionally high Nf value, 385000, leading to a higher dispersion of the results.
Disregarding this result, Nf is found to be equal to 82000£54000 cycles for S_11.5, and
11000+3700 for S_4.3.

The rupture is a consequence of crack(s) initiation and its (their) subsequent propagation
through the entire material section. At the macroscale, as seen on Figure 3a only a couple of
cycles are required to rupture the material after Nt. Usually, literature studies suggest that
crack(s) initiation occurs much before N¢, and that the sudden drop at Nt is only the consequence
of a catastrophic propagation of the crack(s)[2]. To understand this sudden rupture, it is
therefore necessary to characterize the cracks initiating and propagating in the materials during

the fatigue test. This was done using ex-situ tomographic analysis of fatigued samples.

3.1.2 Crack initiation during fatigue

Crack initiation was performed on both S_4.3 and S_11.5. We only discuss the results of
S_4.3 which are also representative of the observations made on S_11.5. Figure 4a-d shows the
evolution of a CBaggl during a fatigue test at 100% maximum nominal strain, particularly the
one highlighted with a red square. This CBaggi undergoes fracture between 0 and 1000 fatigue
cycles. Such mechanism is similar to what was observed in the previous chapter during tensile
tests. After several cycles, the fractured CBagg Can initiate a crack as shown in Figure 4c. The
size of this crack then increases radially with the fatigue cycles (cf Figure 4). However, the
CBaggl presented in Figure 4a-e is not a critical defect for rupture, as the material finally breaks
from a crack initiated in another critical CBaggl at a different location unfortunately not in the
initial observation window (cf. Figure 4f). SEM images of rupture surfaces confirmed these
observations (SI Figure A2 and A3).
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Figure 4: a) slice view of the S_4.3 material at initial state. The inset photo in each figure shows

a magnified CBaggl. b) a fracture appears in CBagg after 1000 cycles of fatigue at a maximum

nominal strain of 100%, c)-e) evolution of the cavity inside the CBagg finally leading to a crack

in the material at around 1500 cycles. e) at 3200 cycles, the material is ruptured (bottom of the

picture showing the contour of the rupture surface) due to another critical CBaggi Shown in the

inset photo (unfortunately this one was not in the observation window before rupture). f)-h)

evolution with the number of fatigue cycles of the cavity volume inside the CBagg Shown in

figures b) - d) (inset photos). i) 3D view of the rupture surface of the material.
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3.2 Industrial material
3.2.1 Microstructural analysis

We studied 3 specimens from industrial material 1. The cumulative volume fraction of
CBaggi in these 3 specimens are 3.8%, 2.5%, and 2.7%, respectively, meaning that it is 3.0+0.6%
in the compound. The morphology distribution of CBagg deduced from the analysis of the

specimen with ¢C3aggl:3.8% is presented along with that in S_4.3 (¢CBaggl:3.O% using X-ray
laboratory sourced X-ray Tomography and PcBogy = 4-3% using SRCT) in Figure 5. As shown

in Figure 5a the agglomerates size in one | specimen are distributed over a larger size domain.
(EQdiam Of CBaggi Iin | ranges from around 14pm to 188um for an average EQdiam Of 24.1um
versus 11.1um for S_4.3). These agglomerates are also less structured than in the model
materials (their structure factor is most likely in the domain [0.0 - 0.15] compared to [0.0-0.25]
for S_4.3). Same conclusions could be drawn from the distribution derived from the study of
the other two specimens of the industrial material.
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Figure 5: Morphological parameters distribution of CBaggl in the industrial material 1_1 and

model material S_4.3, a) equivalent diameter. b) structure (B), c) eccentricity (E).

3.2.2 Fatigue Properties

Figure 6 shows the tensile properties of | and S_4.3. The industrial material undergoes rupture
at 283%=24% nominal strain, whereas S_4.3 rupture is at 167%+8% nominal strain. The tensile
properties at large nominal strain of these two materials are significantly different. Strain
hardening is much more important in the model materials, which do not contain any oil. The
crosslink densities of both materials are also different since they do not have the same
crosslinking recipe (the apparent crosslink density derived from swelling experiments was

found equal to 1.9*10*mol.cm™ and 3.8*10* mol.cm™ for | and S_4.3 respectively).
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Figure 7a shows the evolution of the total maximum force for five | specimens
simultaneously tested in fatigue. The observed trend is similar to that of the model materials. A
ca. 15% drop of the force is first observed within the first 100 cycles. Afterwards, the force
slowly decreases with the number of cycles until one of the specimens is broken, leading to a
drop in the total force. Here, at around 48000 cycles, 3 specimens are broken. The two others
broke after 85000 cycles. The life duration (Nf) deduced from these tests at a maximum nominal
strain of 115% and 135% is reported in Figure 7. It is worth noting that we chose 115%
maximum nominal strain because it enables to perform a sufficient number of fatigue cycles
((i.e. 10000 cycles) between two successive tomographic scans. At 135% nominal strain, Ns is
28500 +9100 cycles and at 115% nominal strain, N¢ is 62500 +18500 cycles. The standard
deviation is large and around 30%, but lower than that of the model materials.

45
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Figure 6: representative true stress-nominal strain curve of the Industrial material and of S_4.3.
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Figure 7: a) total maximum force during the fatigue tests performed simultaneously with 5
samples as a function of the number of fatigue cycles, b) fatigue life duration of the industrial

material fatigued with cycle at a maximum nominal strain of 115% and 135%.

3.2.3 Ex-situ observations of crack initiation

Figure 8 shows the microstructural evolution of 3 CBagg in | during a fatigue test, as
observed by laboratory Tomography, after 0 cycle (initial state), 10000 cycles, 20000 cycles
etc... All the three CBagg have similar initial sizes (1: 149.0 um, 2: 153.7um, 3: 145.0um).
CBaggil develops a complete internal fracture within 10000 fatigue cycles. There is nucleation
of internal fracture in CBagg 2 and CBaggi 3 at this stage. As the material still undergoes fatigue
cycling, internal fracture grows radially and enters the matrix which leads to crack initiation. A
crack is initiated from CBagg 1 between 10000 - 20000 fatigue cycles whereas for CBaggl 2 and
CBaggl 3, it occurs between 20000 — 30000 cycles. In addition to CBagg fracture mechanism,
there is cavitation at the pole of CBaggi 2 at 10000 cycles (inset photo in Figure 8d, f, g & ).
This damage mechanism is observed only for few CBaggl in the material. At 40000 cycles, the
crack from the fractured CBagg 1 propagates to the surface and into the bulk of the material.
When this occurs, rupture of the material is very fast. Actually, CBaggi 2 is in the same yz plane
as CBaggi 1 (not visible on the selected figures of Figure 8). Their crack may have coalesced to
rupture the material, but we unfortunately did not confirm it by observation as tomography was
not performed on totally broken material. It is also noteworthy that CBagg With sizes smaller

than the aforementioned ones also undergo similar internal fracture mechanisms (cf. Figure A5
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in SI). However, the crack initiated remained inside the agglomerate, even though it seemed to
reach agglomerate frontier.
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Figure 8: Microstructural evolution of 3 CBagg in | specimen undergoing fatigue tests at a
maximum strain of 115%, observed by laboratory source Tomography: a)-b) slice view of the
sample at its initial state. 3 CBagg are observed, labelled 1, 2, and 3. The cavity at the pole of
CBagg 2 is labelled as 4. The inset photo in d), f), h) and j) shows a three time magnified CBagg
2. ¢)-d) at 10000 cycles, e-f) at 20000 cycles, g)-h) at 30000 cycles, and i)-j) at 40000 cycles.
k) volume of the different observed cavities versus the number of fatigue cycles. Note that the
cavity_2 at the pole of CBagg is not visible in Figures a)-j), because it is in another xy plane
(more images of this cavity is presented in SI Figure A4).
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The growth of the cavities formed at the CBaggi pole remains slow and these cavities
(e.g. cavity_1 # 4) do not transform into a propagating crack. Conversely, the volume of the
cavity, created due to CBaggl cracking, increases rapidly with the number of fatigue cycles. Even
though the crack inside the agglomerates can be initiated between 10000-20000 cycles, 20000
or more cycles are still necessary for that crack to finally rupture the material (Figure 8k, 9).
The total volumes (over the whole volume observed by tomography) of the all cavities (formed
from the fracture of CBaggi from cavitation at the CBagg poles) are plotted in Figure 9. The
contribution of the cavities at the agglomerates pole in this total volume is negligible and this

curve enables to estimate the importance of the fracture process inside the CB agglomerates.
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Figure 9: Evolution of the cavity volume as a function of the number fatigue cycles in three

specimens of the same industrial material.
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3.2.4 Morphology of crack-initiating CBaggl
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Figure 10: Morphology of CBagg in | (calculated for the specimen with ¢ mui: 3.8%): a) V
versus B; b) E versus B. Diamonds correspond to the CBaggi that initiated crack propagation in

the matrix.

The morphological characteristics (V volume, B structure, and E eccentricity) of some
CBaggl that have initiated crack in the industrial matrix are reported in Figure 10. The crack-
initiating CBagg are among the biggest in the material (with diameter above 140um). The
eccentricity of these CBagg IS in the range of 0.6-0.8, i.e. like for most of the agglomerates. In
Figure 10a one might conclude that these agglomerates have also a low structure factor (below
0.3). Nevertheless, Figure 10b shows that the (E, B) couple values are not specific to these
agglomerates. Thus, the volume is a critical parameter compared to E and B. Unfortunately, we
cannot make the same conclusion with the model materials for fatigue tests, but we can recall

that this conclusion was made in tensile tests.

4. DISCUSSION

Filled elastomers contain microstructural defects. The concentration and morphology of
these defects depend on the processing parameters as well as the chosen formulation. Adding
oil along with CB leads to a different morphology of the agglomerates at the end of process
when compared to a model material (with similar concentration of CBaggl). They are bigger,
their size is more distributed, they are also less structured and have a lower eccentricity. (cf
Figure 5). As shown in a seminal work by Hess et.al[7], the addition of oil , depending on the
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processing parameters (addition of the oil in the internal mixer with the CB or after, shearing
time before this addition, shearing energy etc...) can reduce the dispersion of the carbon blacks
and eventually promote the formation of compact agglomerates. The morphology of our
agglomerates indeed suggests that the simultaneous addition of the CB and oil in the internal
mixer during the processing, has led to a weaker shearing of the blend at the beginning of the
mixing step, than with the S formulation (the swelling of the polymer by the oil reduced the
shearing modulus). This has limited the rupture of the initial agglomerates which have been
eroded afterward during the remaining shearing time and hence, forming more spherical shaped

agglomerate.

The industrial material has agglomerates with different morphologies and also different
mechanical properties than the S ones since it contains oil, has a different crosslinking
formulation, and a different CB concentration. Despite this, the rupture mechanisms occurring
during fatigue test remains the same (Figures 4 and 8) and similar to what was described for
tensile tests (Chapter 4); more and more CBagg are fractured during the test, and some of these
fractured CBagg initiate multiple cracks which propagate into the surrounding material. This is
at the origin of the gradual decrease of the maximum force at the beginning of the fatigue test.
The rapid decrease of the force and the material rupture happens when one of these propagating
cracks reaches the surface, which is more likely when the agglomerates which initiated them

are closer to the surface.

The number of cycles at which we observed a crack going out of an agglomerate is between
1000 and 1500 for S_4.3 fatigued at 100 % strain, and between 10000 and 20000 at 115% for |
material. In both cases this cycle number is around 30% - 40% of N+. One may rapidly conclude
that the formation of a crack from the agglomerate is easier in S material. Comparison between
both materials is however difficult because in these examples, the maximum macroscopically
applied stress is actually lower in the industrial materials (which also leads also to a lower stress
applied at the pole of the agglomerates). Fortunately, fatigue tests have also been performed on
the | material at 135% maximum strain, which leads to a maximum applied stress of 7.5 MPa,
i.e. very close to the macroscopically applied stress on the S_4.3 material cycled at 100%
maximum strain. Nt for | material fatigued at 135% is around 28000 cycles. Tomography scan
was not performed for these conditions, but we can reasonably estimate that in this case,
initiation (defined as the moment where crack exits from the agglomerates) occurs at more than
8000 cycles (i.e. at more than 30% of Ny). This is significantly higher than the number of cycles
required to initiate cracks in the S_4.3 material for the same macroscopic applied stress. All
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this suggests that agglomerates fracture process is more difficult for the agglomerates of the
industrial materials. This explains why cavitation at the pole was observed for these
agglomerates and not for the softer agglomerates of the S materials. The reason for the larger
strength of these agglomerates is the presence of oil in the formulation and the processing

conditions.

After the crack initiation, for the remaining fatigue cycles, crack continues to propagate
through the volume of the material during a large number of cycles which represents the
majority of the cycle number to rupture the material (around 60% of N¢). Similar observations
have been previously reported in the literature. For instance, a study by Le Saux et. al[8]
reported that cavities appeared in filled polychloroprene rubber within the first few fatigue
cycles, much before the rupture. The growth rate of these cavities is therefore slow until this
rupture. Similar remarks were made by Bertrand et.al[3] in a CB filled NR observed using SEM.
At the microscale, we also observed that the crack propagation step is longer than the crack
initiation step in the model and the industrial materials. This is particularly helpful in explaining
the reason as to why S_11.5 has a better Nf compared to S_4.3 (even though the data is highly
dispersed) on the basis of the crack propagation resistance observed for these materials under
tensile tests (Chapter 3). However, the confirmation of this hypothesis requires further
investigation on crack propagation under fatigue solicitation.

At last, the materials presented here (both model and industrial) have a certain concentration
of CBagg that can initiate rupture cracks within the sample. The determining morphological
parameter of such CBaggl IS their size. In case of industrial and model materials, EQgiam iS greater
than 150um and 40um respectively (information in previous chapter). These agglomerates are
distributed at different locations within the sample. Under fatigue test, all these critical CBagg
can initiate a crack, i.e. multiple crack initiations can occur, as shown in Figures 4 and 8.
However, the observation of the rupture surface mostly shows a single critical defect at the
crack origin. This can be observed in the CBagg presented in Figure 4b and Figure 8 (CBaggl 3)
where the cracks from such CBqggi did not rupture the material. There is therefore a competition
between the crack growth from CBagg that are away from the sample edges and those from
CBaggl that are close to the sample edges. The crack that ruptures the material always initiates
from the CBaggi close to the sample edges (observation made from 6 samples), e.g. CBagg 1 in
Figure 8 and SEM observation in SI Figure A2. This is likely due to the strain field which leads
to high strain energy release rate for the surface cracks[9]. All these results corroborate the
results from tensile tests (Chapter 5).
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5. CONCLUSION

Thanks to X-ray Tomography, we could observe in 3D the damage originating in CBagg
during fatigue test. We have visualized the crack initiation from “non-visible inclusions” which
were presumed in the literature to be CBaggi. Through this investigation we found out that the
crack initiation mechanism in filled EPDM, i.e. CBaggi fracture, is indifferent to how CBagg are
dispersed (with and without oil), to the concentration of CBagg, and the type of solicitation
(tensile, fatigue) etc (as far as we have agglomerates bigger than 150um and 40um in industrial
and model material respectively) ... We also confirmed that adding oil in the elastomer matrix
can lead to stronger CBaggi and therefore delay the crack initiation. In addition, our results
indicate that CBaggl Size is much more decisive than its structure or eccentricity in the fact that
it will initiate a crack in the matrix (in the ranges observed) and similarly location of CBaggi in
the specimen is also an important factor. At last, the location, i.e. the strain field of this big

agglomerates determine the criticality of the initiated crack.

6. SUPPORTING INFORMATION
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Figure Al: evolution of the minimum force during a fatigue test for model material S_11.5.
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Figure A2: a) a crack is initiated from CBagg for model material S_11.5.
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Figure A3: Model material S_4.3 observed using lab tomo during the fatigue test at a) 2000
cycles, b) 3000 cycles, c) after rupture. d) and e) visualization of the crack within the CBagg

corresponding to a) and b) respectively. f) Ruptured surface of S_4.3.
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CONCLUSION

The main goal of this thesis was to understand the role of defects on the durability of
rubber products and thereby deduce the relevant defects characteristics that are required for the
development of appropriate quality control benchmarks for these products. To this end, the first
objective was to develop a robust methodology to quantify the dispersion and the morphological
features of defects that are present in a CB filled EPDM matrix using synchrotron sourced and
laboratory sourced X-ray Tomography. The 2" objective was to understand the influence of
microstructural defects on the rupture and fatigue properties with the help of the X-ray
Tomography.

In order to achieve the first objective, we initially optimized the operating parameters
of laboratory sourced X-ray Tomography for image acquisition to study the CB filled EPDM
effectively. It is advisable to use a lower tube tension in laboratory sourced X-ray Tomography
(40 kV) to improve the attenuation contrast of defects like CBaggi. The contrast can be further
improved by applying various image processing algorithms presented in chapter 3. Various
morphological features can be easily extracted from 3D images, but some of those features can
be redundant. In such cases, feature selection tools are necessary to identify them. With the
studied materials, we found that VVolume, Structure and Eccentricity (related to aspect ratio or
elongation) can adequately describe CBagg. Nevertheless, a simple analysis of their distribution
does not provide clear information on the differences between different materials. For this
reason, we developed a classification method of the CBaggi based on their three morphological
features. This classification proved to be effective in distinguishing our materials. In the studied
case, it can provide insights on the influence of processing parameters such as rotor speed, CB
addition protocol etc. on the final CBagg morphology. The potential application of such
methodology is in the analysis of conformity of rubber products. For instance, it can be used to
identify the undesirable defects and ensure that the ones present in the products are within

acceptable levels.

Rupture is a consequence of the initiation and propagation of crack(s) through the entire
section of the materials. The crack initiation process during tensile tests is discussed in Chapter
5. We studied materials with different concentrations of CBaggi; 0ne with abnormally high
CBaggi concentration and another one with a CBaggi concentration representative of those
commonly found in industrial production. In X-ray Tomography images, CBagg are almost

invisible in the presence of high attenuation contrast particles like ZnO (hence, the term non-
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visible inclusions used in some recent literature studies refers to CBaggl). TO mitigate such
problems, ZnO was not incorporated in our model materials. Despite this, the studied elastomers
contain low concentrations (less than 0.05%) of pre-existing metallic oxide inclusions in them.
We evidenced that CBaggl are the only precursors of crack initiation and that decohesion at the
metallic oxide inclusion pole does not initiate a crack. Moreover, the rupture properties (using
tensile specimen geometry) are independent of the CBaggi concentration in the materials we
studied. Observation during an in-situ tensile testing under synchrotron sourced X-ray
Tomography showed cavitation inside CBaggi upon stretching. An interesting power law
dependence was found between the true macroscopic stress at the cavitation onset and the
equivalent diameter of CBagg. This correlation suggests that these cavities might have
originated due to decohesion at the interface between the polymer and aggregates layers which
constitute the agglomerates. These cavities grow to become an internal fracture inside CBaggl.
As observed in many agglomerates, as long as the fracture remains within them, there is no
crack initiation in the sample. To observe this initiation, the fractured CBaggi must be in or near
a zone of high triaxial stress. In addition, the CBaggi Should have a critical size greater than
40pum. The other morphological features of CBaggl like structure and eccentricity, are not as
critical when compared to the size. Moreover, the transition of the internal CBagg fracture to a
crack appears to be delayed if CBaggi undergo multiple fractures. All the studied materials with
varying concentrations of CBaggi contain these critical CBagg; this explains their similar rupture
properties. Thus, during the processing of the material, to improve rupture properties, more
efforts should be made to remove agglomerates with this critical size rather than reducing the

overall concentration of agglomerates in the material.

The specificity of crack initiation during fatigue solicitation is presented in chapter 6.
As expected, the crack initiation mechanism during fatigue test remains the same as that in
tensile studies, i.e. the origin of crack initiation is CBaggl fracture. We extended our study by
comparing CBagg In the model materials with that of an industrial material whose formulation
also contains oil. The presence of this oil changes the morphology of the CBqggi; they are bigger,
less structured and more spherical (lower eccentricity). Certainly, this is the consequence of
reduced shear rate at the beginning of the mixing due to lower shear modulus of the oil-swelled
polymer. Although there is a difference between the morphology and mechanical properties of
the industrial materials and the model materials, their crack initiation mechanism still remains

the same (crack/cavitation growth in the agglomerate which transforms into a crack in the
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matrix). However, CBagg in industrial material appear to be stronger than those in the model

materials, and require more fatigue cycles to fracture.

The crack propagation which leads to material rupture is discussed in Chapter 4. The
presence of CBagg influences the crack propagation. This was observed during a classic crack
propagation test, i.e. measuring the crack propagation speed as a function of strain energy
release rate (G) in a pure shear geometry specimen. In the presence of CBagg, the strain at the
crack tip vicinity is higher. In the crack tip vicinity subjected to high strain, CBagg undergo
internal fracture (as previously discussed). These dissipative mechanisms reduce the crack
propagation rate at a given macroscopic G. They are obviously more important in materials
with high CBaggl cOncentration, and have a significant impact only at high G when the highly
strained volume becomes very large. Furthermore, we observed other mechanisms such as crack
deviation/arrest by agglomerates (fractured or not) which also increase the energy required to

rupture the material.

PERPECTIVES

Although this thesis has deepened our understanding of the influence of CBagg 0N the
rupture and fatigue properties, the presented methodology and the results bring out new

questions and perspectives for further works.

The methodology in chapter 3 evidenced a difference in the volume fraction of CBagg
belonging to morphology classes 7, 8 and 9 for the materials processed with TD and USD
addition protocols. Their difference is however reversed when the rotor speed of the internal
mixer is changed. Understanding this complex behavior requires the characterization of the
impact of some influential parameters such as temperature, shear stress inside the internal mixer
etc. on the CB dispersion during the mixing. Similarly, the effect of roll mill process on CB
dispersion should also be characterized to derive meaningful insights. Indeed, the proposed
methodology is useful for such study. Currently, it was applied for classification of CBagg in
the model materials. One can extend its application to the industry by training the classification
algorithm using the CBagg morphology data from the industrial materials. Methodology can
also be made better/efficient by using other image processing algorithms in the feature
extraction technique such as Total variation filter instead of non-local means for faster

computation, un-supervised segmentation algorithm etc.. Apart from the abovementioned
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prospective works, we have not explored the influence of processing parameters on the

orientation of CBaggi and the consequence of this orientation on the mechanical properties.

Chapter 5 presented a crack initiation chronology starting with cavity nucleation inside
CBaggl Up to the material rupture during a tensile test. Based on the power law dependence
between true macroscopic stress at the cavitation and Eqgiam, We assume that the origin of
cavitation is due to decohesion at the interface between the polymer and aggregates layers. Even
though this proposition is coherent with the literature, we cannot confirm if there is a
nonoccurrence of cavitation inside the confined polymer due to high hydrostatic stress inside
CBaggi. This requires further nanoscale characterization of CBagg during material stretching
using nano X-ray Tomography (for instance, holotomography technique at the ESRF beamline
ID22NI). Moreover, such studies can also reveal why some of the internal fractures inside
CBagg get arrested within. Such studies will facilitate the development of a more precise model
for CBaggi in materials for future numerical studies. It is worth noting that above mentioned
study was limited to a specific type of CBagg, made of one type of CB (N326) with one
formulation. These choices control the intrinsic properties of these agglomerates. Thus, it could
be interesting to extent this study to other formulations, and in particular, to other types of
carbon black like N234, N550 etc...

Another aspect that requires further work is related to the debonding mechanism at the
poles of metallic oxide inclusion. It is interesting to observe that we do not have the same
exponent value (-1.2) in the power law relationship between true macroscopic stress at
decohesion and Eqgiam When compared to the literature studies (-0.5). This might be due to the
non-consideration of various important parameters such as initial debonded area at the poles (or
debonding angle), shape factor and orientation of the inclusion in the model. Integrating all
these factor can devise a better model for the decohesion mechanism. Currently, the inclusion
size (Eqgiam) in the elastomer is less than 40um; therefore, to derive a generalized conclusion,
one may study the same phenomena by introducing big sized metallic oxide inclusions and also

different kinds of metallic oxide inclusions, e.g. ZnO.

One common characteristic in the crack initiation mechanism observed in both fatigue
and tensile studies is that the crack mostly originated from critical agglomerates close to the
edges. The study could not establish any one factor (size or location) as more significant than
the other since all the materials studied had high probability of finding these critical
agglomerates close to the edges. 2 strategies can be used to study this. The first one is through

a numerical study to compare the crack propagation caused by a crack at the edge and a crack
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away from the edge subjected to similar strain energy release rate. The second strategy would
be carefully selecting the samples with and without critical CBagg at the edges using the
methodology proposed in chapter 3 and thereby conducting tensile or fatigue tests. Finally,
although we have information on the types of agglomerates to be avoided, we can further extend
our study to deduce a statistical relationship between the CBagg and the rupture/fatigue

properties.

The discussion of crack propagation presented in this thesis is based on the dissipative
mechanism of CBaggi. Mullins test results have evidenced such dissipation due to CBagg.
Nevertheless, it is difficult to estimate the local strain energy release rate available at the crack
tip for crack propagation. Literature studies have shown methodologies to calculate local G
based on the 2D measurements of strain using DIC. Such analysis can give an approximate
information; however, it is not sufficient since there are occurrences of multiple mechanisms
such as CBaggl fracture and crack deviation/arrest at the crack tip. A methodology has to be
devised to calculate the local strain energy release rate from 3D strain field at the crack tip. One
can use digital volume correlation to obtain 3D strain field around the crack tip with respect to

the macroscopic strain applied to the material.

The current crack propagation study is valid for uniaxial solicitation only. In real world
applications, materials are subjected mostly to cyclic loadings. Therefore, it would be
interesting to study the influence of CBaggi On crack propagation during fatigue tests. Similar to
the prospective work proposed for crack initiation, one can also compare the influence of
different kinds of CB fillers, on the CBagg characteristics and the crack propagation during

tensile and fatigue tests.
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ABSTRACT

The aim of this chapter is to revisit the historical works, mechanisms and modeling approaches
available in the field of fatigue crack growth resistance and rupture properties. After introduc-
ing the methodology developed to evaluate these properties, the impact of testing parameters
such as temperature, loading speed and pre-deformation will be highlighted. We will then re-
view the influence of some material characteristics on rupture and crack propagation and the
local mechanisms involved. Finally, a theoretical framework primarily dedicated to the descrip-
tion of crack propagation under static load will be discussed, that aims to underline the connec-
tion between resistance to crack growth and the ability of a material to dissipate energy.

1 INTRODUCTION

Optimizing life duration of pneumatics, seismic isolators, mechanical membranes, seals etc.
requires a good understanding of the capability of elastomers they are made of, to withstand
mechanical loading and resist to crack initiation/propagation. The mechanisms of crack initia-
tion and propagation in elastomers have been of continuous interest to the scientific community,
as shown by the numerous reviews on this topic [1-6]. In addition, many recent works have
been dedicated to a fine characterization of the material in the close vicinity of cracks. More
recently, new fields of applications have emerged in connection with soft robotics, stretchable
electronics and bio-medical applications [7]. New ideas for the architecture of biomimetic ma-
terials with improved performance ermerged [8, 9]. Recent years have thus seen the synthesis
of novel elastomeric networks, such as 'double networks', which appear to provide remarkable
fracture properties [10]. This contributed to a renewed interest in understanding and modelling
the damage and rupture of elastomeric and filled elastomeric networks [11, 12].

2  EXPERIMENTAL METHODS AND KEY FEATURES RELATED TO
VISCOELASTICITY

From a very general point of view, rupture appears as the consequence of the initiation and
eventual propagation of one or more cracks over the entire section of the material. It can occur
under a constant, monotonic, or cyclic loading or a combination of these three. Understanding
crack mechanisms requires the use of microstructural characterization tools that allow to ob-
serve the process of crack appearance from the very beginning. Several studies focused on the
links between the processing conditions and the presence of defects, such as cavities, aggregates
or agglomerates, from which cracks can nucleate. They are generally extended to the study of
the number of cracks created under a given load scenario (monotonic or cyclic). The geometries
that allow stress localization and consequently the control of the zone where cracks will appear
are generally preferred (e.g diabolo or hourglass type) [13, 14], in order to limit the observation
region. Many studies use optical or electron microscopy (SEM) to observe the surface of the
specimen. The fast development of tomography now allows to access a 3-dimensional infor-
mation inside the object. This one can be correlated with the strain energy necessary for the
crack’s nucleation and subsequent propagation that can be calculated at a macroscopic scale or
locally through the characterization of strain fields inside the material (using necessarily a mod-
eling step). It is thus possible to better understand the initiation mechanism and its link with
local stress or existing flaws in the material (their morphology or their spatial distribution) [15—
17]. Nevertheless, note that the estimated strain energy, or the local or macroscopic critical
stresses / strains to which crack initiation is related, depend very much on observation tools and
their resolution.

In many cases, cracks initiation is not considered as the mechanism which dictates the life-
time. Thus, many works have been rather devoted to crack propagation. Different experimental
protocols and specimen geometries can be used (the most commonly used geometries are pure
shear, trouser, and tensile test-pieces). This can make difficult comparison and generalisation
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of the results. The test-piece can be strained, at a constant load force and one then measures the
crack propagation velocity Vp(t). The trouser test-piece is the most suitable for this so-called
crack growth tests since the stretch of the two legs can be directly related to the crack propaga-
tion velocity. Things are less straightforward on notched pure shear (PS) geometry or tensile
specimens. In this case, the estimate of the propagation velocity requires a direct measurement
of the crack length as a function of time. “Static cut growth test” corresponds to the measure-
ment of the crack propagation velocity after a cut is made in a statically strained PS specimen.
In so called “fatigue crack growth tests”, the notched test-piece is subjected to a cyclic loading,
controlled by deformation or stress, with or without polarization. (i.e. with or without complete
unloading).The stabilised propagation rate is then measured per cycle [ 18] for different loading
levels. Such protocols are built to mimic the conditions encountered in numerous applications,
where loading levels are relatively low. In these applications, the load frequencies are often
signicantly higher than 1 Hz. This can lead to a significant rise in temperature of the material.
To avoid it, or at least to limit it, haversine type loading conditions are often used. The term
"stabilized" is important: indeed, faster propagation is generally observed during the first cy-
cles, and the crack growth rate decreases more or less rapidly towards a “stabilized” value. This
is ascribed to a modification of the crack geometry (initially created from a razor cut), and of
the mechanical properties of the material in its vicinity.

Whether static, monotonic or cyclic solicitation are applied, these experiments therefore en-
able to relate Vp, expressed per time unit (for instance in static crack growth experiment) or per
number of cycles (in fatigue crack growth tests) to a strain energy release rate G, defined as the
variation of potential energy in the specimen per advanced crack area. Note that G is noted T
(for tearing energy) in many articles. The resulting Vp(G) curve is indeed considered to be
independent on the geometry [18, 19], at least for those commonly used [20], if certain condi-
tions on the geometries are fulfilled [21]. Using a Pure Shear (PS) geometry, [20, 22, 23] of
initial height ho submitted to a stretching A, G associated with the propagation of a crack of
length c, is the product of W(A) by ho, where W(Q) is the strain energy density of the unnotched
PS test piece submitted to the same stretching. For a tensile strip geometry, the expression be-
comes 2kW(A)c, k being a parameter depending smoothly on A [24, 25]. In the case of an elastic
material, W(A) simply is the area under the loading curve of the unnotched test piece, and G is
then the stored elastic energy. The estimate is less trivial for viscoelastic material, or when the
mechanical behavior irreversibly depends - over the time scale of the cycles and/or of the crack
propagation - on the maximum loading (as it is the case in filled elastomers due to the Mullins
effect). In fatigue crack growth, depending on the authors, W(A) will then be estimated from
the area under the loading, or the unloading curve of the material, over a stabilized cycle, and
will thus include, or not, the energy dissipated during the cycle (this having important conse-
quences on the interpretation of the Vp(G) curves) [26].
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Figure 1 : Crack growth velocity (dc/dt) as a function of the strain energy release rate G for
Styrene Butadiene Rubber. Go is the threshold energy for mechanical crack growth and Gt in-
dicates the transition region. Figure from reference 30.

There is not a complete consensus in the literature on experimental protocols, whether they
are used to assess the properties at break, the tearing resistance or the crack propagation char-
acteristics. However, a generic behavior can be outlined, here introduced in the case of unfilled
amorphous elastomers. Their stress and strain at break (e, 6b), often measured in tensile test,
depend on the strain rate (é) and the temperature. A master curves for oy, (corrected from en-
tropic effects) and for &, can be built, as a function of 1/¢ [27], using temperature-dependent
shift factors from the William-Landels-Ferry law for the a relaxation times. Furthermore, an
envelop curve for the couple (c», &) With tests carried out at different speeds and temperatures
can be drawn [28]. It highlights the weak rupture properties at high temperature and low veloc-
ity, and the existence of optimal temperature and strain rate conditions for the strain energy at
break. The latter being related to G via the Greensmith's formula [29], this shows the depend-
ence of the critical strain energy release rate G. (G value for a catastrophic crack propagation)
on temperature and strain rate, or in other words, on the role of the viscoelasticity in the in-
volved processes.

V(G) curves (or the reverse, G(V,) curves) from non-cyclic crack growth tests are found in
literature with crack propagation rates which can extend over ten decades (figure 1)[30]. The
authors estimate a tearing energy G, (with a significant error bar), akin to G¢, when Vp reaches
several m/s. In the lower or higher velocity domains, the breaking surfaces are respectively
rough and smooth, and the velocity is approximatively or completely stable, while stick-slip
occur in the transition domain [31, 32]. These different behaviors are related to the material
ability to blunt the crack tip by cavitation [33]. This mechanism involving the viscoelastic re-
sponse of the material, may or may not have the time to occur, depending on the propagation
velocity [34]. The width of the transition domain decreases with the increase in the material
crosslinking density. Note that the unstable stick-slip process may also result from a non-uni-
form temperature in the crack vicinity, that interacts with the local viscoelasticity of the material
[26]. Below G, two different domains can be distinguished : for G above a value named Go, V)
roughly varies with a power law of G. Below Go, one observes an extremely low crack propa-
gation rate, independent on G, solely originating from a chemical degradation of the material
at the crack tip [35]. G(V,,T) data obeys the same time-temperature equivalence as dynamic
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moduli and makes possible the construction of a master curve over a very large domain. Inci-
dentally, T and V,, being given, G grows with the loss modulus. Go has therefore to be estimated
when the viscoelastic effects are minimized. The reduction of the dissipation zone can be ob-
tained by pushing an ultra-sharp blade into the open crack. This inspired a new efficient proto-
col to rapidly evaluate Go [36, 37].Values are found between 20 and 100 J / m? [38—42]. Ac-
cording to Lake and Thomas [43], they corresponds to the breaking energy of the chains that
cross the fracture plane. When a bond breaks, the entire chain between crosslinks relaxes to
zero load, making the energy dissipation proportional to the number of Kuhn segments (N)
between crosslinks. Recent studies however suggest that chains rupture out of the fracture plane
are also involved in the fracture energy [44] (cf. § 3). Despite its simplifying assumption (per-
fect network without entanglement), the Lake-Thomas model predicts the right order of mag-
nitude for Gy in unfilled amorphous polymers and the observed dependence of Go on N2, Our
study on y-irradiated elastomer at different doses suggests that the model also seems to qualita-
tively work for materials containing a large number of dangling and soluble chains, when these
are taken into account in the calculation of N [45].

Regarding fatigue crack growth tests, the curves are generally given as dc/dn (i.e. the crack
growth per cycle) versus G [46]. They have a typical shape, similar to those observed for other
classes of materials [47] (figure 2). Like in static crack growth, three domains are identified. At
G values lower than Go (same meaning as in static), crack propagation is again ascribed to
chemical degradation processes. Then one observes a transition on a restricted domain of G,
where the Vp(G) curve increases, usually according to a linear law. For higher G, dc/dn follows
a Paris type law [48], i.e. is equal to A - GP where A and B are material parameters. Finally,
beyond a certain critical value Ge, the crack propagates in a catastrophic way, causing the sam-
ple rupture within few cycles.

As shown by Lake and Lindley [49], in the Paris domain (dc/dn= A. G#), A decreases rapidly
with the frequency increase and then stabilizes for frequencies greater than 10 cycles per mi-
nute. At low frequency, crack growth rate evolution can be deduced from the G(V;) curves
obtained in static crack growth tests. For higher ones (above 1 Hz), the evolution of A suggests
that this term contains a specific contribution due to the cyclic loading. Thus, the link between
static and fatigue crack growth becomes more sophisticated, since the frequency both impacts
the time spent at a given G and influences the bulk material viscoelastic response. In addition,
the use of a positive non-relaxing loading can lead to a slowdown of the crack propagation (by
a factor of up to 18 in experiments carried out at 2 Hz with Styrene Butadiene Rubber). To
explain it, Lindley [19] assumed that the dynamic component of dc/dn depends on
(Gimax — Gmin)®, with B the exponent of the Paris law obtained in non-relaxing conditions. Note
that at low frequency, as the static contribution of dc/dn is then preponderant, the increase in
Gmin should lead to a larger dc/dn. The influence of the temperature is more intuitive and similar
to that observed in static (A increases with the temperature). Thus, as also deduced from tensile
strength measurement, G, decreases with increasing temperature. Note that the quantification
of the temperature influence must be carried out so as to ensure that material ageing is avoided
(precaution not always described in publications).
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Figure 2: Crack propagation rate as a function of the maximum energy release rate G in fatigue
crack growth test for unfilled Styrene Butadiene Rubber (x) and Natural Rubber (0). From ref-
erence 6.

3 MATERIAL PARAMETERS
3.1 The polymer and its crosslinking

The strong influence of viscoelasticity in crack propagation can be retrieved in the often used
expression of G as the product of Go and a function f (Vp, T) (cf. §4). At a macroscopic scale,
the viscoelasticity impacts the evolution of the crack tip geometry during the crack advance and
therefore the maximum stresses distribution in its vicinity, which causes its further propagation
[36]. At the crack tip locus, for the crack to grow, the subchains immediately ahead have to be
stretched enough to reach the breaking strain. Since there is internal viscosity, a force higher
than that corresponding to the threshold tearing energy must be supplied. The difference be-
tween the strain energy density in the bulk and small energy density used for growth of the
crack is actually used to overcome the viscosity of the rubber. Viscoelasticity also controls the
appearance of other dissipative mechanisms, such as cavitation, fibrillation which may or may
not appear in the crack tip and perturb its propagation. Moreover, the chain network density
controls Go [43] and the deformation level at which strain hardening appears, which seems to
decrease the radius of the crack tip and increase a stress triaxiality that promotes cavitation [50].

Thus, from a material design point of view, the key parameters for crack propagation re-
sistance are: crosslinking density, entanglement density, presence of dangling and/or soluble
chains, and the glass transition temperature of the polymer. The latter depends on the chemical
nature of the polymer chains which also controls the entanglement density (via the chain per-
sistence length), and the energy at break of their bonds. The initial length distribution of the
polymer chains controls the presence of chain ends or soluble fraction at a given crosslinking
level. The ingredients, the different crosslinking recipes (sulfur, peroxide, disulphide tetrame-
thylthiuram...) and protocols (thermal curing, radiation...) can also be important. Thus, for a
same crosslinking density, some authors claim that “conventional” vulcanization system with
sulfur (sulfur / accelerator ratio > 1) leads to better breaking properties and tearing energy (with
the Rivlin protocol) than efficient vulcanization system [40]. Interpretations differ on the rea-
sons: more or less spatially homogeneous networks [51], crosslinks formed in a more or less
irreversible manner, which may result in more or less built-in/ stresses or strains [52]. Playing
with the chemistry of the polymer chains, one can also create physical crosslinks. Their associ-
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ation/dissociation dynamics should enable a redistribution of the stresses in the elastomer net-
work and therefore slow down the crack propagation. Studies are nevertheless necessary to
confirm this. Chemical aging has also large consequences on crack resistance, since it induces,
through complex chemical processes, additional crosslinks and/or chain scissions [53—56] . The
characterization of molar masses between crosslinks remains however a challenge, even if it
has recently benefited from advances in Nuclear Magnetic Resonance [57]. Aging can also be
spatially heterogeneous, especially in sulfur vulcanized systems. Characterizing these hetero-
geneities is also difficult, although they influence the mechanical properties. To sum up, aging
and curing conditions can lead to network structures very far from the perfect networks de-
scribed in most models. This explains apparently contradictory results in the literature [45, 58].

In many cases, the network topology in elastomers results from more or less random cross-
linking and/or chain scissions. Nervetheless, better control of this topology is possible.[59]
Thus, toughness have been improved with elastomers made of telechelic chains with bimodal
length distribution. This improvement comes from a stress redistribution due to the lower ex-
tensibility of short chains. The requirements to achieve exceptional toughness seem to be that
the components have very different cross-link densities and the morphology is uniform down
to the segmental level. With this idea, Buckley et al [60] produced ethylene-propylene double
networks with improved rupture properties (at constant modulus). The beneficial effect of mul-
tiple networks has also been evidenced in hydrogels [10] and in acrylate elastomers [61] (cf. §
3.4).

3.2 Specificity of polymers which can crystallize with strain

The ability of the polymer for strain induced crystallization (SIC) appears to be another im-
portant parameter for crack growth resistance. All elastomers that crystallize with temperature
can - under certain strain rate and temperature conditions (near their melting temperature) -
crystallize under deformation [62]. Among them, poly-cis isoprene 1,4 (NR) has two ad-
vantages: a melting temperature (35°C) very close to ambient, and a reversible crystallinity
which can reach several tens of %. NR crystallization kinetics [63] is slow, especially at ambient
temperature. This explains, with the presence of crosslinking nodes that restrict chain diffusion,
that in most cases, NR remains amorphous despite a melting temperature higher than the ambi-
ent. When the material is deformed, the chains stretching reduces the system entropy and makes
crystallization thermodynamically more favorable. Crystallites can therefore nucleate and
grow, for stretch ratio usually above 4, until they reach a size limited by the presence of the
crosslinking nodes. This size is small enough for the crystallites to be unstable and melt during
unloading, even at room temperature. The NR SIC (and its various parameters) has been the
subject of special attention in recent years [64—74] both from an experimental and theoretical
point of view. SIC leads to a significant strain hardening, explained by the creation of a network
of percolating crystallites within the material (even if questions remain on this topic). It is pre-
ceded, at the very beginning of the crystallization phase, by a slight decrease in stress due to
the alignment of the crystallized chains portions in the stretching direction (as this decreases
the ‘effective’ stretching of amorphous chains) [75], mostly visible at slow stretching rate.

As shown by the comparison of NR and Styrene Butadiene Rubber (SBR) data [32, 76-78],
SIC is the reason for a very strong increase in strain and stress at break and a slower crack
propagation velocity, in static as well as in cyclic test [79]. Unlike an amorphous polymer, in a
NR Pure Shear specimen submitted to a static loading, after a short growth, the crack stops. In
cyclic loading, in the Paris domain, the literature studies suggest an exponent close to 4, for an
amorphous elastomer like SBR while it may be around 2 for NR. Note that these exponents can
significantly vary, depending on the experimental conditions. In addition, the application of a
non-relaxing loading (Gmin > 0) leads to a more important slowing down of the crack propaga-
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tion than with an amorphous elastomer [25]. Non-relaxing conditions also leads to crack devi-
ations [80] (absent with unfilled amorphous elastomer). That makes less trivial the monitoring
of the crack length, which may or may not include secondary cracks. All these behaviors are
related to SIC which occurs at the crack tip, even at low macroscopic strain, due to the important
stress concentration created by the tip geometry. Several studies investigated cristallinity at the
crack tip in NR [81, 82]. In particular, Rublon et al. [ 14, 78] have implemented a clever method
in order to map it during a dynamic test at 0.1 Hz. Directly compared to crack propagation tests
performed at 2 Hz for different energy release rates G, they showed a good correlation between
G, the crystallized volume, and the thickness decrease at the crack tip, which also suggests that

cavitation occurs.
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Figure 3: Crack propagation rate as a function of the strain energy release rate G, in fatigue
tests, on pure shear sample at 0.01 Hz, for aged and unaged unfilled NR. Tensile stretch at break
M measured in tensile test at 4.2 x107 s7! is also reported. Data from references 83 and 85.

We have studied a conventionally vulcanized NR (noted NR1.5 on figure 3, with the recipe:
100 phr NR + 3Phr Sulfur + 6phrPPD + 2phr stearic acid + 3 phr CBS + 5phr ZnO). This
material has a lower ability to crystallize than an efficiently vulcanized rubber (CBS/Sulfur
concentration ratio<l), both during cold crystallization (at -25°C) and during a tensile test ex-
periment, the crystallinity being lowered by a factor of ca. 3. This may be due to a different
distribution of the active chain length, and/or the presence of more grafted species on the chains
which hinder their crystallization. The fatigue crack growth resistance of the material has been
tested in pure shear geometry[83]. As shown in figure 3, in the Paris domain, at low G, the slope
of the log(G)-log(Vy,) curve at 0,01 Hz and at few Hz (not shown), is surprisingly large, around
3.5, i.e. close to the slope reported for amorphous materials. A new slope can however be de-
duced for G values above 3500 J/m?, which tends to be closer to the value expected for NR
(around 2). The crystallization at the crack tip, measured through in-situ experiments (ZnS has
been used as a probe to correctly estimate the material thickness at the crack tip) is reported on
figure 4 as a function of G. The slope change in the log(G)-log(V,) curve corresponds to the
detection of the crystallinity. Interestingly, the maximal measured crystallinity is twice larger
than the maximal one measured during tensile test at rupture. As reported in literature [84, 85]
and as shown by the SAXS images collected during the WAXS measurements [85], cavities
develop in the crack tip vicinity. Thus, some amorphous chains are broken and highly stretched
fibrils with large crystallinity remain. A careful examination of the crack tip morphology and
of the fracture surface may be of interest to confirm this. For unknown reasons, to the best of
our knowledge, such studies only exist for fatigued filled NR or for unfilled one in non relaxing
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condition[80, 86]. Even though fillers likely introduce some differences in crack propagation
mechanisms, Xiang et al. conclusion can still be considered. In particular, they resume an in-
teresting parallel, initially proposed by Zhou et al. [87], between the mechanisms induced by
SIC and those occurring with double networks. At the front of the crack tip, soft domains which
might contain cavities, micro-cracks and amorphous or less crystallized rubber parts alternate
with hard domains of highly orientated and more crystallized ligaments. The soft domains may

act like a damper to absorb energy and thus slow down the crack propagation.
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Figure 4: Crystal volume fraction measure by SAXS in situ at the crack tip as a function of the
strain energy released rate for aged and unaged NR. Measurements were performed on pure
shear specimen at 1.7*107 s”!. Experimental details in references 83 and 85

The close relationship between SIC and crack propagation resistance has also been confirmed
with aged NR1.5 samples whose characteristics have been deeply studied by Grasland [88]:
ageing in air at 350K enhances the heterogeneity of the spatial distribution of the crosslinks
already existing in the initial material, and creates highly crosslinked domains which limits
the ability for strain induce crystallization. The consequence is an increase in the crack propa-
gation rate (figure 3) which is consistent with a decrease in the crystallinity measured at the
crack tip (figure 4). Moreover, the results suggest that a minimum crystallised volume is needed
to observe an inflexion on the log(G)-log(V,) curve. This is confirmed by the study of another
conventionally vulcanized elastomer, so called NR2.5 (same recipe as NR1.5 except a doubled
sulfur content). This material is more crosslinked, and therefore less crystallized than NR1.5
(figure 4). Its crystallization at the crack tip is too low, in the G domain explored, to lead to any
slope change in the log(G)-log(Vp) curve. Moreover, for all these tested materials, the crack
propagation resistance at 0,01Hz is correlated to the energy and stretch at break, obtained from
tensile test at strain rate corresponding to the maximum strain rate in the fatigue test (values
reported on figure 3). This is quite expected if one considers that ageing did not change the
intrinsic flaw at the origin of the material rupture in tensile test, and therefore that its evolution
is mostly related to a change in its crack growth resistance [89].

SIC being a kinetic process [90], in “static”” experiments, the crack growth velocity in the
domain where it is very large (above 0.1 m/s) does not depend on it [30], as SIC does not have
the time to proceed. Moreover, concerning fatigue crack growth, we have found with the pre-
vious NR1.5 material that an increase in frequency by around 3 decades leads to a decrease in
dc/dn by a factor 10 (figure 5). However, expressed in dc/dt instead of dc/dn, these data indi-
cates a much faster crack growth which can be ascribed to a less important SIC. This is also
suggested by the increase in the G value at which a change in the slope of the log(G)-log(V,)
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curve is observed (this one being ascribed to a strong increase in crystallinity at the crack tip).
In addition, with the NR2.5 material, one observes the decrease in the G value above which
there is a fast acceleration of the crack growth rate. In other words, a higher frequency leads to
a decrease in the tearing energy of this material, for which strain induced crystallization is so
weak that it actually behaves like an amorphous material.
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Figure 5 : Influence of the cycle frequency on the crack propagation rate as a function of the
strain energy release rate for two unfilled NR (same material as in figure 4), unaged NR1.5 (o)
and unaged NR2.5 (O), at rate 0.01 Hz (dotted line) and around 5Hz (----). Data from refer-
ence 91

Going back to literature, an increase in temperature has the same consequences on SIC than
an increase in frequency. Thus, both can lead to an even greater increase in the crack growth
rate than in the case of amorphous elastomers, as they do more than reducing the material vis-
cosity. However, this is dependent on the level of local deformation in the crack vicinity (i.e.
on G) and, in fatigue, on the local strain rate that will result from the frequency/shape of the
macroscopic cycle.

3.3 Fillers influence

In most applications, elastomers contain reinforcing fillers. They can be of very diverse na-
tures, the most commonly used in the rubber industry being carbon black or silica nanoparticles.
Thus, elastomers are most often nano-composites, with specific viscoelastic properties [91, 92].
An abundant literature has been devoted to their nonlinear viscoelastic properties, so called
Payne effect [93]. In addition, they exhibit the so-called Mullins effect, i.e. a progressive mod-
ification of the strain-stress curve and an hysteresis during the first loading cycle which in-
creases with the increase in the maximum strain [94]. Both Payne and Mullins effects are very
dependent on the filler content and characteristics (size, aspect ratio, physico-chemical interac-
tions with the polymer). They considerably influence the rupture and crack resistance properties
of these materials since they induce additional energy dissipation mechanisms.

Thus, the introduction of rigid nanoparticles is particularly efficient for increasing the tensile
strength. Less intuitively, even though they lead to a significant amplification of local defor-
mation in the matrix, nanofillers can also improve the elongation at break (when their content
is not too large, i.e. usually below 50 phr). This is all the more remarkable given that nanofillers
can form agglomerates of large sizes acting as crack initiators. Their beneficial effect is also
observed in static and fatigue crack growth on various elastomers whether these ones can or
cannot crystallize under deformation [3]. The fillers, by amplifying the local strain, enables SIC
and therefore a larger crystallized volume at lower macroscopic strain [95]. Nanofillers may
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also induce larger crystallized volume at a given G, beneficial to fatigue properties [81] (alt-
hough G indirectly takes into account strain amplification). A combination of SIC and of rein-
forcement by nanometric fillers can also lead to tear rotation in tearing test on notched tensile
specimen or trouser test-piece [96], not observed without fillers. This enables the relaxation of
the local strain (or stress) which is otherwise larger at the crack tip, as shown by a sharper crack
tip geometry. Thus, for Medalia [97], tear strength improvement in reinforced elastomer is even
mostly associated to tear deviation rather than to energy dissipation (i.e. viscous strengthening
or high strain hysteresis). In fatigue tests, more complex crack paths are also observed with
fillers, which can lead, in non-relaxing conditions and with crystallizing rubber, to a complete
stop of the crack propagation in the direction of the initial cut. Fillers form in the matrix a
percolating network (whose connections are potentially ensured by a polymer matrix with mod-
ified mobility) which can play the role of a second network. Through decohesion mechanisms
and voids formation [95, 98, 99] in the confined material in between the fillers, this network is
gradually destroyed. This leads to the creation of a complex fibrillated structure [100] in which
the crosslinked network of the polymer matrix is the last defense against the crack advance
[101].

Several filler characteristics (shape, dispersion, polymer/filler interactions) influence the
crack growth resistance in a way which depends a lot on the material processing. Bad dispersion
may induce stress concentrations and microcracks [102], harmful to rupture properties and
crack resistance. The literature indicates a positive influence of larger filler specific surface (i.e.
smaller filler size) [79, 103—105] and of higher form factors (like in carbon nanotubes, gra-
phene, graphene oxide or nanoclays) on the resistance to crack initiation and propagation [106,
107]. Combination of nanofillers can also be used to obtain synergistic effect [108], like in the
work of Xu et al. [102], who designed a compact hybrid filler network of graphene and Multi-
Wall NanoTubes to toughen NR.

To conclude this paragraph, different mechanisms govern the fracture properties and the
propagation of cracks in filled elastomers, and modeling approaches will therefore be essential
to allow the evaluation of their respective contributions [5]. The next paragraph aims at devising
a theoretical framework explaining crack growth and underlining the connection between re-
sistance to crack growth and the ability of a material to dissipate energy. Such theoretical ap-
proach can then suggest which bulk material properties should be correlated to crack growth

resistance.
4 THEORIES CONNECTING RESISTANCE TO CRACK GROWTH WITH
HYSTERESIS

The models that we are reviewed in this paragraph are all built (sometimes implicitly) on the
energy budget associated with a propagating crack, and were all devised for static crack growth.
To our knowledge, their generalization to cyclic crack growth, which seems possible due to the
universality of the energy conservation principle, has not been attempted yet. The theories ded-
icated to isotropic linear viscoelastic materials are associated with the names of Knauss [38,
109, 110], Christensen [111, 112], De Gennes [113, 114], Hui [115], Persson [116, 117] and
their coworkers. More recently, they have been extended outside this range of materials by
Long [118], Qi [119] and Zhang [120]. All these theories start from the decomposition G =
Tintrinsic + dissipation With Tintrinsic the intrinsic energy required to break molecules at the crack
tip (noted Go in most of the experimental works, I'inrinsic being tacitly assumed constant) and
T aissipation the portion of G being consumed by the motion of the material surrounding the crack
tip as the latter moves ahead (I'dissipation 1S @ peculiarity of dissipative materials). These theories
aim (sometimes implicitly, as in Knauss and Hui theories) at explaining quantitatively how
Taissipation can be deduced from the material hysteresis and the loading applied to the specimens.
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4.1 Power budget approach

The key idea is the recognition that as a crack propagates, the stress singularity accompany-
ing the crack tip [121] translates accordingly, so that any material point in the specimen is
successively loaded and unloaded, and the hysteresis associated to this cycle participates to
[ dissipation. The figure 6, taken from Qi [119] (see also Long [118]) draws explicitly the hysteresis
associated with each horizontal “flow line”: the closer this line gets to the crack plane, the
greater the maximal loading, and therefore the greater the hysteresis.Indeed, by writing in de-
tails the energy and entropy budgets of the notched specimen[119], one gets explicitly (Einstein
convention of implicit summation over repeated indices being employed)

HO + oo
G = Dintrinsic T 2 J f Pp dxdy
0 —00

. aEi]‘ ow A aEi]‘

where Pp = 0y a_Xp - a_Xp = ﬁ — GOjj ﬁ (1)
Here 2Hy is the specimen height (typically a PS specimen), X, is the crack tip abscissa (so that
V, = dX,/dt), @p 1s the dissipation associated to the crack tip motion divided by V), and finally

0/0X, = — 0/0X since we focus on the stationary regime.

(a) A

Xl =400

Figure 6 : (a) Two points A and B moving horizontally during steady state crack propagation,
shown in the undeformed configuration and in a translating coordinate system centered on the
crack tip. (b) Loading histories experienced by points A and B, illustrated by S22 versus A2 curves.
The maximum stress experienced by A is larger due to stress concentration at the crack tip.

Equation (1) can be fur-
ther simplified by noting that the integral of ¢, over X is the total amount of energy by unit
volume dissipated into heat during the matter motion from right to left, that is the mechanical
hysteresis associated with this loading-unloading cycle, simply noted “hysteresis”. Thus
Hg
G = Tintrinsic + 2 J hysteresis(Y)dY| (2).
0

It is worth underlining the connection between this approach and the so-called configu-
rational mechanics[122]. Introducing the Eshelby stress tensor Xjj = W 8j; — okj ux/0Xi, then
making use of the mechanical equilibrium 0ckj/0X; = 0 and of the stress tensor symmetry, one
gets

621] _ oW aO'k]' auk azuk . AW Jd 1 auk n au]
X,  0X, 0X, 0X, C9OX,0X, 0X; 90X;2\0X ' 0X

621] _ ow aSk]'

hatis —2 = —— — Oy —w = :
that is aX, ~ X Okj 3% = @p (3)

In the literature, the contributions to 0%1;/0X; of the various internal variables appearing in W
are called “local material volume forces”, up to a sign. Hence, it is demonstrated that I"gissipation
equals the integral on the whole specimen of these material forces (see also in [5] Horst et al.
contribution [123] ). That is, the material forces approach is equivalent to the energy and en-
tropy budgets employed here.
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4.2 Application to isotropic linear viscoelastic materials

Christensen, De Gennes, Persson and their collaborators applied these budgets to isotropic
linear viscoelastic materials. In the sequel we will follow mostly De Gennes intuitive ap-
proach.

The material isotropy and linearity imply that the stress field satisfies the same equations as
in the elastic case. Especially, the dominant term in the stress next to the crack tip is given by
the well-known formula plotted above. Hence, if K is the stress-intensity factor, the amplitude
of loading-unloading cycle at vertical coordinate Y (perpendicularly to crack axis) goes like K
/N |Y| and its wave length goes like |Y|, so its pulsation o goes like Vp / |Y].

Far from the crack tip, the material remains at equilibrium, i.e. it behaves like an elastic material
of Young modulus Eo. So LEFM theorems apply there. Especially, computing the Rice- or §-
integral [121] away from the crack tip gives G = J oc K?/ Eo (this integral must not be confused
with compliance J introduced below).

Next, assume the cycle to be harmonic. If E*(®w) = E’(®w) + 1 E”’(®) is the complex Young
modulus and J*(w) = 1 / E*(w) is the complex compliance, the hysteresis at vertical coordinate

Y reads
hysteresis(Y) o ()] = 2 1" (@)] = S0 E ) it o oc 22 ()
steresis(Y) x —|]"(w)| = —=]"(w)| = == with 0w « — :
Y Y| Yl Y[ [E*(w)]? Y|
Inserting this relation into equation (2), and noticing that dY/Y = dw/m, one finally gets
@ E"(w) dw 02 oture Vs
G = Lintrinsic T A~ GEoJ; E@E o with w. =B '%Zep (5),

A and B being some undetermined numerical constants. The boundaries of the w-integral re-
quire some explanations. Far from the crack tip, we assumed the material to remain at equilib-
rium, prompting us to take mmin = 0. Close to the integral, the LEFM fields cannot hold when
reaching the zone ahead of the crack tip where the material effectively breaks, the so-called
cohesive zone, that is when [Y| = Yrupture Such that Grupure> o¢ K?/ Yrupture, and we must therefore
take ®max ¢ Vp / Yrupure. Persson set the A coefficient by combining the expected value of the
catastrophic tearing energy I'c (G limit for infinite V), neglecting inertial effects, also noted
Gc in experimental work) guessed by De Gennes with a “viscoelastic sum rule” : some exam-
ples of such rules are provided by equations (8) and (10) below.

On the one hand, when V;, grows without limit, the material close to the crack tip should reach
its high frequency limit, which is the glassy plateau for the polymers. Thus, it should behave
there as an elastic (brittle) material of Young modulus E«. Hence computing the J-integral close
to the crack tip gives now Iintrinsic = J o¢ K? / Ex, with the same K since the dominant term in
the stress field has a unique expression. Combining this relation for K with the preceding one,
applicable in full generality, one gets

Eo
G-I = l—‘intrinsicE_ when Vp — + (6)
0

The constant A appearing in (5) must be chosen so that (5) reduces to (6) for “infinite” crack
growth rate.
On the other hand, if the material can be represented by a set of Kelvin solids (a spring in
parallel to a damper) in series, the complex compliance reads
. 1 k(1) q 1 (1 —iwT)

J ((D)_Eoo_i_j; 1+iwt T_Eoo+,]; 1+ (wT)?
k() dt is the equilibrium stiffness of the Kelvin solid of time constant .
Some elementary manipulations of this decomposition provide

k(t)dt (7).
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1 1 ("
teo dow 1 (t® m/1 1
and thus fo 1] ((‘))lj = Ejo k(t)dt = §<E—0 —§> (8).

This latter equation is the sum rule we needed. Indeed, making w. = + o in (5) and reporting
the sum rule into it, (6) will be recovered provided we choose A = 2/m. Hence the final formula

2 o E’(w) dw| 02 yture V.
G:Fintrinsic-l'EGEO.[; E@E o with |w. = %Zep 9).

oc can be rewritten ®c = 2B Wiypwre Vp / G where by introducing an “equilibrium” energy of

rupture Wrupture = %2 Grupuure> / Eo (the “equilibrium” adjective underlines the presence of Eg in
this expression). However, keep in mind that this Wiupture can, like Grupture, vary with the local
temperature and strain rates at the crack tip.

2
The more sophisticated computations in Persson[116, 117] produced an extra /1 - % factor

C
inside the integral, with little impact on the final theoretical predictions.

4.3 Paris Law

As noted by De Gennes for a specific rheological model (a so-called Zener solid) [113, 114],
and later by Persson in greater generality [116, 117], this theory predicts the occurrence of a
Paris law, in agreement with experiments. (Strictly speaking, the Paris law originates from
cyclic crack growth experiments; here, we use this terminology as a shorthand for “V,, propor-
tional to some power of G”; as seen in the preceding chapters, such law can also be encountered
experimentally in static crack growth.) This is best seen by making use of an approximate sum
rule :

+eo 1 1 1/ w2
J'(w2) =] (1) = Jo (1 T (00?2 1% (wl‘t)2>k(T)dT ~ Jl/(ol k(t)drt
(V) + oo 1/001
%Ll |]"(00)|%1) = %JO [tan™!(w,T) — tan"}(w;T)]k(T)dT = fl/wz k(t)dt
= 2 [ @I @) -0 * s e (10
T, w ! 2 E'(w;) E'(wy) .

The first line was obtained by assuming 1/ (1 +x?) = #{1 —x) for x > 0 where #is the Heaviside
step function. The second line used a similar trick, namely (2/7) tan"!(x) = #(x — 1) for x > 0.
The last approximation on the third line is more questionable. Reporting (10) into (9), one fi-
nally gets

G E'(wc)

l—‘intrinsic EO

dthus |E'(w) ~ E (“’)a:w . (EO ¢ )
n 1 ((U) ! w1 P ZBerupture
Hence the Paris exponent § equals B =1 + 1/a.. For o = 0.5 (typical of Rouse dynamics), 3 =
3 ;and for a = 0.4, B = 3.5 : as noted by Persson, these values are typical of SBR in both static
and cyclic crack growth. Note also that this approximation yields the same I'c expression as the
equation from which it is derived. Gent[124, 125] proposed on purely phenomenological
grounds an equation similar to (11) to fit the results of his peeling experiments : we thus
provide here a justification of his intuition. However, Gent used w. =V, / d with d some material

1/a

(11).

El l—‘intrinsic
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constant, which should be contrasted with our d proportional to G. Actually, (11) brings theory
closer to experiments as will be shown below !

4.4 Dissipation confinement and finite size effects

The theories developed by Knauss [38, 109, 110] and Hui [115] do not use explicitly the
energy and entropy budgets. Rather, they carefully write the mechanical equilibrium of the co-
hesive zone, using exact results in LEFM (Kolosov-Mushkelishvili formulae and Westergaard
functions applied to localized forces along crack lips). In this respect, they provide a more rig-
orous treatment of the problem. Yet, they yield essentially the same results: same shape for
V,(G) curves, same expression for G (apart for one of the four theories studied in Knauss [109,
110]), etc. This is presumably so because energy and entropy conservation remains necessarily
in the background.

For instance, Hui and his coworkers demonstrate graphically [115] that the dissipation is
confined to the corona 0.05 Vj 1r < radius < 3.5 Vj 1r where T, is the retardation time occur-
ring in the creep compliance (the authors employ a Zener model) and the radius is counted from
the crack tip : this region has a negligible area at low V, and grows in size with Vp, until be-
coming eventually macroscopic. This explains qualitatively the trend of our [gissipation (recall
that the r dr dO surface element compensates the decrease of energy like 1/r). This discussion
makes also clear that the size of the specimen will impact the crack growth curves when V)
Tr becomes comparable to it. Indeed, so far we have ignored finite size effects, the discussion
focusing on “infinite specimens”. But finite size effects can be encountered experimentally, in
which case the experimental results are not characteristics of the material alone. They are
treated in De Gennes [113, 114], who was chiefly interested in peeling tests [126]. We will
review quickly this treatment, using however a slightly more general constitutive law (see e.g.

[127]§ 5.5 pp. 188-226) :
. (o)«
E*(w) = Ey + (Ex — Ep) TH Gon)® (D) (12).

In the original articles, o = 1, but we expect o < 1 for a glass transition. This model has three
remarkable limits : soft solid at low frequencies, hard solid at high frequencies, liquid-like be-
havior in between. From now on, m = E« / Eo >> 1 and we reason exclusively in scaling terms,
so that “=" will often stand for “oc”. The computation of the G(V)) relation is based on the
following principles.

Approximation Soft solid Liquid Hard solid
Constitutive law c=FEoe 6 = (E» — Eo) (w1)* & 6=Es¢
Pulsation interval ot < me mY<pr<l 1< ot
Spatial domain rs=mi“\Vyt<r Vpt<r<mVpt r<Vpt=m
Stress =X =X =X

MY °=% =%
Displacement u =K uo K * u= K
Eo Eo \VpT Eco
K? 2 a K?
Giocal Giocal = s Giocal = K—w (VLPT) Giocal = Ew
L defining condition b % _ Fo (E)a % _ Ex
3 L s L L 3 L
i = ELS = = =y = M =
Cohesive length L= oy = Lo L= Lwaﬂ(vpt)an L= o =
mLy = L,
Vp range Vpt<mYeL, mYe o< Vpt<mlLo mLo<Vpt

Step 1. We have w = VTp, o= % and € = %everywhere in the specimen. Thus, for each asymp-

totic constitutive law, we can compute its spatial domain of existence, as well as the expressions
of &, u and Giocat = o u (the “local energy release rate”) in the domain. Proceeding this way, we
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fill the first six lines of the table 1.

Step 2. Let L be the length of the cohesive zone. It is set by the condition 6,/ d =c(r=L) / u(r
= L) where o, and 6 are material constants such that [inginsic = G 0. Its detailed expression will
therefore depend on the domain (defined as in step 1) surrounding the cohesive zone. Doing so,
we obtain the next two lines of the table.

Step 3. The three expressions of L obtained in step 2 are a priori different, implying that L
varies with the load applied to the specimen. One deduces from these expressions the range of
crack growth rate for which each domain is immediately surrounding the cohesive zone. This
leads to the last line of the table.

Step 4. Let W be the specimen size, typically a PS specimen height. The G(V);) relation is found
by taking intrinsic = Giocal(r = L)) and G = Giocal(r = W). Various situations can be encountered
depending on how W compares with the spatial limits L, ry (hard solid outer radius) and rs (soft

solid inner radius).
KZ

. . . K2 . .
For an infinite specimen, G = — and thus = in any case, since the zone
Eo intrinsic E(Giocal(r=L)

near the clamps will always remain in the soft solid domain. One readily finds

G v, %1 V. \B Vot <m™eLg
e~ () =m () [ Lo < Yy <l ) (12
intrinsic k LOO LOO mLO < VpT
m
Remarkably, we end up with the same result as with our former treatment, including the
occurrence of a Paris regime characterized by the same exponent 3 and the same expression for
I..

For a finite specimen however, the preceding results will stop holding once rs reaches W.
The exact consequences depend on the W value.
Assuming first mP Lo < W, rs = W happens only after the cohesive zone is surrounded by hard
solid, so that the G = I'¢ plateau is still observable experimentally. Once the liquid domain has

2 —
reached the clamps, Tiperinsic = EK— and — ¢ = E°°Gl°§(azl(r_w), and (13) must be supple-
00 intrinsic
mented by
W (04
G = . (MYW<VT<W
l—‘intrinsic p]. W< VpT

The corresponding G(V,) curve therefore exhibits a decreasing portion after having reached the
plateau of height m [inginsic. It 1s qualitatively consistent with results of peeling tests carried on
poorly crosslinked polymers, to which this study aimed at.

This was the only situation envisaged in the original papers. Yet, it can be unrealistic in practice,
since for Lo = 10 nm it requires W > 10 mm to 10 meters (!) with the above-mentioned m and
B values.

Assuming next Lo < W < mP Lo, r; = W now happens before the cohesive zone is surrounded
by hard solid, so the previous plateau is not observable anymore, and the material exhibits
a different “effective” I'c depending on the specimen dimensions. More precisely, the second

line in (13) holds only until V, = m™* W (< m Lo), where the “effective” I'. is attained :

o 1
I, WA\GHT  /WAB
(-] o
l—‘intrinsic LO LO

For example, with Lo = 10 nm, W = 10 mm and 3 = 3 for instance, "¢ / [inuinsic Would be limited to 100. Besides,

the third line in (13) must be modified.

If m Lo < W < mP Ly, it is replaced by
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o?

W WA\ [/ Ly \ot1
G (f) = (E) <E> m™/*W < V,t < mL,
intrinsic <_> W < VpT
Vpt

1
Whereas if Lo < W <m Lo, it is replaced by

5 ( 1/a
@) =) (52" ~ b an.
l-‘intrinsic L L°° VpT " 1o
1 k <§) W< Vpr J

4.5 Introducing non-linearity in the constitutive equation

Focusing exclusively on linear viscoelasticity is far too restrictive for filled polymers, which
exhibit various nonlinearities at high strains as well as a supplementary source of hysteresis :
Mullins effect. In the framework presented here, the better resistance to static crack growth
of a filled polymer in comparison to its unfilled homolog is attributed — at least partially
— to an increase of Idgissipation brought by Mullins effect. Interestingly, as previously men-
tioned, the so-called multi-networks (various standard polymer networks interpenetrated into
each other) also enjoy a high toughness and a mechanical behavior reminiscent of Mullins effect
[61]. The microscopic origin of Mullins effect may be different in these two classes of materials
(cavitation in filled polymers vs. localized chains ruptures in multi-networks), but a beneficial
impact of Mullins hysteresis onto [gissipation 18 €xpected in both cases.

Once again, this line of reasoning prompted different works [119, 120, 128]. Zhang [120]
starts with the decomposition G = Iintrinsic T I dissipation. I dissipation 1S assumed proportional to the
“ultimate” hysteresis H(Yrupture), Where like in equation (5), Y rupture denotes the minimum height
at which the material reaches there its stress at break, with a front factor homogeneous to a

length. A length scale manifestly relevant to this problem is G / Wrupture. Therefore the authors

H(Yrupture)
were led to guess [dissipation = & G hyyprure Where hyypeyre = % (< 1). o was found by
rupture

fitting the results of a campaign of Finite Element Analyses during which the material parame-
ters describing the Mullins effect (modeled with an Ogden-Roxburgh law) and the cohesive

zone were systematically varied. They obtained eventually

l—‘intrinsic 0.034
=8¢ with a~ 033+ (18).
1 — ahpyprure m/Wrypture + 0.045

r, m and 3 (set to 0.1 in the article) are material parameters quantifying the Mullins hysteresis :

if the energy density provided during the first loading equals W, the Mullins hysteresis reads
“h(W) W” where

h(W) = %f[(B + %)_1] with f(x) = % fo “erfy)dy (19).

Especially, the smaller m, the greater the hysteresis of small amplitude cycles, and thus the
greater the hysteresis far from the crack tip. This remark will soon be useful.

Qi [119] gave an analytic derivation of this result based on equation (2). The maximum
energy density along a line parallel to a mode I crack in a Neo-Hookean material reads W(Y) =

pyes according to asymptotic developments. Using a slightly modified version of this expression

to take far fields and Mullins softening into account, the authors reported it into (19), and (19)
into (2). Proceeding this way, they obtained an a expression comparing well with (18).

Besides, if m — 0, we noted above that the dissipation zone can extend until the clamps,
so the measured G can depend on the specimen geometry, ceasing to be an intrinsic material
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property. Some FEA confirmed this intuition, FEA that were themselves well reproduced by

the analytic theory.

appears to depend on a dimensionless parameter y =

intrinsic

which is the ratio of the PS specimen height to the cohesive zone length.

l—‘intrinsic/wrupture
4.6 Experimental tests of the preceding theories

Viscoelastic behavior: Knauss and his co-workers applied successfully various theories to
a polyurethane. The model developed in Mueller and Knauss [38] matched well the experi-
mental points. It rested on an analysis of the viscoelastic relaxation in the cohesive zone and its
prediction read (Aa being a material constant, set to 13.4 nm by the fitting procedure):

1ntr1n51c _ 1 t u
G(Vp) = ot D(aasvy "here D(t)=¥j; (1-7))@du (20).

Contrary to the appearances, this result is actually quite similar to (9). Indeed, using a Kramers-
Kronig relation, one can recast the denominator of (20) :
1 2% dw 1 1Y dw

O =53] @ es() T =00 ~ g 1@ @)
(We used the approximation (1 — cos(x))/x* = 2 #{(1 — x).) The only distinct feature is the
constancy of Aa. So this success suggests also a success of (9).
Later[109, 110], they developed a refined version of this early model, which proved to be
equally successful. In both cases, the model predicts a correct Paris exponent [3. In fact, these
data are consistent with the rule B = 1 + 1/a : experiments suggest o = 0.8 (read on master
curves of dynamic moduli) and = 2.4 (read on curves of Vj vs. €x, €x being the macroscopic
strain applied to the PS specimen, so that G oc £.%), in reasonable agreement with the theoretical
prediction 8 = 2.25. With this material, m = 1725 MPa / 2.75 MPa = 627, and the predicted I'¢
(=m I'p) seems in agreement with experiment, though the final plateau is not sufficiently well
observed to be categorical. Assuming Lo = 10 nm for the cohesive length at low V,, the De
Gennes criterion to avoid finite size effects reads W > 627>2°x10 nm = 2 c¢m : it was indeed
satisfied in Knauss experiments, where W = 3.5 cm. Incidentally, Christensen [112] also man-
aged to fit this set of experimental results using a theory of his own, explicitly relying on an
energy budget.

Saulnier [129] carried adhesion experiments on an un-crosslinked polydimethylsiloxane
(PDMS) of large molecular weight. They confirmed De Gennes predictions (with a = 1) re-
garding the decrease of fracture energy at high crack growth rates — equation (14) — as well as
the opening displacement of the crack lips : u oc x!” near the crack tip where the material be-
haves as a hard solid, u oc x*? farther from the crack tip where the material becomes liquid-like.

Gent[124, 125] carried peeling tests on various crosslinked polymers of variable T,. He found
that the G / Tinwrinsic vS. Vp master-curves were relatively independent of the polymer, like the
E’(w) / Eo vs. ® master-curves (though to a smaller extent), and speculated, from the resem-

G _ E'(Vp/d)
intrinsic B 0
exponents of the power laws fitting the glass transition regime did not match : B~' = 0.3 for the
peeling energy, a = 0.6 for the storage modulus. Trying anyway to fit the model onto experi-
ment, he found d = 0.1 nm, or more largely 0.01 nm <d < 1 nm, some unrealistically low values.
Besides, I'c / Iintrinsic appears slightly greater than Ex / Eo But the theories explored in the pre-

blance between these, that with d some material constant. Unfortunately the

ceding paragraphs point rather to d oc G, implying % = : i.e. B! = 0.375 in the present case,

which is closer to experiment. One can hope that this improvement will also bring the d range
towards more sensible values. In fact, this improvement could be combined with other features
not addressed by the models we reviewed but envisaged by Gent : nonlinear effects near the
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crack tip, intermittent propagation “in a stick-slip fashion”. This last feature implies that the
instantaneous V, can be much higher than the average V,, which is the one measured : one
should keep this idea in mind when considering cyclic crack growth.

Extension to cyclic crack growth and to Mullins effect dissipation: Kliippel surveyed the
ability of the models we reviewed to reproduce the cyclic crack growth curves measured on
filled and unfilled polymer[130]. The author used crosslinked S-SBR and Ethylene Propylene
Diene Monomer (1.7 phr S + 2.5 phr CBS) filled or not with 60 phr of N550 carbon black. He
focused his attention on Paris law slopes, and found that the theory matched reasonably with
experiment. This is particularly striking because the theory in question has been devised exclu-
sively for static crack growth, and besides it ignores the nonlinearities and the Mullins effect
typical of filled polymers. This remark suggests to check if the Paris law intercepts with the Y-
axis are equally well reproduced by the theory, namely equation (11) with B = 1. It is an uncer-
tain task since some key quantities (intrinsic and Wruprure) are missing in the article : we must
guess them and see what we get. Using notably Tinginsic ® 50 (resp. 100) J.m ™ in the unfilled
(resp. filled) case, we find at G ~ 3 kJ.m 2, 4 Hz and ambient temperature : in unfilled S-SBR,
Vp ~ 40 m.s ! theoretically vs. V, ~ 10 nm.cycle ! =40 nm.s ! experimentally ; in filled S-SBR,
Vp = 4 m.s™! theoretically vs. V, ~ 4 nm.cycle! = 40 nm.s™! experimentally. These estimates
must be taken with caution owing to the mentioned uncertainties. Nevertheless, the discrepancy
between our estimates and the measurements is such that we can consider that the theory fails
to reproduce the intercept with the Y-axis of the Paris law.

Zhang [120] checked that it could reproduce by FEA the onset of crack propagation in a
multi-network hydrogel considered to exhibit Mullins effect only. Constitutive law parameters
were identified on cycles of increasing maximum strain applied in pure shear. The propagation
threshold G was measured after various pre-strains — applied to the uncracked specimen — be-
tween 0 and the strain at break (as high as 8 here). It appears to decrease with pre-strain, reach-
ing a plateau (400 J.m?) for the highest pre-strains, to be identified with the virgin Tinrinsic
(though one could argue that high pre-strains could damage enough the material to diminish its
Cintrinsic). FEA results appeared to be consistent with the G = 1 063 J.m 2 value measured with
the virgin material. Incidentally, this experiment proves that the intrinsic resistance to crack
growth represents here only 38 % of G in the virgin state, the remaining 62 % being brought by
macroscopic dissipation.

Qi1 [119] put the pre-strain effect in equations. The line of reasoning is as follows: the hori-
zontal strips whose strain remains below the pre-strain cannot dissipate by Mullins effect (strips
close to the clamps), the dissipation being thus confined to a central strip, where it is moreover
smaller than in the virgin state. These statements explain qualitatively why Idissipation must de-
crease with pre-strain : the pre-strain diminishes the capacity of the material to dissipate when
a crack propagates. The agreement with experiment is even quantitative, as shown in the article.

Wunde et al. [131, 132] carried experiments on cured CB-filled NR-based polymer blends
allowing an estimation of I'qissipation / G. For the 4 mixes of the study and various macroscopic
strain, they measured by Digital Image Correlation the displacement and strain fields in notched
and loaded PS specimens, that they combined with the constitutive laws — modelling Mullins
effect and viscoelasticity — identified independently to compute the Rice- or J-integral on vari-
ous circles C centered on the crack tip. (They considered both components of Jc 2ij dsj, but we
focus here on the sole forward component). 7 appears to increase with the circle radius R, con-

sistently with (R = 0) = Cintrinsic and G = (R = +o0) by construction of 7 and with the inequality
[inwinsic < G for a dissipative material. Actually, the difference between these limits is [ gissipation-
The analysis is complicated by a lack of resolution for R < 0.5 mm and by the fact that (R =
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+o0) becomes greater than G (computed by the Rivlin-Thomas formula) above 40 % macro-
scopic strain. Despites these difficulties, the authors estimate that all in all, dissipation represents
90 % of G. These experiments also demonstrate that 7 reaches G for R > 1 to 5 mm (for mac-
roscopic strains between 10 and 60 %) : these are macroscopic dimensions, which legitimate
the qualification of T gissipation @s @ macroscopic dissipation. Especially, these dimensions demon-
strate clearly that crack growth can be accompanied by energy dissipation quite far from the
crack tip, where no macroscopic breakage occurs.

Slootman [44] introduced in mono- and multi-networks of polymers a known amount of a
mechanophore having the property of becoming fluorescent upon breakage. The materials be-
ing transparent, they could be measured by optical confocal microscopy the spatial distribution
of this fluorescence, and therefore (via an appropriate calibration) the spatial distribution of the
number of broken mechanophores, and finally of overall broken bonds. These distributions
were measured along the lips of a crack propagated for various loadings and temperatures. [in-
winsic 1S deduced by integrating the distribution (for a unit propagated surface) and multiplying
the integral by 64 kJ.mol™!, the energetic cost of a single breakage according to Wang!®’. Most
remarkably, the author demonstrated that : I'intinsic increases with the loading, that is with G or
V,, going from the Lake and Thomas estimate for V, — 0 up to 100 times this value at high V,
; and that the number of covalent bond scissions varies in the same proportion, with rupture
occurring up to a few 100 um far from the crack plane for the highest V. Especially, Tintrinsic
cannot be treated as a material constant, as was done in the works reviewed so far, but as
a function of Vp. Notice however that equation (2) and the ones stemming from it can easily
accommodate a V, dependent [inwinsic. It seems very likely that this phenomenology also applies
to filled polymers, whose filler network is analogous to the first network here and whose poly-
mer matrix is analogous to the second and third networks here. Depending on the tested Single-
, Double- or Triple- Network, she found that Tintrinsic / G varies between a few % and a few
10 %, and therefore Idissipation / G varies between 50 and more than 90 %.

5 CONCLUSION

A synthesis of the phenomenology of ultimate and crack growth properties of elastomers is
not straightforward given the diversity of elastomers and used protocols. Nevertheless, despite
this difficulty, the huge literature on the topic, completed by some our own experimental works,
allows to well identify the different interrelated and complex mechanisms involved in crack
growth. In connection with these observations, the theories reviewed in the last part link quan-
titatively the resistance to crack growth to:

o the ability of the material to dissipate energy, either by viscoelasticity or by Mullins effect ;
o the distribution of strain and stress around the crack tip (dictated by the constitutive law), which weights the
contribution of each horizontal line to the total dissipation accompanying the crack growth ;
o the break properties (limit strain / stress / energy), which define an upper bound for the dissipation integrals.
These theories have been validated experimentally in various situations. They can be useful to
material designers because they allow the replacement of lengthy or sophisticated crack growth
experiments by faster and simpler mechanical characterization of unnotched specimen until
break, and because they offer a mean to infer what “customary” material property (moduli,
break properties) to tune and in which direction to achieve an enhanced resistance to crack
growth. Especially, the theories involving dynamic moduli can suggest compromises between
Rolling Resistance (RR) and endurance in tires via the difference of frequency ranges relevant
to each performance. This situation is reminiscent of the known compromise between RR and
grip. And in fact, the analogy goes deeper : the well-known viscoelastic contribution to the
friction coefficient p is equivalent to the viscoelastic contribution in [gissipation (S€€ €.g. our
equation (9)), the role of crack tip singularity in endurance is played by road asperities in grip,
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and the integral over all distances Y from the crack plan is replaced in the grip case by the
integral over asperity sizes and tread band depth.

Though these theories are encouraging, they still suffer of various shortcomings. The most
obvious from a practical standpoint is their inability so far to handle cyclic crack growth : they
have been thought for static crack growth, and their generalizations to the cyclic case is not
straightforward. They also often treat [intrinsic and Wrupre as material constants, although they
are susceptible to vary with strain rate and thus V. Finally, it is highly desirable to now quan-
titatively relate them to the differents fields measurable at the crack tip and reviewed in chapters
2 and 3 (including cavitation and degree of Strain Induced Crystallization). These missing fea-
tures are as many subjects for future researches.
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1. INTRODUCTION

Various instabilities are found during crack propagation in rubber, such as crack rotation, knotty
tearing, crack deviation, stick-slip etc.. The tear rotation or “hammer head” cracking or
sideways occurs in single-edge-notched tension samples (SENT) subjected to a tensile loading
at constant strain rate. The crack can even propagates perpendicular to the standard trajectory,
i.e. in a direction parallel to the applied tensile loading. In the literature such phenomena is
commonly described for Natural rubber under tensile loading and usually explained by its
strain-induced crystallization[1].

In case of amorphous elastomers, crack rotation behavior similar to NR is generally not
observed. Nevertheless, stretched polymer chains at the crack tip can orient and thereby
produce an anisotropic reinforcement[2,3]. This was found out to be reason for a small crack
deviation in SBR filled with carbon black or silica during a crack propagation test usinga SENT
sample specimen[4]. Sideways cracking happens if the crack propagation resistance for forward
direction (Gy) is higher than sideways propagation (Gs). Gent et al.[5] and Lee et al.[6] have
found that the ratio of Gs/Gr is around 40-60% at which the crack turn sideways.

During our study, we actually observed crack rotation for the industrial material (filled
amorphous EPDM elastomer containing oil) during the crack propagation tests using a single
edge notched tensile specimen. Such rotation was not observed with all the samples we studied
that did not contain any oil. Since this was unexpected, we performed some additional work to
understand this phenomenon. Due to time constraints this study is incomplete but some results
are sufficiently interesting to be described this appendix.

2. MATERIALS AND TESTING
2.1 Composition and materials processing

We choose to compare two materials with and without oil. Their formulation is given in Table
1. The material without oil was fabricated at INSA Lyon. Due to the unavailability of
ingredients of sulphur based curing system, we decided to cure the material with peroxide. The
details of their processing is given in Chapter section 2.2. 1_no oil is a material with properties
quite similar to I_oil from which oil has been extracted (so called “I_oil after swelling” sample),
in the low deformation range (below 50% strain).

Ingredients Loi" 1_ho_oil
(Phr) (Phr)

EPDM KELTAN 4450 100 100

N326 100 100

Oil  Parffin  Torilis 40

ZnStearate 45

MBTS 80 1.5

TBzTD 70 2

Soufre 1.5

ZBEC 70 1

Peroxide 3.2

Volume Fraction 24.8% 31.0%

Table 1: Material formulation for model and industrial materials.
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2.2 Differential scanning calorimetry (DSC) analysis

Pyris Diamond Calorimeter (Perkin Elmer, U.S.A) is used for the analysis of phase transitions
in the material. 2 protocols of measurements are used in this chapter.
1% protocol is to measure the Tg by heating the sample from -80°C to 20°C at a temperature
rate of 10°C/min.
2" protocol is to confirm the crystallization phenomena in the material. During this protocol,
the material is cooled down to -20°C at 10°C/min cooling rate, then heated from -20°C to 20°C.
and further cooled back to -20°C at the same rate, where it is kept at an isotherm temperature
for 16hr. After 16hr, the sample is again heated from -20°C to 20°C. The difference in the
heatflux measured during the heating ramp performed immediately after the sample cooling at
-20°C and after maintaining the sample 16hr at -20°C is calculated to evidence any
crystallization in the material. In the case of material 1_no_oil, the protocole is the same except
that the sample is kept at -16°C for 48hr. The difference in the temperature of isothermal
treatment (-16°C instead of -20°C) is equivalent to the difference in Tg of both materials since
both are obtained from the calculation (Tamb + Tg)/2. At this temperature, there is a possibility
of seeing crystallization in the material, if there is any. Such protocols has been successfully
used to study the thermal crystallization of NR [7].

The weight crystallinity ratio Xc , in the matrix (without fillers), can be deduced from

heating scans using the relationship X, = ﬁi%’ where y is the mass fraction of fillers, AH;
—y)+0H]

is the specific melting enthalpy of the sample and AHIP is the specific melting enthalpy for

perfect polyethylene crystal, since the assumption is that only polyethylene segments can
crystallize. It is taken as 290J/g [8,9].

1.1 Swelling: estimation of crosslinking density

Measurements of swelling of a crosslinked material in a good solvent is a useful technique to
obtain the network active chain density (swelling ratio), the degree of crosslinking and the
fraction of chains that do not belong to the elastomer network (soluble fraction). The degree of
swelling depends on the affinity of the solvent and the polymer as well as the average length of
polymer chains between the crosslinking nodes.

The solvent used for swelling is Xylene which is very suitable for EPDM elastomers[10]. The
protocol for swelling experiment is as follows: a sample (3-4 samples for repeatability) with
initial weight M; is introduced into xylene at ambient temperature and let for swelling until it
reaches a swelling equilibrium, i.e. constant mass. After weighing of the swollen sample (mass
M), it is dried in a chamber for 24hrs for the evaporation of the solvent. The partially dry
sample is completely dried in a vacuum chamber at 60°C for another 24hrs, to obtain the final
dry mass M,.

Figure 5: Swelling ratio for the model material F1 as a function of time (days)

The swelling ratio Q and soluble fraction Fs are obtained using:

1 P Ms—M
Q =— =14+ polymer ( s d) (1)
V2 Pxylene Mg

F, = 100.7524 (2)
Where, ppoiymer: Pxylene are the densities of the elastomer and the solvent respectively

(Ppotymer = 0.86, pyyiene = 0.73). When the elastomer is reinforced with carbon black, it
introduces a phase in the materials which cannot be swelled. If we consider that the interaction
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between the filler and elastomer is perfect, the swelling ratio of the elastomer matrix is given
by

Qcomposi e_¢
Qp = +¢t (3)

Where ¢ corresponds to the volume fraction of carbon black in the materials and Q omposite 1S
the swelling ratio of the material.

One can determine the number of elastically effective crosslinks from equilibrium swelling data
by use of the equation of Flory and Rehner,

[In(1=V2)+ Vo +x*VE] )

Vi x(V, /3 ~0.541,)

Vswelling = —

Where vg,ening IS the number of active network chain segments expressed in mols.cm, V;

is the molar volume of the solvent (123.4 cm® / mol for xylene), x is elastomer-solvent
interaction parameter[10] (xxyiene-eppm = 0.49) and V; is the volume fraction of elastomer
network in the swollen material given by equation 1.

2.3 Tensile test

Tensile tests are conducted on an MTS 1/ME machine equipped with 100N load cell. The
nominal stress is defined as a,, = F/S,, where F is the force and So is the initial section of the
sample. In most cases, true stress is used, which is defined as a(t) = F(t)/S(t) where S(t) is
the current section area of the sample. In elastomeric materials whose deformation is isochoric,
the true stress can be defined as a,(1 + €,), where a,, is the nominal stress and ¢, is the

nominal strain defined as €, = i—L(L is the nominal length and AL is the displacement). The
0

nominal strain is obtained using digital image correlation. The strain rate is around 0.002 s.
The sample specimen dimension used for this experiment is shown in Figure 1. The notch in the
Single Edged Notch Tensile (SENT) sample is made by a sharp razor. The notch length is varied
between 0.5-2.5mm. The thickness of the sample is around 1.5mm.

2.3.1 Strain energy release rate

For a tensile strip geometry, the G associated with the propagation of a crack of length c is
2kW(M)c, k being a parameter depending smoothly on A [11,12]. W(X) is the strain energy
density that is calculated from the area under the curve of the stress-strain plot.

A

o 0.5-2.5mm

=
Z
)

=

E i | -
o < >
=

10mm

v

Figure 1: SENT specimen
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3. RESULTS
3.1 Crosslinking density and fraction soluble

The estimated crosslinking density for 1_oil and I_no_oil materials is 1.9x10* mol.cm™ and
3.7x10* mol.cm™ respectively. They have different crosslinking densities because the two
materials are crosslinked using 2 system of vulcanization and because one material is
crosslinked in presence of oil, which swell the polymer chains, thus reducing the entagelement
density. The soluble fraction for |_oil and |_no_oil after 45 days of swelling is 17.6% and 1.9%
respectively. The introduced mass fraction of oil in I_oil is around 15.9%. The difference may
be due to the extraction of polymer chains that does not take part in crosslinking, and to residual
products of the vulcanization recipe.

3.2 DSC analysis

The Table 2 shows the Tg of the materials before and after swelling tests, along with the Tg of

the oil, EPDM elastomer, and EPDM elastomer with oil. The oil is miscible in the matrix, since

the difference in the Tg between the material with and without oil can be explained based on

on flory-fox equation (Ti = WeTpﬂ+% For EPDM with oil: w,,gmand wy,;; is 0.728 and
g g1 g2

0.272, Tg is -56.5). These Tg values are confirmed by DSC (cf Figure 2)

Table 2: Tg for various materials

Materials Name Tg (°C)
| oil -55.9
I no oil -52.4
|_oil_after swelling -51.9
| _no_oil after swelling -52.7
Qil -68.3
EPDM pure -51.7
EPDM with oil -56.1

Figure 3 shows that the material 1_oil seems to have a slightly higher tendency for thermal
crystallization than I_no oil (for which crystallization should be confirmed). If the material is
kept 16hs at -20°C, X, in |_oil can reach 0.22% (for 1_no_oil 0.02% is measured which is in
the error bar). When the % content of polyethylene (PE) is high (>65%)[10], EPDM is semi
crystalline. The EPDM Keltan 4450 used here only contains 52% of PE in it, which implies it
is an amorphous elastomer. Here, compared to a semi crystalline EPDM (X, is around 10%)[8],
the crystallinity ratio is negligible.

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LYSEI015/these.pdf
© [M. Kallungal Abdul Jaleel], [2022], INSA Lyon, tous droits réservés



APPENDIX 2 = 227

1.00

— Lail
— I no_oil

0.75

0.50

0.25 1

0.00

Specific Heat (J/g°C)

—0.75

—1.00 T
=70 —065 =60 =55 =50 —45

Temperature (°C)

Figure 2: DSC curves for |_oil and I_no_oil
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Figure 3: Difference in specific heat measured as function of Temperature when doing a ramp
at 10°/min for samples maintained Omin, and 16h at -20°C(for I_oil) and 48h at -16°C (for 1_no
oil) at -20°C (for I_oil) and -16°C (for |_no oil) .
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3.3 Mechanical properties

20
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Figure 4: a) representative Stress-strain curve for |_oil, |_oil_after_swelling, 1_no_oil using
an unnotched tensile strip specimen.

Figure 4 shows the mechanical properties of the material |I_oil before and after swelling. The
strain at break is 283%+24% and 253%+12% for | _oil and for “I_oil after swelling”
respectively. The difference in the stress-strain curve is coherent with the literature[13,14].
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3.4 Crack propagation
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Figure 5: a) Stress-strain curve for |_oil using a SENT specimen. The notch length is
mentioned in the legend. b) and c) corresponds to the crack rotating sideways during the test
for the SENT sample with notch 3.1mm and 1.5mm respectively.
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Figure 6: a) & b) Stress-strain curve of SENT sample with 2 notch sizes for I_no_oil and for
|_oil after swelling respectively. The inset picture shows the crack propagation path during
and after the rupture
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Figure 5 presents the results of crack propagation test using SENT samples with different notch
sizes for the materials |_oil. The notched samples breaks at a strain range of 180-250%. (Note
that the sample with notch size 3.1mm slips in the clamps at the end of the tensile tests). The
images in Figure 5b and 45c are taken during the crack propagation test. These figures clearly
show that crack rotates at 90° and continue propagating in the direction of the applied strain.
The material is ruptured by crack reaching the head of the tensile specimen as shown in figure
5c. There is no catastrophic crack growth during the test. When the oil is removed partially
from the material, there is still a certain degree of crack deviation. The crack rotates less than
50° during the propagation. When the material initially contains no oil at all, as in the case of
the material 1_no_oil, there is no crack rotation (Figure 6a). The crack propagates perpendicular
to the applied stress direction.

We calculated G when the crack starts to propagate, for these material (from only two
specimen for 1_oil_after swelling and 1_no_oil ). It is found 4.35+1.7kJ/m?, 4.6+0.3kJ/m?, and
1.8+0.2 kd/m?for I_oil, |_oil after swelling and 1_no_oil respectively. The value is lower for
I_no oil compared to |_oil after swelling because the crack starts to propagate from the notch
at a much lower strain (I_oil_after_swelling: 53% strain, I_no_oil: 22% strain) .

3.5 SEM analysis

30 pm EHT= 1.00kV Signal A= SE2 Scan Speed =9 10 pym EHT= 1.00kV Signal A= SE2 Scan Speed =9
WD= 4.5mm Mag= 158X Image Pixel Size = 705.1 nm - WD= 4.6 mm Mag= 534X

Image Pixel Size = 208.9 nm

Figure 7: a) SEM image of the crack propagation from the crack notch, b) magnified image of
the surface just after the crack notch

SEM images shows there are striations just at the beginning of the crack propagation for I_oil .
The striations might be due to the breakage of ligaments formed at the crack tip, similar to the
phenomena observed for NR during the crack propagation[15]. No comparison have been made
with the other materials.

4. DISCUSSION

A crack deviation occurs at the crack tip when there is a presence of crystallization[1,3,16] or
anisotropy resistance due to orientation of the polymer chains at the crack tip [4,17]. Oil can
facilitate the chain mobility (as shown by the Tg decrease) and their orientation in the tensile
direction. Studies have also shown oil can influence the crystallization kinetics (faster) by
changing the polymer chain mobility like in the study by Qin et. al[18] in PLA matrix with
essential oil. Oil facilitate crack rotation in our filled amorphous EPDM. Initial hypothesis is
that this phenomena can be attributed to the increased chain mobility at the crack tip. Due to
the high orientation of polymer chains in the presence of oil, there can be certain degree of
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crystallization. However, this hypothesis is yet to be confirmed using microfocused WAXS
measurement. Without oil, crack propagation direction has no deviation.
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