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Introduction

The present thesis describes the developments of experimental methodologies to char-
acterize and quantify the dissipated energy during the debonding of an interface be-
tween an elastomer and a rigid solid. This problem concerns a wide range of applica-
tions in the industry and multiple scientific interests from various domains. Here, the
work focuses on the crack growth between a natural rubber reinforced by black carbon
and a brass-coated steel wire cord. The metal reinforcement-rubber composite can
be found in numerous applications, from car or air plane tires to conveyor belts. To
ensure the structural integrity of the system, the adhesion between the reinforcement
and the rubber must withstand the loads during the lifetime of the product. Exten-
sion of life, environment-friendly processes, and recycling obligations motivate new
developments of elastomer material. To support these researches, an adherence test
proposed recently by [Kane, 2020] is improved to understand and quantify the differ-
ent dissipation sources. The objective of the thesis is to propose novel methodologies

to characterize the resistance to crack growth of an elastomer-rigid interface.

The first chapter presents in detail the problem of elastomer-rigid fracture, applied
to the case of rubber and brass-coated wire. Then, different observations and theo-
ries are presented to shed some insights on the dissipation mechanisms during crack
growth at an interface between a soft and a rigid solid. Different classical adherence
tests are presented, with the studied test in the end, the Rubber Cord Adhesion Infla-

tion Test.

The second chapter presents our approach to the development of the test and orga-
nize the different scientific productions around our objective. The subsequent chap-
ters (3 to 6) are reviewed and published articles, occasioning some repetitions and dif-

ferent notations.

The third chapter focuses on the development of metrology based on marker fol-
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lowing. The goal is to control the validity of the kinematic predicted by an analytical
model and identify the model directly from the experiment. Then, a more pragmatic
approach based on a graphical analysis of experimental curves is proposed. The two
approaches, based on different measures of the same series of tests, give the same re-
sult, proving the robustness of the RCAIT.

The fourth chapter presents a numerical analysis of crack onset and growth during
a RCAIT experiment. The specific loading condition needs a numerical development
based on cohesive zone modeling to tackle the instability in pressure. The analysis of
the result further validates the steady-state crack growth hypothesis and highlights the
difference between the strain-stress path during the onset regime and the propagation
regime.

The fifth chapter tackles an experimental problem with experimental, analytical,
and numerical developments. The friction effect between the specimen and the con-
finement can modify the crack onset regime in case of poor lubrication. The phe-
nomenon agrees with an analytical model based on Coulomb friction and follows a
scaling law with the Coulomb friction coefficient. The lubrication condition does not
affect the crack propagation regime, confirmed by the finite element model, thanks to
the initial gap between the specimen and the confinement tube.

The sixth chapter extends the RCAIT to mixed mode loading conditions. The ana-
lytical framework to compute the dissipated energy is developed and applied to a series
of tests. The experiments show a dependence on the mixed load condition and a small
numerical study advocates the influence of the macroscopic loading condition on the
crack tip morphology.

The seventh chapter aims to inhibit the contribution of the Mullins effect (rate-
independent hysteresis found in filled elastomer) from dissipation during interface
crack growth. A novel methodology is presented and shows a diminution of the dis-
sipated energy with the increase of softening. A hybrid numerical-analytical model is
proposed to predict the interfacial fracture energy dependence on softening.

The eighth chapter presents the creep fracture test to study the interface crack
growth at low and very low crack velocities. The evolution of the critical strain energy
release rate with the crack velocity could indicate a viscous dissipation.

Finally, the conclusion and perspective of the present work ends the manuscript.



Bibliographic introduction

to the problem

The first chapter presents the industrial and scientific context of the present work.

1.1 Industrial application

The outstanding properties of rubbers are of great interest in multiple industrial fields.
Those materials are often bonded on or in between substrates of different material
to create assemblies or composites. Even if the first goal is not structural bonding,
the interface between the two materials must be strong enough to ensure interface

integrity in normal working conditions throughout the system’s entire lifetime.

1.1.1 Cord reinforced rubber composites

Rubber reinforced by cords is a common composite used in the industry for its damp-
ing properties, high friction, or high compliance. For instance, the reinforced rubber
material can be found in air-spring [Torggler et al., 2023], car tire [Kane, 2020], trans-
mission belt [Valantin, 2014], conveyor belt or piping (example of reinforcement illus-
trated in fig. 1.1). In the tire, the role of the reinforcement is to enhance the rigidity
while keeping the damping properties. It is a balance between good road traction and
damping of small road imperfections and fatigue resistance. If the rubber de-bonds
from the reinforcement, the structural integrity of the tire is no longer guaranteed.
Hence, the rubber-reinforcement adhesion must resist throughout the life of the prod-
uct, under mechanical loadings and environment (temperature, humidity).

The studied system for this application is carbon black filled natural rubber bonded

to a brass-coated steel wire. The steel wire is cold drawn, then coated with brass be-
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Figure 1.1: Cross-section of a rubber composite applied to a) air spring [Torggler et al.,
2023] b) car tire [Kim et al., 2019].

fore a last wet drawn. Previous tests were conducted on the whole tire assembly, with
a peel-like load on the plies. However, the test does not measure local adherence
property but the global structural strength of the tire. Recent problems of material
recycling and environment-friendly processes[Sarkar and Bhowmick, 2018] motivate
the research for an improvement, or substitute, to the rubber materials in tires. This
problem motivates the need for a better understanding of interface failure between
elastomer and rigid reinforcement, with an emphasis on delayed fracture and ageing.
The goal of this research is to enhance and develop experiments and methodologies to
characterize the intrinsic adherence of an elastomer reinforcement and support new

material research and developments.

1.1.2 Carbon black reinforced natural rubber

The studied rubber material is based on natural latex, constituted of polyisoprene chain
[Vilgis et al., 2009] (chain in fig. 1.2). To form rubber, the latex is vulcanized': a
cross-linking reaction occurs between a sulphur addition and the polymer to create a
macromolecular network [Akiba and Hashim, 1997, Coran, 2003]. The process involves
high temperature and pressure. After the reaction, the liquid-like latex becomes an
amorphous solid thanks to the created covalent connection between polymer chains
[Treloar, 1975] (network in fig. 1.2). The chains are linked together and stay entangled.
The cross-linking reaction must be precisely controlled, by adding either retardant or
accelerator, to get the desired macromolecular architecture and material homogeneity
[Coran, 2003]. The morphology of the network involves the type of sulphur connection,

the length of the polymer chains, and the distance between bridges that determine the

1Other cross-linking system exist...
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material macroscopic properties [Coran, 2003]. The rubber material is typically used

in the rubbery state, above the glass transition temperature.

Bounded
rubber

Free

rubber

Connecting
filament

Figure 1.2: Constituents of the natural rubber reinforced by carbon black with their
respective scales (adapted from [Heidenreich et al., 1968, Vilgis et al., 2009, Gabriel
et al., 2016, Takenaka, 2012]).

At ambient temperature, the polymer network of rubber stretches up to 400% un-
der stress while recovering the deformation almost entirely. This exceptional behav-
ior is attributed principally to the motion of polymer chains [Treloar, 1975]. Without
stress, the polymer chain is a flexible random coil with a random angle between each
monomer. The effective length of the chain can be described by statistical mechanic
models [de Gennes, 1979]. Then when mechanically loaded, the polymer rearranges
itself to a straight chain, therefore varying the entropy of the system [Meyer and Ferri,
1935] (also a relatively minor temperature change [Anthony et al., 1942]). At the net-
work scale, the total recovery of the initial state requires an interlocking of molecules,
enforced by the cross-linking [Treloar, 1975].

At a larger scale, carbon black reinforces the polymer network. The carbon black
particle is an onion-like structure of carbon plates [Heidenreich et al., 1968] (particle
in fig. 1.2). The particle exists only in aggregates and agglomerates. The rubber bonds
to the carbon black with strong covalent bonds that surrounds the agglomerate. The
typical size of the polymer coil is at the same scale that the particles, resulting in an
interaction in-between [Vilgis et al., 2009]. The interphase between the carbon black
and the rubber consists of a layer of low mobility rubber bounded to the carbon black

surface [Vilgis et al., 2009, Dannenberg, 1975]. Filaments of bounded rubber can link
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two aggregates, constraining the chains during elongation [Dannenberg, 1975] (see fig.
1.2). [Takenaka, 2012] measures the local difference of viscous moduli between the
two rubber phases, traducing the chain mobility heterogeneity at the reinforcement
scale. Other additives can modify the mechanical response of the material (addition of

plasticizer to ease the manufacturing) or aging resistance (protection agents).

The typical consequence of the addition of filler is an increasing strength (to a limit)
and a rate-independent like hysteresis, known as softening or Mullins effect [Bouasse
and Carriere, 1903, Mullins, 1948]. At a macroscopic scale, the rubber presents a highly
non-linear behavior illustrated on a multi-level cyclic tensile test in Fig. 1.3. The largest
hysteresis corresponds to the Mullins effect: the material softens for a given stress after
the unloading and subsequent loading. If the stress level exceed the previous maxi-
mum stress, we retrieve the elastic behavior. The softening also modifies the initial ma-
terial isotropy and creates directional anisotropy along the loading direction [Machado
et al., 2012, Denora and Marano, 2024]. The smaller hysteresis comes from other phe-
nomena such as material viscosity or strain-induced crystallization. The physical ori-
gin of the Mullins effect is still debatable in the literature [Denora and Marano, 2024].
The origin is imputed on matrix-filler de-bonding, chain breakage [Clough et al., 2016],
and the interaction between bounded and free rubber or molecular slippage in con-
necting filaments [Dannenberg, 1975]. The softening is partially recoverable after a
certain time, accelerated by temperature or swelling by a solvent [Mullins, 1948, Diani

et al., 2009, Denora and Marano, 2024].

— — T 1
L] S— & = 1%/s simple load ]
r —— &= 1%/s cyclic load -
E 10 | l/,,ll’ -
= | g ]
s |
E -
5F 7 ]
0 r 5 . X N 1 N N N " 1 L
0 100 200
Def [%]

Figure 1.3: Evolution of nominal stress with true strain of in a cyclic tension test result
on a black carbon reinforced rubber.
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1.1.3 Rubber to brass adhesion

The vulcanization and brass-rubber bonding happen during the same manufacturing
process. The brass coating on the metal wire also creates a dendritic copper sulphide
structure with the rubber (see fig. 1.4). As the reaction occurs inside the rubber during
the process, the rubber and the dendrites are interlocked. It is supposed that a part
of the sulphur from the rubber creates covalent bonds on one side with the polymer
network and on the other side with the copper from the brass coating [van Ooij et al.,
2009, Crowther, 2001, Ozawa and Mase, 2016]. The dendrite size (500nm) exists at the
same scale as the rubber network (see fig. 1.2). Hence, the rubber and dendrites inter-
act as a mechanical interlocking, participating in the macroscopic adhesion [van Ooij,
1984]. The adhesion strength between each metallic layer is of most importance. The
sulphide type and dendrite morphology are dependent on rubber formulation (sul-

phur percentage, accelerator, additives such as cobalt...) [Crowther, 2001].

Rubber

33 thickness
£ SRS
ol SU O WANT- LY XN a,,CuxS/ZnS - 500A
o RO Moo e B SiBocofdorfA% 2 Hoo B0l _CuyS 204
~ZnS 50A
Zn0 100A

CuZn

— - —— e — . =

Figure 1.4: Structure of the rubber - brass interface after vulcanization (extracted from
[van Ooij, 1984])

The aging of the interface formed between the rubber and the brass is caused by
cathodic corrosion, accelerated by water [van Ooij, 1984]. The corrosion forms a zinc
oxide layer and weakens the interfacial strength (fig. 1.5). The rubber matrix is sup-
posed to prevent the water from coming into contact with the interface, but can only
slow down the process. Practically, the cord can come directly into contact with water

in the case of a nail piercing through the tire plies.
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Ag . /mbber-. I
thade PSP CuxS ~— |
° _,=.?z'pg+ /wit!'lZn
zn2r R @ H—zno [
anode —p s R sE
Zn—eZn2t + 2@
— CuZn—

Figure 1.5: Effect of ageing condition on the ageing of the rubber-brass interface (ex-
tracted from [van Ooij, 1984])

1.2 Rubber behaviour modelling

1.2.1 Finite strain formulation

To define a constitutive model, we must verify the objectivity condition. The response
must be independent of the coordinate system and rigid body motions [Holzapfel,
2000, Lemaitre et al., 2020]. Considering the transformation of a vector from initial
configuration X to a deformed configuration ¥, the deformation gradient is defined as
F = 0%/0X. The polar decomposition of F allows the separation of deformation com-

ponents from the rigid body rotation R:
F=RU=V.R (1.1)

with U and V the right and left pure deformation tensors. Two subsequent deforma-
tion metrics are derived from the pure deformation tensors, either in the reference

configuration (eq. 1.2) or deformed configuration (eq. 1.3).

Il
!
H
bl
|
S
NS

C (1.2)

B=FF' =v? (1.3)

B is the Cauchy-Green left tensor and C is the Cauchy-Green right tensor.

The formulation of the mechanical behavior model must respect the objectivity
principle. The resulting strain energy density w(F) must be independent of any rigid
body displacement or rotation Q [Lemaitre et al., 2020]. Hence, the behavior uses a
deformation metric based on the polar decomposition of F. Most strain potentials are
either defined by the principal stretch A; or by the invariant of B defined in eq. 1.4. The

principal stretches A; can be computed as the square root of the eigenvalues of B or
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the eigenvalues of V. In the following, only the invariant base potential is presented.

The invariant I3(B) (or J(F)) concerns the volume variation.
h=uB and L=; ((trlj) _trB ) and I; = detB (1.4)

The equivalence between the invariant of B and C is retrieved in the case of isotropic
materials, only case of interest in the following.
The hyperelastic strain energy density W definition is derived from the Helmotz
free energy y:
poy¥ = w(EF) =wp(B) =W (1.5)

with po the material density in the reference configuration. Introducing the invariant

of B as deformation metric, the hyperelastic strain energy density adopts the form :
1
W=W(11,Iz)—50h(13—1) (1.6)

with o, the hydrostatic pressure, a Lagrangian multiplier to enforce the isochoric de-
formation condition in analytical solutions. Then, the Cauchy stress is derived from
the hyperelastic potential by the equation 1.7 assuming an isochoric deformation (I3 =
1) [Lemaitre et al., 2020].

de ow 6[1 ow 612
=2 B+2——=B-0;1 (1.7)

7% 5B Lo 0L 0B “oL 0B

By using the principal stretches A, it simplifies to:

A ow (1.8)
og;=Ai——0 .

i i F) /11' h

Employing a deformation metric in reference or intermediate configuration would lead
to other stress metrics such as first and second Piola-Kirchhoff stress tensors [Lemaitre

et al., 2020].

1.2.2 Strain potentials

Various strain potentials based on hyperelasticity exist to describe the non-linear elas-
tic behavior of an elastomer [Marckmann and Verron, 2006]. Some simple forms based
on invariants are in the table 1.1.

The strain potentials are either phenomenological or physically based [Marckmann
and Verron, 2006]. The Mooney-Rivlin expansion potential [Rivlin and Rideal, 1948]

is based solely on mathematical consideration. Meanwhile, the material parameter
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Neo-Hookean: L (I; —3)

W= >
i : - b _5]"_
Generalized Neo-Hookean: W = >h { [1 + 4 (I 3)] 1}
W= Y cpunli =3)"" 2 -3)"
,n

Mooney-Rivlin:
m

1 1
Exp-Ln: W =A|—-exp(a(/;-3))+b(; -2)(1-In(/; -2))——-b
a a

Table 1.1: Some strain potentials with the material parameters in bold.

u from the Neo-Hookean model can be defined by v,k T ? based on the Gaussian
deployment of the polymer chains[Treloar, 1943]. Nonetheless, it is limited to small
to moderate strain because the strain stiffening visible in rubber is not modeled. The
Generalized Neo-Hookean can model the large strain stiffening [Qi et al., 2018]. An
alternative is the Exp-Ln model [Khajehsaeid et al., 2013] that models accurately both
the moderate and large strain. This potential gave good results [Kane et al., 2021] and

is used in the rest of the work.

1.2.3 Mullins Dissipation

The various energy dissipation observed during the cyclic loading of rubber are possi-
ble sources of dissipation during crack growth. It is necessary to model this behavior
for a qualitative partitioning of the dissipative mechanism during the rubber interface
fracture. Here, we focus only on the softening modeling. The other dissipations are not
the focus of the developments.

The hysteresis observable only on the first loading cycle corresponds to a softening
of the material. To model the increase of compliance, multiple paradigms exist in the
literature [Diani et al., 2009]. The pseudo-elastic approach proposed by [Ogden and
Roxburgh, 1999] proposes to alter the strain energy potential W by a factor n. This
simple approach is readily available in commercial finite element code Abaqus and is

chosen for the present work. The modified strain energy should be rewritten as follow

W (I, I,n) =W (11, ) + (1) (1.9)

n remains equal to 1 during initial loading and decrease to 1, during unloading. The

2y, is the number of chains, T the absolute temperature and x g the Boltzmann constant
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original formulation [Ogden and Roxburgh, 1999] for n is :

(1.10)

1 Wnax—W
nzl——erf( max )
r

m+:6Wmax

with m, §, and r the material parameters and W,,,, the maximum strain energy ex-
perienced by the material. Under uniaxial loading, the prediction can reproduce the
rubber material’s cyclic behavior. To introduce an induced anisotropy and a residual
strain, [Dorfmann and Ogden, 2004] later added a secondary strain potential that acti-
vates during unloading and leaves a residual strain.

A second approach treats the softening as a damage mechanism such as (1- D)W
[Diani et al., 2015]. A further extension to a directional dependence is proposed to
model an induced anisotropy [Diani et al., 2015, Machado et al., 2014]. [Diani et al.,
2015] notes that a directional model can naturally reproduce the residual strain. Be-
sides, [Cantournet et al., 2009] relies upon a molecular slippage origin of the Mullins
effect to build a constitutive law of hysteresis and stress decrease under multiple cycles.

The pseudo-elastic approach of [Ogden and Roxburgh, 1999] does not respect the
energy conservation law of the thermodynamic, but can be adapted [Qi et al., 2018].
The damage approach is built in the thermodynamic framework [Diani et al., 2015].
The choice of history parameter (v2W,W, I, I,...) used by the variable to alter the
elastic strain potential could be disregarded on uniaxial loading. However, particular
attention is necessary to predict correctly a multiaxial loading [Machado et al., 2012].

Other dissipations are responsible for the smaller hysteresis in figure 1.3 are typi-
cally modeled based on time-dependent behavior, and remain out of the scope of the

present work.

1.3 Fracture of soft-rigid interface

The fracture of the interface involves the failure of the interface itself, failure of the
interphase, or failure of the bulk. In all cases, the bonded materials dissipate energy.
Here, we focus on bonding, an irreversible case of adhesion, and adherence energy,
developed during the failure of such bonding. [Griffith and Taylor, 1921] propose an
energetic argument to describe the propagation of a crack. The strain energy release
rate (SERR) metric G is introduced as the dissipation D necessary to create a new sur-

face S. In an elastic system that can store energy, the dissipation D is equal to the
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release of potential energy E,; and exterior work provided to the system Wy:

oD _ a(Eel - Wext)

G=-%5 7 S

(1.11)

The condition of crack propagation is met when G reaches a critical value noted G¢.
The critical strain energy release rate G¢ is often presented as an intrinsic mechanical
property of a material or an interface. The concept of SERR permits the reduction of
the effect of geometry or loading condition, as an intrinsic material property to qualify
the resistance to crack growth of a solid. The following discussion is limited to rubber-
like material and crack growth. Crack onset and toughness measurement are not in the
scope of the work. To clarify the notation, we chose to mark the SERR at G (possible
or potential or available SERR) and the SERR value leading to crack propagation G¢.

Some authors mark the critical SERR value I'" instead of Gc¢.

1.3.1 Crack growth in a soft solid

As a first step to understanding the origin of dissipation during crack growth at the in-
terface, we discard the interface to focus only on the soft solid crack. The literature
is prolific on crack growth and the subsequent section gives a non-exhaustive listing
of possible dissipation. The selected behavior will provide only the necessary under-

standing for our study.

Experimental observations

The fracture behavior of soft material has been an extensive research field since the
first study of [Rivlin and Thomas, 1953]. The resulting strain energy release rate was re-
ported much higher than the theoretical energy. The fracture, when creating a new sur-
face, is supposed to correspond to the energy dissipated by the breakage of the polymer
chains. It corresponds to a dissipation typically around 103 to 10~2J/m?, much lower
than typical G values observed on rubber reaching 1 to 10kJ/m? [Rivlin and Thomas,
1953]. Therefore, other mechanisms than purely the chain breakage are dissipating
during crack growth, related to the dissipative macroscopic behavior of the material.
[Knauss, 1973] reported a significant variation of G¢ with crack velocity and tem-
perature, correlated to the glass transition of the material. This is typical of viscous
dissipation during crack growth [Persson et al., 2005, Creton and Ciccotti, 2016] lead-

ing to higher dissipation at high crack velocity and/or low temperature. [Qi et al., 2024]
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were able to compute the dissipated energy during crack growth of a viscous solid at
large strain. On the other hand, an initial loading of the rubber material decreases
the global dissipation. This decrease corresponds to a decrease of Mullins dissipation
available for dissipation during crack growth [Roucou et al., 2020, Roucou, 2020, Qi
etal., 2018, Diani et al., 2015, Mai et al., 2021].

At the scale of the local dissipation and processes of fracture, [Slootman et al., 2020]
observe the chain breakage at the crack tip in dual network hydrogels, revealing a dif-
fuse damage zone not limited to the direct vicinity of the crack. In the case of filled
rubber, [Xiang et al., 2022] observes both cavitation and crystallization at the crack tip,

varying with the filler ratio.

Fracture process modelling

A crack in an elastic (or hyperelastic) solid is a material discontinuity. It also creates
a discontinuity of displacement and stress fields but also singular stress fields in the
vicinity of the crack tip [Lemaitre et al., 2020]. The asymptotic stress distribution has
no physical meaning but can be regularized in a region called the process zone, where
a failure process (damage, cleavage, crazing, cavitation) occurs to propagate the crack
surface.

Using a global energetic approach with the SERR, [Griffith and Taylor, 1921] permits
us to circumvent the problem. In case of dissipation occurring both in the process zone
and in a larger region of the material, the global SERR G is related to the process zone
dissipation Gy and the outer dissipation Gp by a sum [de Gennes, 1996].

Local treatment of this non-linear region uses the cohesive zone modeling (CZM)
approach based on the pioneering work of [Dugdale, 1960] and [Barenblatt, 1962]. The
CZM allows us to model both the crack onset and propagation by introducing a critical
stress and a critical SERR, with an implicit process zone length, in a plane of the solid
continuum. Various traction-separation shapes exist [Alfano, 2006], the most common
being the triangular law. A natural extension of this approach is the phase-field frac-
ture, where the regularization is no longer restricted to the crack surface. The process

zone region becomes diffuse inside the solid [Talamini et al., 2018].

Viscous dissipation modelling

The modeling of a steady-state crack growth in a small-strain visco-elastic solid has

been an extended research field since the work of [Knauss, 1973]. Multiple approaches
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emerged with purely global [de Gennes, 1996] or with local approach [Hui et al., 2022].
[Kroon, 2011] studies the extension to visco-hyperelasticity. The majority of these works
can be resumed as an increasing global SERR with an increasing crack velocity. Fur-
thermore, the additive decomposition G = Gy + Gp leads to a multiplicative depen-
dence between G and Gy [de Gennes, 1996].

Mullins dissipation modelling

The recent studies [Zhang et al., 2015, Long and Hui, 2016, Qi et al., 2018] on the crack
growth in hydrogel use the Mullins effect to model their exceptional SERR. [Qi et al.,
2018] proposes a model for the steady-state crack growth with a Neo-Hookean solid
with a pseudo-elasticity based on [Ogden and Roxburgh, 1999] and a cohesive zone.
The model is consistent with the thermodynamic framework, unlike the earlier work of
[Zhangetal., 2015] on the same solid based on empirical consideration. [Qietal., 2018]
choses an additive separation of the global G between the cohesive zone contribution
Go and the material hysteresis contribution Gp. A result is the diminution of G with
the pre-softening, as part of the possible dissipated energy was already used during
the pre-softening step (see fig. 1.6). Furthermore, the additive decomposition ends up
in a multiplicative relation between the G and Gy as Gp is dependent on Gy (similar to

the viscous dissipation during crack growth).

!

I i H
X, =+ 1 Ao Ay
Figure 1.6: Crack growth in a elastomer softened up to Wy. / Apre. Repartition of the
dissipative region (in green Wy, ,x > Wp;.) in a) and the available hysteresis dissipation

U, of material points A from the green region when loaded-unloaded by the passing
crack growth b) (extracted from [Qi et al., 2018]).

It should be noted that the anisotropy induced by softening [Diani et al., 2009] has

not yet been accounted for in these different analyses and modeling. Furthermore,
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the recovery is not addressed as those works focus on quasi-static crack growth, not

delayed crack growth.

1.3.2 Crack growth at a soft - rigid solid interface

In this work, the focus is on the interface between a deformable solid and a rigid sub-
strate. In the rubber cord case, the hypothesis of rigidity is based on the difference of
moduli between the metal cord and the rubber and that the chosen test induces negli-
gible strain in the substrate. The simplification eases the analysis and permits to focus

only on the soft solid dissipation.

Experimental observations

With a dissimilar material interface, the crack growth shape becomes dependent on
the macroscopic loading conditions, introducing the concept of crack mode. In figure
1.7, the global deformation and crack opening profile are different depending on the
load condition. The opening mode in Fig. 1.7b shows a large crack blunted crack.
The negative shear mode in Fig. 1.7 results in a sharp crack while a negative shear
mode in Fig. 1.7c gives a very wide opening [Liechti and Wu, 2001]. The modification
of the fields around the crack tips results in a different global dissipation [Cook et al.,
1997, Liechti and Wu, 2001, Liechti et al., 1989, Neggers et al., 2015].

c)

a)

Figure 1.7: Rubber interface crack growth under a) negative shear b) opening and c)
positive shear mode (adapted from [Liechti and Wu, 2001])

Different mechanisms are observed in the vicinity of the crack during propagation.
Firstly, if the fracture is cohesive with a substantial elastomer residue, the damage pro-
cess should share similarities with bulk crack growth. Secondly, if the fracture is ad-
hesive with a surface with little to no rubber residue, other damage processes could

appear such as fibrillation [Neggers et al., 2015] (see fig. 1.8).
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Rubber

fibri

Copper

Figure 1.8: Fibrillation mechanism (left) and observation (right) in the process zone
during an interface crack growth between silicone rubber and a copper substrate (ex-
tracted from [Neggers et al., 2015]).

Fracture process modelling

Multiple authors in the literature use the cohesive zone approach to model the inter-
face crack growth [Neggers et al., 2015, Liechti and Wu, 2001, Meng and Chang, 2020,
Mukherjee et al., 2016, Yang et al., 2020, van den Bosch et al., 2008, Elziere, 2016, Cao
et al., 2016, Gilormini and Diani, 2015, Pandey et al., 2020]. The main difference with
the application in homogenous solid is the addition of a mode-mixity dependence.
The dissipated energy G is separated in the opening G; and shear components Gy;.
The deformed shape of the process zone can correspond to the apparent fibrillation
region [Liechti and Wu, 2001], visible in figure 1.7 when accounting for both CZM and
material dissipation. Nonetheless, [Neggers et al., 2015] notes that the cohesive zone
overestimates the size of fibrillation when it is considered that the CZM concentrates
all dissipated energy during the crack propagation process. Hence, the CZM approach,
GgZM

while respecting the balance of energy during crack growth G¢ = , is not neces-

sarily enough to model the process zone shape.

Viscous dissipation modelling

The previous visco-elastic modeling of crack growth in solid is still applicable to in-
terface supposing small-strain, leading to similar conclusion [de Gennes, 1996]. With
numerical modeling, [Liechti and Wu, 2001] successfully reproduced the interface frac-
ture both on dissipation and strain field based on a viscous mode mixed CZM and
viscous material, proving the viability of an approach combining CZM and material

dissipation.
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1.4 Mechanical tests

1.4.1 Behaviour tests

To characterize the intrinsic mechanical behaviour of a material, the structure effect

must be discarded by applying a homogenous strain field.

Uniaxial tension

The transformation gradient F and the left Cauchy-Green strain tensor B for a uniaxial
load along X corresponds to the eq. 1.12. The resulting invariant of B are IF = 12 +217!

and If =21+ A72. Then, applying eq. 1.8 with a strain potential gives the stress tensor.

A0 0 A2 0 0
F=|0 A2 ¢ and B=|0 A1 0 (1.12)
0o o0 A2 0 o0 Al

Thick-walled rubber tube inflation

The inflation of a thick-walled rubber cylinder can be fully described with an analytical
model. The first solution is proposed by [Skala, 1970] to study the inflation of the rub-
ber model. Assuming the hypothesis of axisymmetry and incompressibility, equations
are proposed to model the free inflation of a thick-walled rubber cylinder tests with a
Neo-Hookean and a Mooney strain potential. The main difference between thin and
thick-walled cylinder inflation is the radial distribution of strain, typically neglected
for a thin-walled cylinder. The choice of potential influences directly the predicted
kinematic of inflation and the finite strain instability in pressure [Skala, 1970].

[Holzapfel et al., 2001] generalizes the framework to inflation, tension, and tor-
sion load. Furthermore, the derived model can include layered cylinder wall mate-
rials, anisotropy, and pre-stress (fig. 1.9). The application is the inflation of arterial
[Holzapfel, 2004, Schulze-Bauer et al., 2002].

In the following, the analytical model allows the computation of the stored strain
energy during the adherence test [Kane et al., 2019]. The equations of the model cor-
respond to the original development of [Skala, 1970] with the addition of a confined
inflation boundary condition.

The material’s assumptions are hyperelasticity and incompressibility 1,1g1, = 1.

The deformation is supposed axisymmetric, thus the coordinates are cylindrical 70Z.
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Reference o t
configuration [‘urr ent A
(stress-free) configuration A M,
X = XI"ES e Xp
r~— Ry

bi

a

of
!
{

Xres

Load-free

configuration
é My =0.0

Figure 1.9: Pre-stressed thick walled tube under combined inflation, tension and tor-
sion (extracted from [Holzapfel et al., 2001])

The axial elongation A, is supposed constant along z. The radial and circumferential

stretches vary along the radius. The stretches are defined in eq. 1.13.

dr
Ar=— 0
" dR .
F= 0 Ag=— 0 (1.13)
R z
0 O A’Z = z
Combining the definition of A, and Ay gives :
dAy
Ar=R——+A1 1.14
r dR +Ag ( )
Then the incompressibility conditions gives
dR da
R Ll (1.15)
R AG— Azt



1.4. MECHANICAL TESTS 19

The last equation can be integrated to give :
Ag=2A7"+(cRH™! (1.16)

with ¢ being the integration constant (computed later with the boundary conditions).
Note that A, is treated as a constant during integration. To use the deformed radius r

rather than the initial radius R as control parameter, the eq. and the definition of Ag

r=1/R*/A;+c! (1.17)

Then eq. 1.16 is rearranged with the eq. 1.17 to give explicit forms of the circumferen-

tial stretch:

are combined to give :

1 cr?
As(r)=— 1.18
o(1) 1 lezo1 ] (1.18)
And similarly for the radial stretch :
1 [er?-1
AF(r)=— 1.19
(1) 1| o2 ] (1.19)

Those two last equations are continuity equations for isochoric and radially-symmetric
large deformations [Skala, 1970]. Then, to accommodate any strain potential form, we
continue with the development presented in [Kane et al., 2021] based on a numerical
computation of the solution. The model varies the inner radius of the tube and com-
putes the stresses and the stretches based on the boundary conditions. In both cases,
the tube is supposed to be closed at both ends and the inner radius radial stress is equal
to the inflation pressure. The unconfined cases give the condition of a free surface on
the external radius (Unconfined Inflation Solution UIS). The confined cases fix the ex-
ternal radius position at the radius of confinement R, s (Confined Inflation Solution
CIS), assuming frictionless contact between the exterior radius and the confinement.
We fix an inner radius position r;,; and try an exterior radius position ry;. The
explicit relation between the inner and outer radius with the axial elongation 1, and

the integration constant c are presented in eq.1.20 and eq.1.21.

R;,.—R;
Ao = (1.20)
r r

ext lint

2 p2 2 p2
ri RS .—r5 RS
— ext ext
cl=-1nt int (1.21)
R?>  —R?
ext int

The radial and circumferential stretches are computed with eq. 1.19 and eq. 1.18. The

stretch distribution along the radius is known and the deviatoric stress is computed. As
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the problem is formulated in principal stretches only, the Cauchy stress o corresponds
to eq. 1.8 where the spheric part is the pressure o} and the deviatoric part is derived
from the strain potential :
ow
Si :a,-+0h:ﬂia—/1i (1.22)

The static equilibrium equations in cylindrical coordinates correspond to eq. 1.23.

do, o0,-0g
r+r—:

0 1.23
dr r ( )

Using the spheric-deviatoric decomposition of eq. 1.22 and eq. 1.23, the hydrostatic

pressure distribution along the radius is :

dop ds; N Sr—Sg

_ = 1.24
dr dr r ( )
Then, in integral form :
Text §,.(u) — sg(u)
op(r) = sp(r) = s;(r = riny) +f %dw on(r=Ting) (1.25)
Tint

The hydrostatic distribution corresponds to constant o (r = r;,;) plus a radial distri-

bution £2(r) determined by trapezoidal integration.
Op(r) =)+ op(r =rint) (1.26)

The hydrostatic constant must be determined with the boundary condition. The closed-
end condition gives the relation between the inflation pressure P and the axial Cauchy
stress o, in eq. 1.27.
2m f - o, (wudu = Prr? (1.27)
r

int
int

And the inner radius radial Cauchy stress o (r;,;) corresponds to the resultant of the

inflation pressure P :
or(r=rip)=-P (1.28)

Hence, combining the eq. 1.25 and the boundary condition described in eq. 1.27 gives

Text
Prri,, = —0p(rin) w5, —17,) +2nf [s;(u) — 2P (w)] udu (1.29)

Tint
Using the expression of the inflation pressure in eq. 1.28, the eq. 1.29 becomes the eq.

1.30, solved by trapezoidal integration.

2
I 2 Text
On(Tind) = 55 Find) +—— | [s:(w) = 2 W) udu (1.30)
Text Fext JTint
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Now, in an unconfined regime, the r,,; value is adjusted iteratively by a Newton-Raphson
algorithm to find the solution that matches the boundary condition o, (r = rexs) = 0.
The confined regime imposes the exterior radius, hence the iterative loop for r,; is not
necessary. Note that both solutions are computed over a full range of r;;,; = [R;;+:6Rjn¢]
but their validity condition is not always fulfilled. The condition to choose either UIS
or CIS comes from the value of the deformed external radius below the confinement
radius rexs < Reonf, giving the mixed inflation solution (UIS+CIS=MIS). An example is

presented in Fig 1.10.

2-5 T T T
MR : Cy = 1.6 MPa C> = 0.1 MPa
2.0F -
—_ [ Rconf = Rext =l ]
— 15¢ ]
S ]
AN ]
= 10F .
A [ ]
[ — UIS ]
0.5F — CIS .
r / ! i UIS+CI
0.0 L. P TR RS
1.2 1.4

Az [-]

Figure 1.10: Evolution of the inflation pressure with the axial elongation of the thick
tube for a Mooney-Rivlin solid (R¢o,f = 5mm, R;,; = 0.65mm and Rey; = 4.7mm)

The extension of this framework to unconfined/confined inflation-tension is pre-
sented in chapter 5, to contact friction in chapter 4, and to a softening material under

cyclic inflation in chapter 6.

1.4.2 Adherence tests

In the following, various adherence tests are presented and their relevance to the wire-

rubber configuration is discussed.

Peel tests

The peel test exists in a wide range of geometry [Bartlett et al., 2023] for each appli-
cation. Multiple standards present the varying angle peel test [ASTM D3330, 2018],
the T-peel test [ASTM D1876, 2015], or the climbing drum peel test [ASTM D1781,
2012]. Various authors use peel test to qualify elastomer-rigid adhesion [Cook et al.,
1997, Neggers et al., 2015, Toulemonde et al., 2018, Gent and Hamed, 1977a, Gent and
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Hamed, 1977b]. The classical geometry is the peeling of the adherent at a fixed peel

angle 0 (fig. 1.11) and the peel force is measured to compute the adherence.

F

eda

(1-cosO)da

d
a

Figure 1.11: General peel test geometry with the substrate in light gray and the mem-
brane in dark gray before and after a crack propagation increment §a (extracted from
[Sauer, 2011]).

The peel force is related to the strain energy release rate in a perfectly inextensible
membrane. The dissipation produced by fracture of the surface is directly related to the
applied external work, leading to eq. 1.31 [ASTM D3330, 2018]. However, if the mem-
brane stores (elasticity, see fig. 1.11) or dissipates (plasticity) some energy, the SERR
computed with an in-extensibility hypothesis will be strongly thickness-dependent
and adherent dependent [Bartlett et al., 2023, Gent and Hamed, 1977b]. An experi-
mental trick is to add an inextensible backing on the membrane to agree with the solu-
tion of eq. 1.31. However, the backing addition is cumbersome and discarded in some
cases. The sample preparation needs a better adhesion with the backing than with the
substrate, else the wrong interface is tested. In an artificial ageing study, the backing

will block diffusion.

F
G=—[1-cos(0)] (1.31)
w

In the case of a hyperelastic adherent, the membrane extensibility enforces the
computation of the stored elastic energy in the membrane. As an example, the SERR of
the peel test is computed following the seminal approach of [Rivlin and Thomas, 1953]
(vielding a similar result to [Sauer, 2011]). An energy balance compares the state of the

system after a virtual crack advances d a.
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The energy balance is :

6Wext:6Eel+G5S (1.32)

After a crack advance for a 90° peeling, a section of material 6S = wé a is detached from
the substrate and stretched up to € under a tension load F. The variation of exterior

work corresponds to:

O0Weyr=Feba (1.33)

If we consider a different peel angle 0, a contribution of rotation appears in the exterior

work :

OWeyx=F[1+€e—cos(0)]6a (1.34)

withl+e=A1:
OWeyr =F[A—cos(@)]da (1.35)

The strain energy corresponds to the uniaxial tension (eq. 1.12) of a volume w x t x §a

of hyperelastic material:

SE, =W, L)wtsa (1.36)

with w the width and ¢ the thickness of the adherent. Hence :
F
G=—[A—-cos@)]—-tW(, ) (1.37)
w

The evolution of G from eq.1.37 with a Neo-Hookean strain potential is presented in
Fig. 1.12, compared to the inextensible computation of G. Taking an equal G¢ between
a rigid and compliant system leads to a different critical peel force. The stretch and
the strain energy are computed from the applied peel force with a Newton-Raphson

algorithm applied to the eq. 1.38.

oW, ) F
o= 1.38
oA w.t ( )

The peel angle variation offers a wide range of possible crack mode mixity and a
test to study the mode mixity effect on G [Cook et al., 1997]. The crack velocity is pro-
portional to the displacement of the detached adherent, allowing a study of the de-
pendence of G on the crack velocity. However, the peel test configuration is limited to
testing only flat surfaces. The application to a cord or wire geometry will introduce a
strong structural effect (i.e. peeling of a ply of cord). Alternatively, a flat brass substitute

could not mimic the surface morphology of a brass-coated wire.
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Figure 1.12: Evolution of the strain energy release rate with the peel force with inex-
tensible and hyperelastic (Neo-Hookean) hypothesis (w =25.4mm, t =3mm, § = /2,
1 =0.3MPa)

Pull-out tests

The ubiquitous testing method to qualify the bonding between a reinforcement and
an elastomer matrix is the pull-out test [Rey et al., 2014, Meng and Chang, 2020, Gent
et al., 1981, Chandra et al., 1996, Fielding-Russell et al., 1979, Jamshidi et al., 2005].
Different standards focus either on metal cord [ASTM D2229, 2014], metal wire [ASTM
D1871, 2014], or non-metallic reinforcement [ASTM D4776, 2004]. Generally, the re-
inforcement is the pull-out of a block of matrix (fig. 1.13a), and the pull-out force is
the only measure used to characterize the adherence. Some empirical equations are

proposed to compute the SERR assuming linear elasticity [Gent et al., 1981].

A modification of [Ellul and Emerson, 1988] is supposed to cancel the matrix con-
traction during the pull loading and minimize the friction effect between the detached
cord and the rubber (see 1.13b). [Meng and Chang, 2020] use a similar setup to test
the adhesion of a copper wire to PDMS advocating the tubular shell is necessary if the
elastomer reaches high deformation during the test (see fig. 1.14). Nonetheless, after
the initial force peak corresponding to crack onset, the propagation regime dissipation
is shared between interface fracture and crack faces friction (while the fracture surface

is adhesive with little to no elastomer residue).

To tackle the same problem, [Gent and Yeoh, 1982] uses a pressurized gas injected
into the cord to cancel the friction effect (but needs a hollow cord). Unlike the peel test,
the crack mode mixity is not tunable. Meanwhile, a class of tests uses only a pressur-

ized fluid for adhesion testing.
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Figure 1.13: H-test geometry in a) (extracted from [Gent et al., 1981]), modified in b)

(extracted from [Ellul and Emerson, 1988]) and H-test (extracted from [Jamshidi et al.,
2005]).
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Figure 1.14: Pull-out experiment between a PDMS and a copper wire (extracted from
[Meng and Chang, 2020]).

Blister tests

The blister adhesion tests are presented—the basic principle in the propagation of a
crack/delamination front with a pressurized fluid. From 1961 to 2019, multiple ge-

ometries of inflation tests have emerged [Bartlett et al., 2023].
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The first adhesion test using inflation is the oblong blister test proposed by [Dan-
nenberg, 1961]. The principle is the creation and the propagation of a blister with a
pressurized fluid. Liquid mercury under pressure propagates the crack. An oblong-
shaped constraint enforces the propagation along one direction. Meanwhile, confine-
ment blocks the expansion of the delaminated film. The result of the experiment is
a constant pressure during propagation. The dissipated energy during propagation
corresponds to the area under the inflation curve minus the area under the deflation
curve. Then, the critical strain energy release rate is equal to dissipated energy di-
vided by the surface created by the crack propagation. Analytical models based on lin-
ear elastic plate kinematic are proposed later to compute the SERR and mode mixity
[Williams, 1997, Jensen, 1998], applied mainly to flat axisymmetric geometries [Chang
et al., 1989, Jensen, 1991, Chang and Peng, 1992]. For confined blister tests, the SERR
is proportional to the inflation pressure P and the gap between the membrane and
the confinement h. A geometrical factor a, varying between 0 and 1, is supposed to
represent a geometric effect.

G=aPh (1.39)

Compared to a peel test, the blister tests are not standard and rarely used because a
pressurized fluid circuit is less common than a tensile test machine in most labora-
tories [Bartlett et al., 2023]. The peel angle must stay low and depends on the test

geometry (the de-bonded radius or the height between the film and the confinement).

Rubber Cord Adhesion Inflation Test

[Kane, 2020] originally proposed the RCAIT to assess the interface adhesion between a
rubber envelope and a metal cord. The test shares similarities with the confined blister
test [Dannenberg, 1961, Chang et al., 1989], however in a tubular geometry. A thick
elastomer membrane encompasses a rigid cord, which lies on the axis of revolution
(see fig. 1.15).

A pressurized liquid is injected to force a crack to propagate between the two com-
ponents at a constant pressure (see fig. 1.16). Thanks to the axisymmetric configura-
tion around the fiber, the fiber can translate freely along the specimen’s longitudinal
direction during the inflation. An anti-adhering coating or tape is deposited on top of
the fiber along half the specimen length to initiate an artificial crack. The pre-cracked
side of the specimen is enlarged to clamp the specimen to the fluid injection system

and ensure water tightness leaving the metal cord free to move axially. To avoid rubber
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Figure 1.15: Rubber Cord Adhesion Inflation Test in a) initial configuration and b) pre-
crack length inflation regime.

failure due to an aneurysm, a 5 mm inner diameter glass tube is fitted to the specimen
fixture. The instability of pressure (see P, in fig. 1.10) at high stretch is avoided with
the confinement. RCAIT analysis assumes free longitudinal expansion of the speci-
men. To prevent any significant friction between the glass confinement tube and spec-
imen rubber, silicon grease is deposited on the tube and specimen surface. The fric-
tion between the rubber and the glass tube may limit the longitudinal expansion of the
specimen and consequently induce some discrepancy between the thick rubber tube
model and the test condition. However, several lubricants have been tested so as to

maximize the rubber longitudinal expansion [Kane, 2020].
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Figure 1.16: Typical inflation curve during a RCAIT experiment

Rubber sample manufacturing takes place in the Michelin research center at Ladoux.
The metal cord with brass coating has a nominal diameter of 1.3mm. The cord is stored
on a wire bundle, thus having a permanent curvature. The cord is straightened by a
screw at each end of the specimen mold (black parts with 5 screws mold in fig. 1.17).
Appropriate cleaning removes the oil from the cord. The mold itself is coated with
a green anti-adhesive coating to ease sample unmolding. Crude rubber is deposited

inside each cavity. All 5 cavities communicate by a rectangular cavity, where the ven-
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Figure 1.17: Specimens’ mold at Michelin (top), a RCAIT sample (middle) and a wire
fracture surface after testing (bottom).

tilation holes are. The mold is then closed. Vulcanization happens in a hot press, with
both pressure and temperature controlled. The exact rubber composition and vulcan-

ization process parameters are not disclosed. After the test, a residual layer of rubber
is typically observed on the wire.
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Figure 1.18: Illustration of the energy variation after a virtual crack advance.
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During the test, the pressurized fluid delaminates the cord from the envelope at a
constant pressure Pc. The pressure P is directly related to the strain energy release rate
with an energy balance analysis (see fig. 1.18) [Kane et al., 2019] similar to the previous
example on peel test. The variation of exterior work after a crack advance 6 a is defined
in eq. 1.40 as the added volume under pressure. The volume is a hollow cylinder with
an internal radius equal to the cord radius R.,,4 and an outer radius equal to the inner

radius of the deformed rubber envelope r;,;.

6Wex; = POV = Pr(ri,, - R%,, )A:0a (1.40)

int

The stored strain energy corresponds to the energy stored in the section (computed

from the thick tube model presented in section 1.4.1) of the detached tube oflength 6 a
Text

= W(r)2nrdrizba (1.41)

Tint

Applying the same energy balance from section 1.4.2 gives the relation between dissi-

pation during fracture and the energies :
OWext(Az, Tiny, P) = +6D (1.42)

The crack surface is cylindrical, the SERR corresponds to:
Go 0D 3 0D
58S 2m.8a.Reorg

The contribution for the water compressibility used previously [Kane, 2020] is neg-

(1.43)

ligible. The resulting analytical model can predict the SERR for any given inflation
pressure. With the critical pressure to propagation Pc, the critical SERR of the sam-
ple is computed (fig. 1.19)[Kane et al., 2019]. The strain energy used in the thick tube
model [Skala, 1970] can have an influence on the resulting SERR if identified from stan-
dard tensile test on dumbbell specimens for instance. However, identification of the
pre-inflation regime of the RCAIT with the thick tube inflation model reduces the dis-

crepancy between strain energy forms [Kane et al., 2021].

1.5 Synthesis on the dependence of rubber-brass

adhesion

The adherence between a soft elastomer and a rigid substrate is widely present in the

industry. But the precise characterization of the adherence between the components is
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Figure 1.19: Determination of the critical strain energy release rate from the critical
pressure plateau (blue shade corresponds to the standard deviation of the strain po-
tential and grey shade corresponds to the standard deviation of the critical pressure)

still a complex task. Multiple effects are concurrent during the fracture of the interface
between a rubber and a rigid substrate, difficult to deconvoluate. Given a constant
interface, the main effects that can influence the apparent global dissipation during

the interface crack growth between rubber and brass are :

* Crack velocity from material viscosity.

* Pre-softening from Mullins effect.

* Mode mixity from interface configuration.

The tests available to study these effects on a small radius configuration, here a steel
wire cable, are not ideal. The specimen effect is difficult to suppress (pull-out) or the
configuration is not feasible (peel test). The RCAIT is a singular case of blister test-
ing, designed specifically to study the adherence of rubber to wire reinforcement. The
RCAIT appears to have many advantages over the pull-out test (absence of friction,
computation of G with a hyperelastic behavior) and development possibilities. In the
following, multiple aspects of the test are developed to validate and demonstrate the
robustness of the RCAIT results. Furthermore, the dependency of G of the rubber-
brass interface is studied under different mixed-mode conditions, after pre-softening

and under creep crack growth.
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1.6 Proposed approach

The approach around the RCAIT presented hereafter first consolidates the previous de-
velopment. The different hypotheses are validated and the methodology is improved.
Then, we use the RCAIT to characterize the SERR and its variation during interface
crack growth. The variation is observed under different crack mode mixity, crack ve-
locities, or softening levels to evaluate the role of each dissipation mechanism on the

global dissipation.

Improving the methodology

The first part of the work is to improve and validate the means of computation of the
global G during crack growth. Early work of [Kane et al., 2019, Kane et al., 2020, Kane
et al., 2021] pave much of the initial analyses, and further development is built upon.
The chapter 2 improves the SERR computation robustness and reliability with marker
tracking and crack growth monitoring. The marker displacements and the measure of
axial stretch is then used in all further analyses. The stored strain energy during the
propagation is now identified directly during the test, in a homogenous region without
boundary or system compliance effects. The addition of a measure of contact pressure
between the rubber envelope and the confinement tube (in chapter 4) gives a valida-
tion of the identification. Furthermore, a simpler graphical method is proposed and

corresponds well with the improved analytical method.

Verifying the hypothesises

A finite element (FE) analysis is conducted to verify the analytical model and the hy-
pothesis used in the energy balance in chapter 3. The FE model is predictive and allows
the validation of the analytical energy balance. The FE model also allows for verifica-
tion of the reliability of the transition zone measurement, given by the marker tracking
technique. An obstacle to further analysis is the control of friction between the sample
and the confinement. Experimental, analytical, and numerical works permit valida-
tion of the lubrication condition in the chapter 4. The predictive FE model reproduces
the experiments and proves the robustness of the steady-state crack growth hypothesis
and inflation tube hypothesis. With the validation of the basic computation of SERR in

the classic RCAIT, further developments are possible.
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Quantifying the different dissipations

The literature on the crack growth interface fracture shows that the main dissipative
mechanisms are rate dependent and their relative contributions depend on the mode
mixity condition and, from the earlier studies on rubber solids, the pre-softening.

To study the effect of crack mode-mixity on dissipation, a novel experimental setup
is developed with a dual actuator, presented in chapter 5. The analytical model to com-
pute the SERR is extended to the inflation-tension condition. The experimental results
exhibit a strong dependence on the mode mixity resulting in loading conditions. A
first numerical model tries to correlate the macroscopic mixed load to the crack tip
morphology and a parallel is drawn with the peel angle. Investigating the effect of pre-
softening on the adhesive performance of a soft-rigid system is challenging and has
not been reported in the literature. A novel method is proposed to soften the elas-
tomer before conducting the adherence test in Chapter 6. An energy balance analysis
is proposed to confirm the softening of the sample and to model the effect of softening
on the global G. Further works on viscous dissipation are started with the slow crack
growth bench in the chapter 7. A first evolution of the strain energy release rate with
crack velocity is reported. With the different results of the 3 methods (mixed-load, pre-
softening, and delayed fracture), the variation range of the global SERR permits a first

idea of a possible partitioning of the dissipation during interface crack growth.
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The Rubber Cord Adhesion Inflation Test (RCAIT) has been recently introduced to
characterize the bond quality between coated steel wires and rubber as used in tire ap-
plications. In this experiment, a pressurized fluid is used to initiate and propagate a de-
lamination along the reinforcement. A constant pressure is measured during the crack
propagation regime so that using adequate energy balance analysis, the critical Strain
Energy Release Rate (SERR) can be determined. Due to the axisymmetric nature of the
specimen, the crack tip is not visible nor is there other information that would ease the
analysis of the fracture process. Then, new experimental developments and experimen-

tal data reduction techniques are introduced to demonstrate the reliability of the RCAIT.

2.1 Introduction

Ensuring strong adhesion between elastomers and metal parts is a key issue in many
applications such as structural bonding, anti-vibration dampers, sealing, pipes, or tires.
A large variety of geometrical configurations and products can be found whether the
elastomer is reinforced with fiber, cable, or fabric is used to join two solids parts. In
either case, reproducible and durable metal/elastomer interface properties are cru-
cial to guarantee the reliable mechanical performance of the system. Depending on

the application and adhesive system, various bonding processes are used involving

33
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a combination of physical, chemical, or mechanical adhesion mechanisms. The de-
velopment of new bonding procedures with optimized performances and compatible
new sustainability and environmental regulations is then a complex and costly task

due in particular to the need for an extensive characterization campaign.

Numerous test configurations have been proposed for characterizing adhesion be-
tween soft and rigid materials. Butt joints, TAST, or DCB specimens are generally used
to evaluate the overall mechanical performances of adhesive joints whether they are
hyperelastic or not. A large variety of peel [ASTM D1781, 2012, ASTM D429, 2014, Cook
et al., 1997] and blister [Dannenberg, 1961, Williams, 1997] tests are available to char-
acterize the adhesion between very flexible coating, layers or adherent bonded to rigid
or flexible substrates in planar configuration. However, fewer test configurations are
applicable to characterize the adhesion between elastomer and their reinforcements.
For fiber, cable, and wire they are derived from pull-out configurations commonly used
for fiber matrix adhesion characterization in composite materials or metal rods in con-
crete or timber. For tire applications rubber, cord adhesion is evaluated using the stan-
dard procedures [ASTM D1871, 2014, ASTM D2229, 2014] as initially proposed by A.
Gent [Gent et al., 1981]. The test implementation is straightforward but its rigorous
analysis may be rather tedious. Indeed, the fiber/rubber interface loading condition
depends on specimen geometry, components’ mechanical properties, and other ex-
perimental conditions. Recently an alternative adhesion test protocol has been pro-
posed [Kane et al., 2019, Kane et al., 2020] derived from the confined pressurized blister
test [Chang et al., 1989], for measuring the critical Strain Energy Release Rate (SERR)
needed to separate metal cords from rubber. During this experiment, referred to as the
Rubber Cord Adhesion Inflation Test (RCAIT) a pressurized fluid is injected between
the cord and its cylindrical rubber envelope leading to progressive decohesion and
stable crack propagation. The specimen is installed in a confinement tube to prevent
rubber failure due to aneurysms and force the crack to propagate along the specimen
axis. For a quantitative evaluation of the fracture energy of the system, a global en-
ergy balance analysis is proposed which is very similar to the one performed for more
conventional peel tests. Then using simple experimental estimates of the crack propa-
gation length, measured fluid pressure and analytical modelling of Thick Rubber Tube
Inflation [Kane et al., 2019, Kane et al., 2020, Kane et al., 2021] the critical SERR can be

determined.

In this paper, a marker tracking technique is exploited to achieve a more reliable
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evaluation of the crack propagation and rubber inflation conditions. Using this ad-
ditional information, the self-similar nature of the crack propagation can be assessed
as other experimental conditions. In particular, additional experimental data are ob-
tained to validate the analytical model proposed previously for sizing the specimen
and analyzing the experimental results. Using the marker monitoring technique, the
longitudinal expansion can be monitored together with the inflation pressure and in-
ner volume expansion in the pre-crack region of the specimen. These experimental
data are fitted with the thick inflation rubber tube model. An alternative experimen-
tal data reduction technique is proposed to evaluate the critical SERR. RCAIT tests are
then performed on a set of 5 specimens having common experimental conditions. This
series of tests and comparison of data reduction techniques clearly demonstrate the
reliability of the RCAIT for measuring quantitatively the rubber /metal cord interface
adhesion. Both methods lead to very similar results despite they are funded on distinct
assumptions approaches. Consistency between Linear Elastic Fracture Mechanics and
Global energy balance suggests confined/reduced plastic/damage zone is developing
ahead of the crack tip. The analytical and the alternative model shows similar results
while having one different hypothesis on the propagation. It demonstrates the validity
of the virtual crack extension of the analytical model and may indicate a small damage

dissipation during propagation.

2.2 Presentation of the RCAIT

The RCAIT has been proposed to assess the adhesion strength between a rigid fiber
and an elastomeric matrix. Similarly to the blister test [Dannenberg, 1961, Williams,
1997], a pressurized liquid is injected to force a crack to propagate in between the two
components (Fig. 2.1). Thanks to the axisymmetric configuration around the fiber, the
fiber can translate freely along the specimen’s longitudinal direction during the infla-
tion. An anti-adhering coating or tape is deposited on top of the fiber along half the
specimen length to initiate an artificial pre-crack. The pre-cracked side of the speci-
men is enlarged to clamp the specimen to the fluid injection system and ensure water
tightness leaving the metal cord free to move axially. To avoid rubber failure due to an
aneurysm, a 5 mm inner diameter glass tube is fitted to the specimen fixture. RCAIT
analysis assumes free longitudinal expansion of the specimen. To prevent any signifi-

cant friction between the glass confinement tube and specimen rubber, silicon grease



36 CHAPTER 2. REFINED METROLOGY

is deposited on the tube and specimen surface. The friction between the rubber and
the glass tube may limit the longitudinal expansion of the specimen and consequently
induce some discrepancy between the thick rubber tube model and the test condition.
However, several lubricants have been tested to maximize the rubber longitudinal ex-
pansion. The measured elongation and inner volume expansion values agree with the
model which tends to validate the current assumption. However, some further inves-
tigations should be conducted to further investigate crack propagation conditions in

case of more pronounced friction or adherent contact.
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Figure 2.1: Rubber Cord Adhesion Inflation Test in a) initial configuration and b) pre-
crack length inflation regime.

The rest of the test setup (Fig. 2.2) consists of a hydraulic circuit connecting the
specimen fixture to a syringe used to inject the fluid at a constant volume rate. The sy-
ringe plunger is fitted to a tensile test machine driven at a constant traverse displace-
ment rate. The volume of fluid injected into the gap is calculated from the crosshead
displacement of the tensile test machine and plunger radius. The compliance of the
whole system is negligible compared to that of the specimen, making this calculation
acceptable. At the same time, the fluid pressure is measured using a Swagelok® Model
S Transducer. Ball valves are installed in the circuit to purge any trapped air in the pipes
and fill it with the injection fluid. For all the experiments presented in this work, tap
water was used as the injection fluid.

Fig. 2.3 presents a typical pressure evolution recorded during an RCAIT using a 2
ml/min injection rate. The curve can be divided into three regimes. In the first regime,
a marked nonlinear pressure-volume evolution is observed, corresponding to the in-
flation of the pre-cracked part of the rubber. In this regime, the specimen first expands
radially and axially until it touches the confinement tube (Confinement contact). Once
the confinement contact is achieved, radial expansion of the rubber tube is restricted
at the outer circumference. The specimen therefore expands axially, and radially from

the inside only. The second regime starts when a critical pressure is reached, the inter-
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Figure 2.2: Picture of the experimental setup. 1) 20 ml stainless steel high-pressure
syringe beside a 50 mm LVDT displacement sensor; 2) 5 kN tensile test machine; 3)
hydraulic circuit with manometers and pressure transducers (16 bar and 250 bar); 4)
RCAIT; 5) data acquisition device; 6) reflex camera; 7) data acquisition system.

facial separation initiates (AV =8. ml) and propagates along the cord. A stationary
pressure during propagation, bar, is recorded while the fluid is injected. Specimen
shape at the crack tip vicinity remains the same so that self-similar crack propagation
regime seems a reasonable assumption for later analysis. At last, a significant decrease
in pressure correlates with the crack approaching the specimen end (AV =11.5 ml).
Dynamic propagation is finally observed with the cord being projected out of the rub-

ber envelope leading to total specimen failure.
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Figure 2.3: Typical fluid pressure versus injected fluid volume evolution during RCAIT.

In the experiments presented hereafter, the specimens are obtained by placing crude

rubber mix around a 0.65 mm radius steel cord in a mold. Natural rubber filled with
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60 phr of carbon black and 7 phr of sulfur is used and will be referred to as Mix A. After
curing, cylindrical specimens having wy =4.7 mm outer radius and 100 mm length are
obtained with the cord being coincident with the cylinder axis. Details of the rubber
curing time and temperature are not mentioned here since they are subject to confi-
dentiality. The steel cord is obtained after multiple wire-drawing steps to get the final
diameter. A brass coating is deposited before the last drawing step. During the vulcan-
ization process, a strong rubber-metal interface is obtained attributed mainly to the
formation of CuxS covalent bonds [van Ooij, 1977]. 50% of the steel cord length is cov-
ered with a PTFE tape before rubber deposition to prevent adhesion, thus forming a 50
mm long artificial de-cohesion length ay.

In previous contributions, the critical SERR driving the crack propagation has been
determined by balancing the work provided to the system through pressurized fluid
injection, and the energy stored in the inflating the rubber tube and assuming self-
similar propagation regime [Kane et al., 2019, Kane et al., 2020, Kane et al., 2021]. An-
alytical modeling of thick hyperelastic tube inflation is needed to evaluate the elastic
potential energy. However, using additional experimental data, alternative evaluation

of critical SERR can be derived and compared.

2.3 Implementation of marker tracking technique

In the following section, a simple marker tracking monitoring technique is implemented
for measuring the rubber longitudinal extension, 1,, and monitoring the crack propa-
gation during the test.

Several silver dots are drawn every ca. 5 mm along the specimen length using
Schmidt® 700 Silver pen (Fig. 2.4). Markers are visible through the confinement tube
and lubricant and are both transparent. Optical distortion is considered negligible here
considering the required precision and overall dimensions. A CANON EOS 800D Cam-
era is used to acquire images of the specimen. Picture acquisition is triggered by the
tensile testing by machine so that pressure and traverse measurements data are syn-
chronized.

A Python script using image processing algorithms from the SciKit Image library
is used to determine the markers’ position in each image. Then the algorithm deter-
mines their relative displacement with respect to their initial location along the cylin-

der axis in pixels. Keeping the marker intact during the test is rather difficult due to the
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Figure 2.4: Sequence of images showing the silver markers displacement on the rubber
sample at three stages of the inflation test: a) initial b) inflation regime and c) crack
propagation regime.

experimental conditions. Then the marker tracking algorithm needs more effort. In-
deed, bubbles, reflection and marker fading increase the difficulty of finding the proper
marker position, motivating the development of an improved version of the marker
tracking algorithm.

Firstly, to mitigate the effect of exposition and marker fading, the picture of the
whole specimen is segmented into multiple sub-pictures, each one containing only
one marker. Image processing is then locally applied to each sub-picture. As the
marker position is not known a priori, the segmentation is based on the previous marker
position. After the visual assessment, results are found satisfying providing the picture
acquisition rate is sufficient to keep each marker in the control window.

Secondly, the image processing mainly uses morphological filtering [van der Walt
et al., 2014] (erosion, dilation, opening). Working with marker morphology instead
of brightness increases the robustness of bubbles and grease refraction. Nonetheless,
if a marker is not detected in a sub-picture, the image processing parameters can be
manually adjusted.

A ruler is placed aside from the tube before the experiment to convert pixel data
into millimeter values. From the evolution of the position between markers divided by

their initial distance, the rubber longitudinal elongation A, during the test is obtained.

2.3.1 Rubber behaviour identification

For accurate determination of the critical SERR the hyperelastic tube inflation response

should be properly described whether analytical /numerical modeling is involved or it
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is based on only experimental data. Indeed, a major part of the energy supplied by
fluid injection is stored and dissipated by the tube inflation itself rather than by inter-
face de-cohesion. The first regime of the RCAIT, prior crack propagation, can be used
to analyze the tube inflation response. Indeed, as seen in Fig. 2.4, several markers
are visible along the pre-cracked part of the specimen. The inflation process can then
be represented either in terms of P(AV) or P(A,) evolution the latter being less sus-
ceptible to imprecision since the elongation is directly measured on the specimen far
from the crack tip position and specimen attachment end while AV is a global quan-
tity whose measure could be imprecise due to overall system compliance and possible
air entrapped in the hydraulic circuit. The discrepancy between these two quantities
should be evaluated for proper critical SERR determination. Considering incompress-
ible rubber behavior, the inner radius of the rubber envelope during the confined ex-
pansion regime can be determined from initial specimen geometry and longitudinal
elongation to be correlated with experimental AV measurement. The measured axial
elongation A, the radial and angular elongation can be fully described across the rub-
ber wall thickness using the previously developed analytical model [Kane et al., 2019].
Using developments of D.P. Skala [Skala, 1970], assuming incompressible material be-
havior (1,1gA; = 1) and axisymmetric configuration, the circumferential elongations

are given by equation 2.1.

Ag=—= Z 2.1)
o cré—1

r is the radial position in the deformed configuration ry is the radial position in the
initial configuration and c is an integration constant which can be determined from the
boundary conditions. During the confined regime, once the contact between the rub-
ber envelope and the glass tube is established, the outer rubber tube radius is known
and is equal to the inner radius of the confinement tube R, f, resulting in equation

2.2 [Kane et al., 2019].
Az
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with wy being the initial outer radius of the rubber envelope. Then, analytical expres-

sion of the variation of inner radius r;, during the confinement stage is obtained on

equation 2.3 [Skala, 1970].
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with vy is the initial inner radius. Finally, the variation of the inner volume of the tube
occupied by the pressurized fluid is determined on equation 2.4.

AV(A) = m(r? = vd)ap, = may ()LZRZ + U1 -A,) - wg) 2.4)

conf

where agy corresponds to the length of the artificial pre-crack.

The comparison between the analytical evaluation of AV and the experimental
measurements are presented in Fig. 2.5. The comparison is valid only during the con-
fined regime, therefore the initial evolution is not relevant here. Additionally, as was
mentioned before, uncertainties due to entrapped air and improper boundary condi-
tions are expected especially during the unconfined inflation stage. Thus, the analyt-
ical curve is translated along the AV axis to match the observed inflation curve. After
this correction is performed, the evolutions are found very similar. Thus, the tran-
sition between the unconfined and confined regimes becomes identifiable thanks to
the evolution shape given by the analytical solution. The volume injected to reach the

confinement contact is between 2.5 and 3 ml.
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Figure 2.5: Comparison of the evolution of injected volume with axial elongation mea-
sured experimentally and estimated with axial elongation by analytical solution.

The P(AV) and/or P(A;) evolutions recorded during the inflation regime prior to
crack propagation onset can be used to identify the rubber behavior by fitting the ex-
perimental evolution with the results obtained with the thick wall cylinder inflation
model solution [9,10,12,15]. To make the elongation measurements more robust, 5
elongations are measured along the pre-crack length making use of 6 markers ob-
served in this area. Mean and standard deviation are computed at a given pressure
level and are shown in Fig 2.6a. The computed elongations are similar whether they

are computed by picking manually the maker position on images or using an auto-
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matic marker tracking procedure. As discussed before the initial P(AV) evolution is

truncated to cope with imprecise AV evaluation prior to inverse identification.
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Figure 2.6: Comparison of experimental and analytical predictions fitted on axial
stretch-pressure evolution on a) and on volumetric-pressure evolution on b).

The least-square minimization procedure is used to identify the rubber behavior
using the standard Levenberg-Marquart algorithm. The cost function minimizes the
square difference between analytical prediction and experimental data. The Exp-Ln
strain energy [Khajehsaeid et al., 2013] presented in equation 2.5 is used here to de-

scribe the rubber hyper-elastic behavior.
1 1
W=A|—exp(a(l;-3)+b(lL,-2)A-In(l;-2))——-b (2.5)
a a

A, a and b are the material parameters and I; the first stretch invariant. Results of both
inverse identification procedures using P(AV) and P(A;,) are presented in Fig. 2.6. The
Exp-Ln model can represent independently these two evolutions but leads to distinct
material parameter values.

Again, this slight discrepancy is attributed to improper boundary conditions for
the thick rubber tube inflation model which is not capable of predicting the exact AV
evolution during the inflation regime due to improper boundary conditions near the
initial crack tip position and in the clamps. Thus, the specimen seems more compliant
and a higher axial elongation is predicted compared to the axial stretch measured. A
fit directly on P (1) leads to a better prediction. It is also more robust because the pre-
crack length ay is not needed for the computation, contrary to the volumetric fitting,
and the strain state is homogeneous in the measured zone. In the following, the anal-
ysis based P(1;) on will be used for evaluating the energy stored by the tube inflation

process.
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2.3.2 Crack monitoring

After a critical pressure value is reached, the rubber /metal interface fails and a stable
crack propagation regime is observed while the fluid pressure remains constant. Such
a failure process is driven by the critical SERR, G¢. To evaluate this material parameter
from the test data, the crack propagation should be monitored during the experiment
in order to evaluate the newly created fracture surface 27wr.Aa. However, contrary to
other more conventional fracture experiments, the crack tip is not visible during the
test due to the axisymmetric nature of the specimen and the opaque rubber envelope.
Therefore, an indirect crack propagation length estimate is proposed making use of the
markers tracking technique again.

As presented in Fig. 2.7, the longitudinal elongation of the rubber tube is first mea-
sured in the pre-crack region of the specimen (length of ag). After the initial inflation
regime, 1, remains constant at 1,(0) in the cracked part since fluid pressure is also
constant during propagation. An additional marker p; corresponding to the specimen
tip is also measured with the marker tracking technique (Fig. 2.7. Considering the total
specimen length is L and crack length is a = ay + Aa, and considering the longitudinal
elongation abruptly changes from A, to one at crack tip position we have the equation
2.6.

pr=L+(ap+Ay)(A(2)—1) =L+ ap(A;(2) —1)+Ap; (2.6)

E

t—\— -~ - |-

Figure 2.7: Illustration of the crack propagation in two states: before and after propa-
gation over a distance

From the equation 2.6 the instant crack propagation length is simply obtained with

the equation 2.7.
A
Ag = 4

Sl wo 2.7)
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2.3.3 Process zone investigation — self-similar regime validation

The marker monitoring technique may be used for validating the self-similar crack
propagation regime assumption. This hypothesis should be assessed for rigorous G¢
evaluation from energy balance analysis. For such a crack propagation regime to be
observed the specimen deformation in the crack tip vicinity should remain the same
for all crack tip positions. The equation 2.7 can be refined into equation 2.8 consid-
ering the exact longitudinal extension distribution along the specimen to estimate the

instant marker position, p, whose initial location is py.
Po
p= A,(2)dz (2.8)
0

In equation 2.8, the boundary condition at the clamping side is not properly de-
scribed. Additionally, capturing the longitudinal extension distribution might be cum-
bersome so an indirect approach is preferred assuming a self-similar propagation regime
again. During the only crack propagation regime, marker displacement Ap, is mea-

sured rather that the absolute position, resulting equation 2.9.
Po
Ap=p-po= f (Az(2) —1Ddz (2.9)
0

Considering self-similar propagation regime and as observed on Fig. 2.7, dz can be
replaced by Aa in equation 2.8 such that the marker relative displacement during the

crack propagation regime can be determined with the equation 2.10.

Po
Ap(po, ap, Aa) = A, (0)Aa— f (A2(2, ap)dz (2.10)
po—Aa

Then the longitudinal elongation evolution can be obtained from the marker dis-

placement monitoring with the equation (11).

LA ( Aa)=A,0)—Az(po— A ) (2.11)
dAa ppO)aO! a)= Az zPO a, dp .

An illustration of the full presentation of marker tracking monitoring is presented
in Fig 2.8. The results are consistent with the initial simplified analysis and equation
2.7 since for all markers initially deposited on the bonded part of the specimen far from
the initial crack tip position a linear evolution of marker displacement is observed. The
same slope is observed for all markers equal to A,(0) — 1. Once, the marker has reached

the fully cracked area far from the crack tip, the stationary marker position is reached
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Figure 2.8: Evolution of the displacement of each marker with the crack propagation
length.

equal to (1,(0) — 1) po. These two independent measurements allow consistent eval-
uation/validation of 1,(0), which is fundamental for accurate determination of crack
propagation Aa.

Finally, the transition region between the cracked and bonded length, also desig-
nated as the “process zone”, is visible in Fig 2.8 since a smooth transition is observed
between linear and stationary marker position evolution. The process zone extent
is ca. 12 mm long, this value is rather reproducible for all markers. For a more pre-
cise evaluation of the zone extend, a “master curve” is obtained by applying an offset
(po — ap) along the X axis and (pg — ag) (A1,(0) — 1) along the Y axis. Then, after reorganiz-
ing and smoothing the resulting curve on Fig. 2.9, equation 2.11 is applied to evaluate

the distribution A, along the specimen.
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Figure 2.9: Illustration of markers’ displacement offsetting and the resulting master
curve.

Fig. 2.10 presents the computed axial elongation distribution in the process zone.
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The rapid increase at 23 mm reflects the singularity of displacement caused by the

crack nearby. Then, the axial elongation reaches gradually the plateau at 1,(0) =2.21

0 10 20 30 40 50
Aa—(pg — ag) [mm]

Figure 2.10: Axial elongation variation in the process zone at the crack tip.

2.4 Robust determination of critical SERR, global vs

analytical methods comparison

So as for more classical peel test experiments, G¢ evaluation from RCAIT relies on sim-
ple energy balance analysis between the work provided by the injection of a pressur-
ized fluid, the potential energy stored in the inflated rubber envelope, and energy dis-
sipated by damage development and crack propagation. Initially [Kane et al., 2019], a
semi-analytical model was used to describe the hyperelastic tube inflation and evalu-
ate its contribution in the global energy balance. Application, of such model, is also
presented in section 2.3.1 to evaluate the P(AV,A;) evolution during the pre-crack
regime. However, this method should be assessed by comparison with alternative mea-
surements since model identification, boundary conditions specimen geometry may
suffer from uncertainties that are susceptible to propagating to the estimate of G¢.
Thus, in the following section, a graphical approach is proposed exploiting only the

inflation pressure-volume variation curve.

2.4.1 Global evaluation of critical SERR

The graphical methods to evaluate the critical SERR make use of a conventional rep-

resentation of the energy balance analysis of crack propagation experimental in the
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P(AV) plane to evaluate the various energy contributions (Fig. 2.11). To evaluate en-
ergy dissipated, D, due to the crack propagation, the classical energy balance is per-

formed with equation 2.12.

D =Wior— Eger (2.12)

With E4, ¢ being the stored strain energy during the whole test. E;, is obtained by in-
tegrating the P(AV) curve in the pre-crack inflation regime and multiplying it to model
the strain energy stored at the end of crack propagation. The total work Wy,; is ob-

tained by integrating the total inflation curve (Fig. 2.11a).

AV Crack propagation Crack propagation
Pob Wiot = [512 P(AV)AAY g Creckpropnsation, | p L D = Wypy — Faey ]

Ge = D/(2m.Aa.rc)

Pressure
Pressure

Sk P(AV)dAV.

AVo—AVy [AV;
Eqey = Avf_AVg AVUl P(AV)dAV

0 L 0 L
0 AW AV; AV, 0 AW AV AV,
a) Injected volume Injected volume

Figure 2.11: Two-step estimation of the energies with the areas under the inflation
curve. On a), the strain energy stored during the pre-crack inflation regime corre-
sponds to the hatched area under the inflation curve. This strain energy area is dilated
along the injected volume axis on b) to model the strain energy stored Eg,r after crack
propagation. The subtraction of the total area under the inflation curve by the scaled
strain energy shows a shaded area corresponding to the energy dissipated by the crack
propagation D.

To evaluate the stored deformation energy in the specimen at the end of the crack
ag+Aa .
AV'| consid-

propagation regime, a new “virtual” inflation curve by plotting P (
ao
ering little effect of the specimen ends so that the secant stiffness of the specimen is

simply proportional to the crack length, resulting equation 2.13.

ap+Aa\) AN
Edef:( an )fo P(wdu 2.13)

The volume injected is proportional to the length of inflated rubber, thus the equa-

tion 2.13 is similar to equation 2.14.

AVy—AV, (A%
2 Of P(AV)AAV 2.14)

Ejef=—o——
LAV = AV) Jav
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It corresponds to the dilatation of the area under the initial inflation curve below
AV up to the final volume AV, in Fig. 2.11b. A small injected volume under AV} is cen-
sored as it reflects experimental artifacts, such as air bubbles trapped in the injection
circuit. This volume is not represented by the previous analytical solution, illustrated
in Fig 2.6b, where pressure rises abruptly. The injected volume above AV, corresponds
to the unstable propagation when the crack reaches the end of the specimen.

Finally, the critical SERR is obtained by dividing the total dissipated energy D by the
newly created crack surface, 2nr.Aa, with r; being the cable radius. The crack propa-
gation Aa is known at any injected volume thanks to the crack monitoring technique

presented previously.

2.4.2 Experimental results

To demonstrate the robustness of the test protocol and data reduction techniques for
G evaluation, five specimens of the same batch are tested under the same conditions
and the data reduction techniques presented above and in [Kane et al., 2021] are used.
Fig. 2.12 shows the experimental inflation curves of the five samples for identical test
conditions. The evolution is very similar for all these tests. The corresponding crit-
ical pressure values during the crack propagation are reported in Fig 2.13. The mean
pressure during propagation ranges between 89.7 and 92.6 bar. The standard deviation
during the propagation (error bar for each test) is similar to the deviation between the
5 experiments mean critical pressure (error bar for “Mean”) demonstrating the test’s

reproducibility.
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Figure 2.12: Experimental inflation curves for an injection flow of 2 ml/min.
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Figure 2.13: Comparison of critical pressures at crack propagation for an injection flow
of 2 ml/min.

Fig. 2.14 shows the results of G¢ evaluations from the global method presented
above and the analytical method [Kane et al., 2021] with P(A,) fitting for all five tests.
The two methods give similar results, with a good consistency on the experimental
campaign. The standard deviation on the total mean of critical SERR on the campaign
is narrower than each test taken alone. The analytical method gives a critical SERR at
79.2 kJ/m? and the graphical method, at 84.6 kJ/m2. Fundamentally, both methods are
very similar but the graphical method uses the raw P(AV) while in the semi-analytical
method, a hyperelastic strain potential and thick inflation tube model is used to fit the
P(A) evolution and obtain an analytical expression of G¢. Then, as long the fitting of
the P(1;) curve is good, no discrepancy is observed between both methods consider-

ing the standard deviation on G¢.
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Figure 2.14: Comparison of analytical and global method prediction of the critical
strain energy release rate on the experimental campaign.
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2.5 Conclusions

In this article, RCAIT has been revisited by introducing supplementary analysis that en-
riches the available experimental data to validate the test conditions and the assump-
tions on which are founded the data reduction methods for G¢ evaluation. In particu-
lar, a marker tracking technique is introduced for fine monitoring of crack propagation,
and fluid volume injection and to assess the self-similar nature of the crack propaga-
tion process. It also enables to characterization of the rubber tube inflation process by
measuring P(AV) and P(A;) evolution and then evaluating in-situ the rubber mechan-
ical behavior itself. Additionally, with this marker monitoring technique, the evolution
of longitudinal elongation of the rubber envelope along the process zone can be deter-
mined for further analysis of the failure process. Finally, a direct evaluation of critical
SERR from the measured P(AV) curve is proposed and compared with previous data
reduction methods. A batch of five identical specimens is tested to evaluate G¢ with
the two methods.

All results are consistent, a very small standard deviation is observed on the critical
pressure recorded during the crack propagation regime and associated critical SERR.
The two methods share the assumption of self-similar propagation. However, the an-
alytical method uses a virtual crack extension technique. The technique assumes the
development of a process zone ahead of the crack tip does not significantly modify the
evaluation of specimen compliance. Meanwhile, the global graphical method energy
balance analysis is directly obtained from the analysis of the P(AV) curve. No hypoth-
esis on the nature and effect of the dissipative mechanisms on the structural response
of the specimen is needed in contrast to the analytical method. This may indicate that
the extend of the process zone size ahead of the crack tip is limited with respect to

other dimensions of the specimen.

The results demonstrate the reliability of the RCAIT for characterizing interface
toughness between rubber and wire/cable reinforcement through precise in-situ con-
trol of test and crack propagation conditions. This original test protocol has now been
demonstrated to be a seducing alternative to more traditional peel tests for charac-
terizing metal/rubber interfaces and could also be implemented as an alternative or
complement to more industry-oriented tests such as the H-test for instance. If Gc mea-
surements have proven to be reliable, so additional investigations are now necessary

to investigate with more detail the local mechanisms in the process zone region con-
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trolling the damage and crack propagation condition. Such analysis is now in progress

trying in particular to evaluate the mode mixity conditions.
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The Rubber Cord Adhesion Inflation Test (RCAIT) has been proposed as an alterna-
tive technique to more standard pull out protocols such as H, T, or pull-out tests for char-
acterizing the adhesion between cord/cable reinforcement and rubber. During this test,
a fluid is injected in between a wire and a rubber cylindrical envelope to provoke the in-
terface separation once a critical pressure is reached. A simple energy balance analysis is
used to evaluate the critical strain energy release rate, G¢c, which drives the crack prop-
agation from measurable quantities. However, some assumptions should be assessed to
ensurereliable G¢ evaluation. Then, a predictive finite elements simulation of the RCAIT
is proposed to simulate the fluid driven crack nucleation and propagation process along
the rubber cord interface. These results are compared with the ones obtained from the
RCAIT simplified analysis.

3.1 Introduction

Elastomers are used for manufacturing a large variety of parts such as antivibration
components, gaskets, transmission belts, tires, or pipes. To obtain the desired mechan-

ical performances composite systems are often used by incorporating particles, cords,

52
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cable, mesh, or fabric into an elastomer matrix. However, as for all composite materi-
als, the adhesion strength between matrix and reinforcement is a key parameter con-
trolling the overall initial and long-term performances of the component. Specialized
techniques are then developed to modify the chemistry and morphology of the surface
of the reinforcement so as to achieve strong and durable bonding with the elastomer
matrix [Lechtenboehmer et al., 1990, van Ooij, 1977]. Due to more restrictive regula-
tions regarding processes and product toxicity, substantial efforts are undertaken to
develop environmentally friendly processes [Sarkar and Bhowmick, 2018]. The me-
chanical performances of these new reinforcement/elastomer interfaces should be as-

sessed which requires the use of specialized testing protocols.

Very few experimental techniques are available to characterize the adhesion be-
tween an elastomer matrix and a single reinforcement cords or cable [Nicholson et al.,
1978, Ellul and Emerson, 1988, Brown, 1996, Gent and Yeoh, 1982, Lake, 2003]. They
are mainly adapted from classical pull-out tests and some of them are now standard-
ized (ISO 4647, ISO 5603,[ASTM D1871, 2014]...). Recently, the rubber cord adhe-
sion inflation test (RCAIT) has been proposed as an alternative technique for refined
mechanical characterization of rubber to reinforcement wires bonding [Corbel et al.,
2022, Kane et al., 2019]. The specimen consists of a unique cord reinforcement em-
bedded along the central axis of a cylindrical rubber envelope and initially partially
debonded on one end. A pressurized fluid is slowly introduced in between the rubber
envelope and the cord until a critical pressure is reached and a stable and progressive
decohesion is observed along the specimen length. To prevent rubber envelope fail-
ure, the specimen is placed in a lubricated confinement tube so as to limit the tube
circumferential expansion. Contrary to alternative test procedures, the specimen and
test conditions are designed so that a steady state crack propagation regime can be ob-
served when the constant pressure of the injected fluid is measured. Then, this test
protocol can be viewed as an axisymmetric confined blister test as proposed by [Dan-
nenberg, 1961, Chang et al., 1989]. The analysis of such a test relies mainly on a global
energy balance analysis from which the critical strain energy release rate (SERR) which
drives the extension of the decohesion is determined. Basically, the work needed to
inject the pressurized fluid is partially stored in the rubber deformation and fluid com-
pression potential energy, the rest being dissipated in the damage processes leading
to crack propagation. Other possible dissipation mechanisms can be involved such as

rubber envelop damage or viscous dissipation so as fluid viscosity. For this analysis
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to be valid, the crack propagation regime should be stationary. Also, all possible un-
wanted dissipation mechanisms should be minimized and/or evaluated. At last, some
of the quantities needed for the energy balance analysis are determined indirectly from

measurable quantities so that possible calibration errors should be evaluated.

Due to the axisymmetric nature of the specimen, the fracture process zone sur-
rounding the crack tip region is not visible so the experimental assessment of the RCAIT
analysis hypothesis is limited. Then, a finite elements simulation is proposed here to
simulate both the crack nucleation and propagation steps considering the hyperelas-
tic nature of the rubber and complex loading conditions. Indeed, a stationary pressure
is recorded during the steady state crack propagation regime. Then, it is necessary
to reproduce the fluid driven crack propagation process to ensure the calculations will
remain stable. For this reason, fluid cavity elements are used together with cohesive el-
ements to achieve progressive interface decohesion and also to control the fluid injec-
tion rate in the numerical simulation. This solution was found relevant to simulate the
overall macroscopic response of the specimen during the test and the rubber envelope
deformation during the crack propagation process. Alternative specialized implemen-
tations have been proposed in other contexts such as hydraulic fracture simulation,
crack propagation in porous media or elastomer using XFEM [Paul et al., 2018, Jin and
Arson, 2020] or phase field [Chukwudozie et al., 2019] implementation. However, no
contribution was found where volumetric fluid driven crack propagation along a spe-
cific interface and involving hyperelastic material was found. The proposed procedure
uses only standard routines implemented in the commercial finite element simulation

program, Abaqus®©, and could be easily replicated to analyze similar situations.

In the following, after a short presentation of the RCAIT principle and analysis, the
finite element implementation of the test simulation is described. The results from
the model are compared with the ones obtained experimentally and presented in a
previous contribution [Corbel et al., 2022]. Finally, the self-similar nature of the crack
propagation regime is discussed by analyzing in detail the finite element simulation
and by comparing them with the one obtained with the Thich Tube Rubber Inflation
Model (TTRIM) [Kane et al., 2021].
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3.2 Rubber cord adhesion inflation test principle

The rubber cords adhesion inflation test (RCAIT) studied here is depicted in Fig. 3.1.
To evaluate the crack nucleation and propagation condition along a metal cord and a
rubber matrix, a pressurized fluid is slowly introduced between the two components.
The specimens are obtained by molding a 9.4 mm diameter rubber cylinder around a
1.3 mm diameter steel wire coated with brass. During the vulcanization process, the
rubber creates cohesive bonds with the coating which leads to strong bonding. A re-
lease film or anti-adherent coating is placed on one specimen end along a distance
ap= 50 mm producing an initial decohesion to ease the fluid injection and evaluation
of rubber mechanical properties. The specimen geometry also includes a flange on
the precrack side which is clamped tightly to a fluid injection fixture connected to a
hydraulic circuit. Finally, a glass confinement tube having 10 mm inner diameter is
placed around the specimen so as to prevent rubber envelope failure and force the
crack propagation along the cord. The tube is lubricated to prevent any adhesion be-

tween rubber and glass or at least limit possible friction effects.

a) / Confinement J Cord
X
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Figure 3.1: Rubber cord inflation test in a) initial configuration and b) pre-crack length
inflation regime.

The test is driven under a constant fluid volume injection rate. During the test,
the fluid pressure first increases while the precrack part of the specimen envelope in-
flates. Two regimes are observed here. First the free inflation regime, prior to the outer
surface of the specimen touching the confinement tube. Then the confined inflation
regime, when the specimen is constrained radially and the envelope expands mainly
axially. After a critical pressure is reached, the crack propagates in a stable manner
and the fluid pressure remains almost constant. Tap water is generally used for the
experiments.

During the test, several quantities can be measured. Fluid pressure, P, is recorded
with a pressure sensor placed along the hydraulic circuit. The fluid is injected by us-

ing a high-pressure stainless-steel syringe whose piston is attached to a tensile testing
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machine to control the volume injection rate. The injected volume, AV, is determined
from the crosshead displacement measurement after proper calibration of the system
is performed to evaluate the possible effect of fluid compressibility and hydraulic cir-
cuit compliance. Finally, markers and/or patterns are drawn on the specimen and
observed during the experiment with a camera in order to monitor the longitudinal
elongation, 1., at the surface of the specimen.

Assuming the initial decohesion is large and the contribution of clamping and crack
tip regions on the overall deformation is negligible, the measured P(AV) evolutions
can be used to evaluate the rubber’s mechanical behavior with the help of the thick
tube rubber inflation model (TTRIM). Once a critical pressure P¢ value is reached a
decohesion occurs at/or near the rubber/cord interface. The decohesion then propa-
gates in a stable manner longitudinally while the fluid is slowly injected at a constant
pressure value. A simple energy balance analysis is then used to evaluate, G¢, which

controls the propagation of the decohesion:
POV =2nr.Gecda+ w.da (3.1)

In equation 3.1, the term Pc6V corresponds to the energy transferred to the system
when injecting the pressurized fluid and propagating the crack along a distance da.
This energy is converted mainly into potential energy w.0a due to rubber envelope
reversible expansion and fluid incompressibility. w, corresponds to the stored elastic
energy per unit length. Finally, a substantial ratio, 2wr.G¢é a, is dissipated during the
fracture process and other dissipative mechanisms. From the global energy balance
analysis, the estimated G¢ value incorporates all these dissipation sources. According
to the above presentation and previous contributions, a reliable analysis of the RCAIT
and G estimate requires proper monitoring of crack propagation, fluid pressure, in-
jected fluid volume, and specimen deformation. Also, the influence of additional dis-

sipation mechanisms should be evaluated.

3.3 Finite element modeling of the RCAIT

Up to now, the analysis of the experimental data from the RCAIT is essentially funded
on conclusions drawn from the TTRIM results [Kane et al., 2019, Kane et al., 2021] and
global energy balance evaluation. This 1D model applies to the regime preceding the

crack propagation step and describes the inflation of an infinite pressurized rubber
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tube whether it is confined or not. However, the influence of the specimen clamping
region and the vicinity of crack tip position are not considered. Finally, it would be
relevant to assess the energy balance analysis during the crack propagation regime by
reproducing with a complete finite element simulation of both crack nucleation and
propagation regime. Finally, the self-similar nature of the crack propagation regime

could be confirmed.

3.3.1 Model description and preliminary hyperelastic analysis

In the following, all finite element simulations use Abaqus© code. The model geometry
and boundary conditions of the model are presented in Fig. 3.2 so as the mesh in the
vicinity of the crack tip position. Due to specimen geometry and loading conditions,
2D axisymmetric simulations are performed and cylindric coordinates system (76%)
is considered. Due to the mechanical contrast between the rubber and steel, the cord
reinforcement is modeled as a rigid line placed at a distance 0.65 mm from the cylinder
axis. The cord displacement is free along direction Z but other degrees of freedom are
set to zero (U, = Rg = 0). The rubber envelope’s outer radius is 7ex; =4.7 mm and is

represented with a rectangular solid surface.
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Figure 3.2: Geometry, boundary conditions, and mesh topology of the finite element
model for crack onset study. The pre-crack opening is exaggerated for visualization.

In the present analysis, a detailed analysis of the clamping condition is not pro-
posed. Assuming the clamping region length is small compared to the pre-cracked
distance, the contribution of clamping region deformation on the overall injected vol-
ume will be assumed negligible. Therefore, the clamped side of the specimen is simply

replaced by the kinematic condition (U,(z = 0) = 0) corresponding to the free radial
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expansion of the rubber tube across the section. Along the Z direction, the rubber en-
velope is partially bonded to the cord. The length along which antiadhesive coating is
deposited is considered as a pre-crack length, the presence of film or coating is not ex-
plicitly considered in the simulation except by introducing discontinuity between the
two materials. The interphase region between rubber and cord is not considered either
and the bonding between the cord and the rubber is simply modeled with a displace-
ment continuity condition at the interface between rubber and cord.

A focus ring of elements meshes the interface singularity region. 2D axisymmet-
ric quadrangle elements with quadratic interpolation are chosen. Full integration and
hybrid formulation scheme (viz. CAX8H in Abaqus) are used to manage material in-
compressibility. All present computations use the implicit solver of Abaqus and the
hypothesis of finite strain.

Finally, the 5 mm inner radius confinement tube is introduced. Again, the mechan-
ical contrast between rubber and glass tubes is very large so that the confinement tube
can be modeled as a fixed rigid body. Considering that the lubrication between the
glass tube and rubber is efficient, the contact between the rubber envelope and the
confinement is modeled as frictionless contact using node-to-surface and penalty al-
gorithms. Various loading conditions can be applied to the inner radius of the rubber
envelope (pressure, volume variation, ...) which are detailed below.

The Exp-Ln strain energy potential [Khajehsaeid et al., 2013] is used to derive the

rubber material constitutive law, as given in equation 3.2:
1 1
W=A|—exp(a(l;-3)+b(L,-2)A-In(l;-2))——-b (3.2)
a a

The expression of the strain energy density function only depends on the first in-
variant I; of the transformation gradient. The Exp-Ln strain potential is applicable to
natural rubbers reinforced with black carbon which exhibit hardening for large elonga-
tion values. Material parameters A, a and b values used for the simulation have been
identified previously ( A = 1.29 MPa, a = —-1.19, b = —0.87) [Corbel et al., 2022]. The
constitutive law is implemented in the finite element code Abaqus© using the UHY-
PER subroutine.

In Fig. 3.3 is represented the deformed configuration of the specimen for several in-
flation pressure values up to 9 MPa as determined with the finite element model. The
maximum pressure value corresponds to the one measured experimentally when the

decohesion of the rubber/cord interface propagates. A 4.9 MPa pressure value is found
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for the end of the free rubber expansion regime and the start of the rubber envelope
to confinement tube contact (rex: = r'cony). Then, at higher pressure, the confinement
tube tends to constrain the rubber envelop radial expansion. Meanwhile, the axial ex-

pansion along the tube axis tends to increase rapidly with the pressure.
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Figure 3.3: Opening logarithmic deformation at different pressure for the crack onset
model.

These results may seem similar to the ones observed in other contributions [Liechti
and Wu, 2001, Neggers et al., 2015] where elastomer/metal delamination mechanisms
are discussed and modeled. However, peel-like mechanical test procedures are gener-
ally considered which leads to very different stress/strain fields in the fracture process
zone region compared to the RCAIT situation. The main difference lies in the fact that
due to the axisymmetric situation, the crack front is circular, and homogeneous plane
strain condition is achieved all along the crack front. As also observed when strong

adhesion is achieved between rigid and soft bodies, a blunted crack tip is observed at a
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finite distance from the rubber/metal interface. The initial stress singularity located at
the crack tip position vanishes since the rubber/cord contact angle becomes very small
[Krishnan and Hui, 2009, Lengyel et al., 2014]. Such a result is consistent with a pre-
viously observed fractured surface where a thin layer of residual rubber was observed
on the cord after complete failure. The mapping of the ¢,, distribution in the speci-
men section does not illustrate the modification of the rubber loading condition from
mainly radial to longitudinal expansion but clearly enlightens the presence of large cir-
cumferential stress concentration along the blunted crack tip at a finite distance from
the rubber/cord interface.

Now that the initial stage preceding the crack onset has been described, additional
features should be added to the finite element calculations to simulate the crack initi-
ation and propagation steps. Due to the presence of the initially sharp crack tip, nu-
merical convergence of the node-release crack propagation technique is difficult to
achieve. More advanced methods such as phase field, X-FEM are numerically costly,
and specific formulation and implementation are required to describe the fluid injec-
tion process. The main objective of the present model is to analyze the macroscopic
response of the RCAIT specimen trying to capture the overall response of the rubber
envelope so as its interaction with the fluid and the confinement tube. Neverthe-
less, numerous highly nonlinear phenomena can be evidenced (large displacements
and rotations, hyperelastic behavior, contact, ...). It seems difficult to capture these
macroscopic phenomena together with a fine description of the damage processes at
the crack tip position which could be studied in a second step. A phenomenological

description is then chosen to model the interface decohesion.

3.3.2 Cohesive zone modeling of crack nucleation

Since the crack path is known, a cohesive zone modeling (CZM) approach seems ap-
propriate as proposed in previous contributions [Liechti and Wu, 2001, Mukherjee
et al., 2016, Meng and Chang, 2020]. Indeed, using CZM allows for the simulation of
both the decohesion nucleation and propagation regimes of the interfacial region be-
tween the rubber and the cord. A phenomenological description is then achieved since
the cohesive elements are not capable of describing the complexity of the damage pro-
cesses at the crack tip. However, after appropriate calibration, a damage process zone
with physical extent should be observed and a sensitivity to mode mixity loading con-

ditions can be introduced.
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So, a layer of cohesive elements is introduced in between the rubber material and
the solid line representing the rigid cord. Using Abaqus cohesive elements is preferred
rather than cohesive surface interaction following a recommendation from [Gilormini
and Diani, 2015] for finite strain considerations. Abaqus surface interaction integrates
the cohesive model on the current configuration, while cohesive element maps back to
the initial configuration. It leads to a large difference of over 10% in the effective work

of fracture in the case of an elastomeric peel test from a rigid substrate.

The model including cohesive elements is quite similar to one presented in section
3.3.1. However, the introduction of cohesive elements needs to modify the mesh topol-
ogy. Mesh and boundary conditions applied to the finite element model are presented
in Fig. 3.4. A grid-like mesh topology is used for the rubber envelope with higher el-
ement density near the inner radius where large elongation gradients are expected.
Quadratic size distribution is used, therefore the mesh density along 7 is given by the
total number of elements in the radial direction N, set at 20 elements. 2D axisym-
metric quadrangle elements with linear interpolation (CAX4H) are chosen to ensure

connectivity with the rest of the elements.

Cohesive elements are inserted between the rubber envelope and the rigid cord
along half of the total length, with element density equal to d, = 4, to bond the cord to
the rubber envelope. Cohesive elements COHAX4 from the element library of Abaqus©
with an initial zero thickness are used (see Fig. 3.4). The cohesive element length
is identical to the rubber mesh (0.25 mm). The cohesive element is formulated with
a 2D axisymmetric hypothesis, linear interpolation, and a Newton-Cotes integration
scheme. As discussed above, the detailed description of the mechanical fields and
damage processes close to the rubber/cord interface is replaced by a one-dimensional
phenomenological description of the overall decohesion process. The cohesive model
controls the evolution of cohesive stresses normal and tangent to the interface as a
function of the relative displacement across the interface until complete decohesion.
A phenomenological stress versus displacement evolution should be calibrated so that
the simulated overall specimen response is found similar to the one observed experi-
mentally. As main parameters, the cohesive element stiffness, K, should be chosen so
that no significant softening is introduced during the elastic loading regime. Also, the
CZM parameters (viz. max. relative displacement, 6 ¢, ultimate stress, oy, ...) should
be chosen so as to respect the energetic criteria controlling the complete decohesion

of the interface.
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Figure 3.4: Geometry, boundary conditions, and mesh topology of the finite element
model including cohesive elements. The pre-crack opening is exaggerated for visual-
ization.

In the present RCAIT configuration, the crack nucleation intermediate regime can-
not be distinguished from the reversible loading regime prior to crack propagation by
analyzing P(AV) or P)A,) evolutions. This suggests that the fracture process zone ex-
tension remains small compared to other dimensions so that linear elastic fracture me-
chanics is applicable. CZM parameters should be chosen also to observe the limited
extent of the fracture process zone in the simulations. A triangular interface separa-
tion law is generally adopted for cohesive element [Liechti and Wu, 2001, Meng and
Chang, 2020, Mukherjee et al., 2016] over trapezoidal or exponential laws. However,
large fracture process zone is generally observed which are not consistent with the ex-
perimental observations. Then, a trapezoidal law is preferred here with an additional
shape parameter, r, which controls the plastic regime extend, is used. A higher energy
dissipation can be introduced while keeping the same critical stress and critical rela-
tive displacement at the break. Interface separation law is represented in Fig. 3.5. In
the following, the nominal interface “stiffness”, K, and shape parameter, r, will be kept
constant. Indeed, K, is set so that the overall specimen stiffness response is not altered
with respect to the rigid interface situation. Meanwhile, the critical strain energy re-
lease rate G is set arbitrarily in a range of values corresponding to the ones measured
experimentally. The critical stress o is directly linked to G¢, K, r and 6. Then 67,

09, and r are chosen so as to obtain a physically realistic fracture process zone (FPZ)
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configuration. As evidenced in section 3.3.1 and generally observed in interface deco-
hesion situations mixed mode loading conditions are expected. Mixed mode failure
criteria could then be introduced. However, due to the lack of experimental data de-
scribing the effect of mode mixity on the decohesion process in this situation, it would
be artificial to introduce supplementary parameters. Then identical interface separa-
tion laws are used for both traction and shear contributions. The stress criterion at
damage initiation is quadratic and the damage evolution rule also considers the cou-
pling between peel and shear stresses. Simulation results will be introduced later, once

the method for coupling CZM with the fluid injection process is discussed.
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Figure 3.5: Shape of the trapezoidal traction-separation law to model the interface.

3.3.3 Modelling of fluid driven crack nucleation and propagation
Implementation of hydrostatic fluid element

The RCAIT such as most mechanical characterization tests including blister tests is
not load-controlled but kinematic-controlled. Indeed, since the injected fluid is in-
compressible and the compliance of the hydraulic circuit is considered negligible the
experiment is driven by fluid volume injection rate. A constant pressure is applied to
the inner surface of the specimen but the contour of the inner surface including the
near crack tip region depends on the fluid/structure interaction. Since large deforma-
tion and nonlinear hyperelastic behavior are introduced the pressure versus injected
volume evolution, P(AV), is not linear either. Then applying pressure load to the in-
ner radius of the specimen along the decohesion as a boundary condition is not really
representative of the test conditions. Kinematic conditions should be applied in the
numerical simulation which are representative of the pressurized fluid injection rate

control conditions. This is notably critical to simulate the crack propagation regime
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when the fluid pressure is constant where numerical instability may arise unless ar-
tificial numerical “viscosity” would be introduced. To control the volume variation
inside the rubber envelope rather than applying pressure to the inner radius, hydro-
static elements from the Abaqus elements library are used. Such elements describe the
mechanical behavior of a closed cavity filled with either compressible (pneumatic) or
incompressible (hydraulic) fluid. They introduce a simple fluid-structure interaction
through the hypothesis of constant pressure across the fluid volume and assume the
effect of liquid inertia is negligible. This formalism was previously used for mechani-
cal study of pressurized vessel [Rumpel and Schweizerhof, 2004], air spring suspension
[Berry and Yang, 1996], air-filled closed-cell foam [Mills et al., 2009] or multiple pneu-
matic crash cushion [Graczykowski and Heinonen, 2007].

Numerically, a layer of fluid cavity limits elements (here FAX2) is introduced around
the enclosed space between the rubber and the cord interface. The FAX2 elements
mesh the boundary of the fluid cavity, sharing nodes with the corresponding surface.
Then, a node placed in the meshed cavity acts as an integration point to compute the
pressure. For an axisymmetric situation, this node must lie on the axis of revolution.

As a boundary condition, a prescribed quantity of fluid can be added to a cavity.
This parameter corresponds to the one set experimentally. Providing, the displace-
ment of the inner radius of the rubber envelope could be prescribed by the expansion
of the fluid cavity at a given expansion rate, a uniform pressure will be applied to the

inner radius of the rubber envelope.

Coupling fluid cavity element and cohesive element

The simulation of fluid driven crack propagation remains a complex issue especially
due to the difficulty in controlling the application of the pressure loading to the newly
created surface. The simulation of the RCAIT is even more complex due to the large
deformation of the medium coupled with the fact that the injected fluid pressure is
expected to be constant during the crack propagation regime. Therefore, to achieve
numerical stability, kinematic controlled loading conditions should be applied. There-
fore, the proposed strategy consists of introducing multiple connected hydrostatic fluid
cavities along the rubber/cord interface which will be filled with fluid sequentially dur-
ing the crack propagation regime to force the crack opening while the decohesion ex-
tends. This solution is proposed since the pore pressure cohesive elements and hydro-

static fluid cavities cannot be used together in a model in Abaqus. The main advantage
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of the coupling presented here is the meaningful dialogue between the inflation of the
pre-crack length of the specimen and the newly cracked surface length. The coupling
of the fluid cavity is also possible with continuum element degradation or node-release
crack propagation.

The superimposition of the initial mesh with the fluid cavity elements network de-
scribing the interaction between cohesive and fluid cavity elements is presented in Fig.
3.6. A main fluid cavity maps the initial pre-crack length of the specimen. Then, a suc-
cession of fluid cavities is superimposed on each cohesive element. However, each
cavity is extended up to the axis of revolution in order to compute the injected volume
properly and allow to place the integration point of the cavity. These cavities are filled
sequentially along the crack propagation path, and fluid link elements are used to con-
nect each successive cavity. The fluid flow from the first cavity to the following is given

by the relation:
AP:Pm_Ps:CUq (3.3)

Where AP is the pressure difference between the first (pressure P,,) and following
(pressure P;) cavities, C, is a viscous resistance coefficient and ¢ is the fluid flow be-
tween the two cavities. This additional numerical parameter, C,, should be calibrated
so that no artificial rate dependence effect is observed. Also, the fluid link elements
have a modifiable fluid behavior since C, can depend on AP, temperature, or user-
defined field variables f,. This last dependency is the key to the coupling between fluid
cavities flow connection and cohesive elements degradation. Indeed, from a physical
standpoint, the flow of the fluid penetrating the fracture process zone may be depen-
dent on local damage to the rubber. Then, the C, coefficient value is updated during
the simulation as a function of the damage level of the local cohesive element. For
now, a simple cavity onset criterion is introduced considering the local fluid cavity el-
ement starts to fill once the damage variable D of the local cohesive element is more
than 0.2. Indeed, it was observed that the numerical convergence is enhanced when
the pressure is applied before the total degradation of the cohesive element is reached.
Therefore, the pressure locally increases with the fluid flowing to the cavity and then
introducing an intermediate process zone region where the internal pressure accel-
erates the damage process but also allows smooth injection of the fluid in the newly
created area.

The relation between fluid cavity elements and damage is not a standard imple-

mentation in Abaqus. The algorithm depicted in Fig. 3.7 is executed between each
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Figure 3.6: Illustration of the superposition of hydrostatic fluid element and cohesive
elements (thickness of the cohesive elements is exaggerated) and connection between
cavities.

iteration of the finite element solver. First, the local damage value of each cohesive
element is read with a URDFIL subroutine. Then, the subroutine UFIELD assigns a
field variable, f;, to each fluid link element depending on the damage of the cohesive
element located at the slave cavity element. Two values can be assigned to C,. In case
D < 0.2 then C,, is set to zero so that the fluid is blocked, in case D = 0.2 then an incom-
mensurable value is assigned to C, so that the fluid fills the cavity immediately at the
next iteration. A Fortran COMMON BLOCK is used to retrieve damage values from the
URDFIL subroutine and transmit them to the UFIELD subroutine.

With this numerical procedure, the whole crack nucleation and propagation steps
are simulated reproducing the complete RCAIT. In particular, fluid-driven crack prop-
agation under a constant volume injection rate is achieved with a stable crack propa-
gation regime with constant fluid pressure. Add to the cohesive zone parameters two
additional parameters (onset, C,) which control the pressurized fluid flow through the

process zone.

3.4 Cohesive zone modeling of the RCAIT

In the following, the numerical procedure described above is used to reproduce the-
oretically the experimental results obtained on a specimen made with NR bonded to
a brass-coated steel cord. After a satisfactory agreement is found at a macroscopic
scale, then the results from the simulation are analyzed to evaluate locally the condi-

tions leading to crack nucleation and propagation and also to discuss the limits of the
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Figure 3.7: Flowchart of numerical procedure to combine fluid cavity and cohesive
element and the breakdown between the two Abaqus subroutine.

proposed approach.

3.4.1 RCAIT macroscopic response - experimental vs theoretical

As discussed above, most of the material parameters controlling the response of the
RCAIT can be determined experimentally. Indeed, a simple hyperelastic model of the
rubber behavior has been identified from uniaxial tensile test data and evaluation of
the RCAIT data along the pre-crack length. The critical SERR of the rubber/cord in-
terface is obtained from energy balance analysis of the RCAIT, and rubber strength is
obtained from tensile test results again. The remaining parameters are mostly numer-
ical ones except for the remaining cohesive zone model parameters (viz. r and 0 1)
In the following, the shape factor is set arbitrarily to 85%. Indeed, as for most cohesive
zone models use cases, a high enough element density should be used to ensure an ap-

propriate description of the interface separation law along the FPZ. Then, r = 0.85 was
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GC K Oy r 5f
80kJ/m?> 1000 MPa 30MPa 0.85 2.8mm

Table 3.1: Cohesive zone model parameters.

found satisfactory to obtain a satisfying compromise between mesh density, numeri-
cal cost, and description of the FPZ. Then a smooth development of damage along the
process zone was found which is also a necessary condition to observe a progressive
filling of the fluid cavity elements according to the scheme depicted in Fig. 3.7. Then,
the last parameter to be determined is the displacement jump leading to complete in-
terface separation, 6 ¢, which is found equal to 2.8 mm. CZM parameters are finally

summarized in Table 3.1.

In figures 3.8 and 3.9 report the main experimental data recorded during a RCAIT
which are compared with the complete results of the RCAIT simulation describing de-
cohesion nucleation and propagation regimes. It should be noted that the simulation
is stopped before total delamination of the whole interface is observed considering the
computation time. Indeed, for G = 80kJ/m?, the simulation of a 1 mm crack prop-
agation requires approximately 3 days of processing using 16 cpus at 2.60 GHz. In
Fig. 3.8, the injected fluid pressure, P, versus injected fluid volume shows satisfac-
tory agreement for both the crack nucleation and propagation regime. Indeed, during
the crack propagation regime, the same plateau pressure value is found which con-
firms the crack propagation behavior is controlled at the macroscopic scale by the only
energy balance criteria. During the crack nucleation regime, very similar behavior is
observed. The experimental evolution exhibits more compliant behavior so as abnor-
mal preliminary inflation regime. Indeed, the specimen attachment condition is not
precisely modeled in the finite simulation nor the possible presence of air entrapped
in the hydraulic circuit so that very stiff initial response is found numerically compared
to the experimental result. Also, overall more compliant specimen behavior is found
experimentally due both to poor evaluation of the initial decohesion length value and
also probably to underestimation of the inner radius of the rubber envelope since the

presence of anti-adhesive film is not considered.

During the RCAIT, a marker tracking technique is implemented to evaluate the evo-
lution of the longitudinal elongation at the outer radius position along the specimen
axis. Experimental and theoretical evolutions are compared in Fig. 3.12 and exhibit

similar evolutions again. A small discrepancy is found on the plateau, A, value in the
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Figure 3.8: Comparison of experimental and numerical inflation curves.
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Figure 3.9: Comparison of experimental and numerical process zone.

inflated region of the specimen which may attributed to biased evaluation of the inner
radius again, or experimental artifacts such as confinement tube/rubber residual fric-
tion. However, the two evolutions evidence identical shape and extend (ca. 20 mm) of
the transition region between bonded and fractured parts of the specimen. For both
Fig. 3.8 and 3.9 no significant feature allows evidence of the development of a FPZ at
the interface scale which justifies the use of simple linear fracture mechanics approach
to analyze RCAIT.

Then, using the same procedure, RCAIT is simulated again but considering differ-
ent critical SERR values for the cohesive elements in the interval [10:80] kJ/m2. All CZM
parameters are kept the same except ultimate stress which is changed so as to obtain
the appropriate G¢ value. The resulting fluid pressure versus injected volume evolu-
tions are reported in Fig. 3.10. All evolutions are found the same except the plateau
pressure value which varies with the G¢ value. The semi-analytical relation derived in

[Kane et al., 2021] to evaluate G¢ from the measure critical pressure value is compared
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with numerical results in Fig. 3.11. Both analytical and numerical model predictions
agree which demonstrates again that LEFM is valid to evaluate G¢. This indicates that
the FPZ extension should be negligible compared to other characteristic dimensions
(rubber envelope thickness, initial decohesion, accommodation length ...) but also
that the steady state crack propagation regime is observed after a small crack propaga-

tion distance.
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Figure 3.10: Inflation curves prediction of the cohesive modeling for different value (r
=0.85, 6 = 2.9mm).
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Figure 3.11: Comparison of analytical [Kane et al., 2019] and cohesive modeling pre-
diction of critical pressure to propagation in function of critical SERR.

It should be noted that the value of G¢ as high as 80 kJ/m? enforces a correct phe-
nomenological description of the experiment. The dissipation during propagation
comes both from the bulk material and the interface. Meanwhile, the model places
all the dissipation in the cohesive element. And, as the crack surface is cylindrical, the

G¢ value is actually dependent on the radial position of the cohesive element.
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Figure 3.12: Comparison of the transition zone length on the exterior radius of the
specimen for different displacement at complete failure for the cohesive zone model
(G=80kJ/m?; r =0.85).

3.4.2 Local analysis — development of FPZ

The previous results seem to indicate that the macroscopic response of the RCAIT is
little affected by the exact shape of the interface separation law since non-features re-
lated to the FPZ development were observed compared to a purely elastic analysis.
However, to assess this hypothesis a parametric analysis is performed by varying pa-
rameter, 6 ¢, and modifying oo accordingly to keep constant G = 80k]/ m? value. The
resulting A,(z) evolution for all test cases are reported in Fig. 3.12. For the two smaller
values considered in this study including the one used in section 3.4.1, the resulting
evolutions are identical to the one obtained for the perfectly bonded interface. For a
significant difference to be observed very large 6 ¢ values should be used leading to un-
realistic FPZ extension. The total displacement to failure can reach a size similar to the
confinement radius r.,, while still reaching a steady-state propagation. Indeed, the
confinement radius limits the opening displacement. Nonetheless, if the element does
not fail under opening mode for a small process zone, it will undergo a shear load-
ing. Therefore, while the opening displacement is limited by the confinement radius,
the shear displacement is limited only be the maximum axial elongation of the fully
cracked part of the specimen. Then the parameters given in Table 3.1 offer the best
compromises with the present mesh topology to reproduce the results obtained at a

macroscopic scale.

In Fig. 3.13 are reported the cartography of the radial elongation in the specimen
cross-section, and contour also presented in section 3.3.1 to evidence the presence of

strong stress concentration at the blunted crack tip position. The contour of the refer-
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ence configuration (rigid interface) for the same injected fluid pressure value is super-
imposed with the result of the cohesive zone modeling. Both contours match except in
the vicinity of the crack tip position where the presence of a cohesive element strongly
modifies the contact angle between rubber and cord and more generally the near cord
region. These pictures illustrate the phenomenological nature of the proposed model-
ing strategy which requires careful calibration of the CZM parameters as a function of
the mesh topology and consequently its limitations. Indeed, the CZM modeling aims
to describe the rubber/cord interface decohesion. From Fig. 3.3, it is clear that the
crack will initiate and propagate from the stress concentration region located at a finite
distance from the interface. The CZM parameters are then representative of the deco-
hesion of the near cord region over a finite distance rather than the one of the interface
unless very small element sizes are used. Indeed, with the present mesh topology no
crack propagation is observed with the CZM when small § ¢ values are used (and con-
sequently large o) since due to the element distortion at the crack tip position, the
normal stress in the cohesive element becomes compressive and block the develop-
ment of any damage. 6 values are finally representative of the radial position of the
blunted crack tip when crack propagation starts.

At last, the damage value in the cohesive elements is reported which is also rep-
resentative of the pressure of the local fluid cavity element and applied to the inner
contour of the rubber interface. As seen in Fig. 3.13, by filling the fluid cavity when the
damage value in the cohesive element is larger than 0.2, the fluid pressure is applied
to most of the inner contour of the rubber envelope so that the resulting deforma-
tion is similar to the one obtained by considering rigid interface. In conclusion, the
present finite element procedure is capable of describing both crack nucleation and
propagation sequence during RCAIT and the overall macroscopic response including
the regular stress and elongation fields in the rubber envelope. However, CZM remains
phenomenological so calibration is required. Such macroscopic description then fails
in describing the exact nature of the process zone, however the identified CZM param-

eters are representative of specimen configuration.

3.4.3 Loading paths during crack propagation

In previous contributions, the analysis RCAIT uses only one-dimensional TTRIM which
doesn’t consider the three-dimensional nature of the stress and elongation fields in the

accommodation region. Also, the TTRIM only describes the initial inflation regime of
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Figure 3.13: Cartography of the strain tensors value around the crack tip during prop-
agation.

the precrack region but not the crack propagation regime. Capturing the exact load-
ing path in the specimen could be important to better evaluate the dissipative mecha-

nisms in the rubber during crack propagation.

To illustrate this, the evolution of the local elongations of a given element during
crack propagation is reported in Fig. 3.14. The evolutions are plotted as a function of

the instant distance to the crack tip position so that in an Eulerian representation of
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a steady-state crack propagation regime, these evolutions are similar to their spatial
evolutions along the specimen for a given crack tip position. Two radii are considered,
on the outer skin and the mid-through thickness position. As the finite element can
only capture globally the strain field around the crack tip, a loading path on the inner
radius is omitted. Also, the values determined with the TTRIM are reported. These
evolutions are found the same whatever the element is chosen at the same radial po-
sition along the crack propagation direction which confirms the self-similar nature of
the crack propagation regime. Also, these simulations clearly reveal the multiaxial na-
ture of the rubber loading condition during crack propagation also predicted with the
TTRIM.

4 -~ r -1 ] 4 ™ ]
[ Arr I'=Text r | L )L" r—rm,d ]
3 r- 2vrz [ — 1 3 I r ' 1
. Az 0 z | Az z
P Ago _TRIM | I /199 ATTRIM
<2 1 < 2
I | — /'LTTRIM
[ - _ ;LOTMM 1
| p——— -2 1 ------
i — ATRIM \‘ /'LTTRIM
L. L L L 1 L L L L 1 L L L L 1 L L L P L L L L 1 L
—10 =5 0 5 10 —10 =5 10
Distance to crack front position (mm) Distance to crack front position (mm)

Figure 3.14: Evolution of the elongation of an element of matter in the middle and
the exterior of the rubber envelop as the cord delamination advances (og = 30MPa,
r =0.85, Gc = 80kJ/m?).

However, a significant shear deformation is found along the accommodation length
which is not predicted with the TTRIM. In Fig. 3.15, the two loading paths are com-
pared in the principal stretches space, at the middle and the exterior of the rubber
envelope. The two paths are similar at the exterior radius, while a difference appears at
the mid-radius. Moreover, the shear component is predominant on a large amount of
the path. The analytical solution has an eigenspace corresponding to the global coor-
dinates (76%), while the FE CZM eigenspace has an angle with respect to the global co-
ordinates. An angle value of 0° indicates only traction/compression deformation and
45°, only shear deformation. The angle is higher on the mid radius than on the exterior
radius, meaning a higher shear state closer to the interface. Thus, the local rubber and
interface loading condition is different from the early analysis with the TTRIM and in-
dicates that shear behavior characterization of the rubber would be needed for proper

hyperelastic model calibration.
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Figure 3.15: Comparison of loading path in principal stretches space between inflation
(TTRIM analytical) and propagation (FE CZM) at two radii. Rotation angle between the
FE and the analytical eigenspaces is reported on FE loading path.

3.5 Conclusion

In the present contribution, a simulation of the complete RCAIT considering a fluid-
driven crack propagation test under constant injection rate conditions is achieved. The
original implementation is proposed here consisting of coupling fluid cavity elements
with cohesive zone elements. The load application conditions over the whole crack nu-
cleation and propagation process are reproduced from which the self-similar nature of
the crack propagation can be observed as associated with a fluid injection pressure
value. The model calibration uses mainly data directly obtained from macroscopic
tests (rubber behavior, rubber strength, specimen fracture energy). Indeed, with the
actual specimen geometry, the experimental data recorded during the test can be re-
produced with simple LEFM consideration and hyperelastic modeling of the rubber
inflation. Then little/no influence of the CZM parameter is found except G¢. Other two
parameters K, r, 6 r are chosen essentially to ensure numerical convergence and real-
istic FPZ extension. to propagation dictated by the critical strain energy release rate.
With this model, a more complete picture of the RCAIT condition is obtained and the
self-similar nature of the crack propagation condition is validated. While the detailed
description of the FPZ is not achieved, a more realistic description of the accommo-
dation region is obtained which exhibits large shear deformation values that are not

predicted with the TTRIM where the maximum deformation state could be reached.

Multiple perspectives regarding the application of the present RCAIT finite element
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model can be drawn. First, the model can be used for a better estimate of the influence
of test boundary conditions. In particular, the effectiveness of rubber to confinement
tube lubrification could be assessed by introducing friction contact. Additional bulk
dissipative mechanisms apart from the one developing in the FPZ can now introduced
in the rubber behaviour such as softening [Mullins, 1969] and viscosity with the objec-
tive to deconvolute these contributions from the one driving locally the crack propaga-
tion. Finally, these results could be assessed with supplementary experimental obser-
vations which may require the use of tomographic equipment to image the specimen

section during crack propagation.
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The Rubber Cord Adhesion Inflation Test (RCAIT), has been previously introduced
as an alternative test protocol to traditional pull-out tests for measuring the toughness
of rubber matrix to metal reinforcement interfaces. A pressurized fluid is injected in
between the matrix and reinforcement in a non-adherend region to initiate and propa-
gate a crack along the specimen. A self-similar crack propagation regime hypothesis is
assumed and the critical strain energy release rate is obtained from a simple energy bal-
ance analysis. However, to force the crack propagation along the specimen and prevent
the development of an aneurysm in the rubber envelope, a confinement tube is used. A
lubricant allows “free” longitudinal expansion of the rubber envelope during the con-
tact. Combined theoretical, numerical, and experimental analyses are then proposed
here to assess the effectiveness of lubrication conditions. Our results indicate an inversely
proportional scaling between the elongation gradient and the friction coefficient in the
pre-crack region. The observation confirms the validity of frictionless contact with a
greased contact. Meanwhile, the steady-state crack growth assumption holds with the

introduction of contact friction.

4.1 Introduction

Controlling the adhesion between fibrous reinforcement and polymer matrix is fun-

damental to achieving optimal performances of composite materials. For this reason,
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chemical and/or physical processes are generally implemented to modify the nature of
fiber surfaces to achieve appropriate compatibility with the polymer in which they are
to be embedded [Crowther, 2001]. Needs for improved mechanical performances and
durability, but also more demanding environmental and safety regulatory constraints,
resulting in the development of alternative products and processes including new sur-
face preparation protocols. To support these developments a better understanding
of the key mechanisms that rule the fiber adhesion, interphase formation, aging phe-

nomena, and failure mechanisms at the interface scale is needed.

Apart from fiber-reinforced polymer applications, rubber, and elastomeric compo-
nents also use fiber or fabric reinforcements to enhance rigidity and strength. Metal
cords and cables are often used for structural applications. The adhesion between the
rubber matrix and the reinforcements should be assessed with a series of mechanical
tests at various scales and tried to reproduce in-service conditions. However, few test
protocols are available to characterize the adhesion of a single fiber. Most of them are
derived from pull-out test configurations (e.g. ISO 4647, ISO 5603, or ASTM D1871) so
that the interface mainly sustains shear loading conditions [Brown, 2018, Nicholson
et al., 1978]. Recently, an alternative test protocol called the Rubber Cord Adhesion In-
flation Test (RCAIT), has been proposed for characterizing the adhesion between metal
cords and rubber matrix [Kane et al., 2019]. In this test, a pressurized fluid is injected in
between a cylindrical rubber envelope and a single reinforcement to propagate a crack
along the interface. After a critical pressure value Pc is reached, a stable crack prop-
agation regime along the cord with constant injected fluid pressure value. Assuming
a steady-state crack propagation regime, an energy balance analysis is performed for
which the critical strain energy release rate G¢ driving the fracture is determined from
the pressure vs. injected fluid volume evolution recorded during the test. However, for
large adhesion values, the crack may deviate from the interface and lead to rubber en-
velope failure. As suggested by [Chang et al., 1989] for the blister test, confinement is
then used to force the decohesion to propagate along the cable. The same energy bal-
ance analysis is applicable whether confined or unconfined conditions are used (both
boundary conditions are modeled) provided the specimen is free to expand along the
cord direction. Then, a lubricant is deposited on the specimen and tube surface to

achieve frictionless contact conditions.

Several lubricants have been used to assess the free longitudinal expansion hypoth-

esis and evaluate if the nature of the lubricant could modify the test result. For most
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test conditions, the same experimental results were obtained during the propagation
regime. However, when dry contact is considered the rubber envelope adheres to the
confinement tube so that a very small fluid quantity is needed to separate to cord from
the rubber. Experimental investigation of the influence of contact behavior would be
complex to implement due to the large variety of lubrication conditions to be tested.
Then, combined theoretical, numerical, and experimental analysis is proposed here to
analyze the crack onset and propagation regimes during RCAIT and evaluate the in-
fluence of confinement tube/rubber envelope friction. The technical objective is to
demonstrate that providing the appropriate lubricant is used the actual RCAIT proto-
col and data reduction techniques are robust enough to achieve reliable determination
of the G¢. From a scientific perspective, the refined analysis of the RCAIT is required for
better analysis of the local damage processes leading to the development of the frac-
ture process zone and the propagation of the decohesion. The study of elastomeric
envelop inflation contact is also beneficial to a larger extent in inflation mechanics
[Gasser et al., 2005, Patil et al., 2014] or tribology [Devalba et al., 2018, Dong et al.,
2023, Tuononen, 2016].

4.2 Rubber cord adhesion inflation test

4.2.1 Test presentation

The RCAIT has been introduced by [Kane et al., 2019] as an alternative testing protocol
to the H-test [Gent et al., 1981], a pull-off / pull-out test [Huang et al., 2023, Jiang and
Penn, 1992] to evaluate the adhesion between rubber and reinforcement. This proto-
col is inspired by the test configuration proposed by [Dannenberg, 1961] and can be
assimilated as a “tubular” version of the constrained blister test proposed by [Chang
et al., 1989].

The specimen depicted in Fig. 4.1 consists of a fiber/cord or cable reinforcement
embedded/bonded along the axis of a cylindrical rubber envelope. One side is left un-
bonded using either a demolding agent or PTFE tape so that pressurized fluid can be
introduced to inflate the rubber envelope and act as the pre-crack length ay. In this
work, the specimens are obtained by molding and curing a black carbon-reinforced
natural rubber cylindrical envelope around a 1.3 mm diameter high-strength steel cord

coated with brass. The brass coating allows the formation of strong Cu,S covalent
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bonds with the rubber during the vulcanization process leading to strong adhesion
[Crowther, 2001, van Ooij, 1984, van Ooij, 1979, van Ooij et al., 2009]. The outer diam-
eter of the cylindrical envelope is 9.2 mm. A flange is added to the specimen geom-
etry on the pre-crack side which is clamped to the hydraulic circuit fixture to ensure
fluid-tightness. During the test, tap water is slowly introduced into the specimen un-
der constant volume injection rate conditions (1 ml/min) by pressing a high-pressure
stainless-steel syringe with a tensile testing machine. A pressure sensor is placed along
the hydraulic circuit to measure the fluid pressure during the test. Supplementary
valves and purges are also placed to avoid the presence of air entrapped in the system
which would lead to a biased evaluation of the volume of fluid injected in the spec-
imen. Two regimes are generally observed during the test. First, the fluid pressure
increases while the pre-crack length of the rubber inflates. Free inflation first occurs
before contact is established between the outer diameter of the rubber envelope and
the inner diameter of the confinement tube. Then confined expansion occurs before
a critical pressure value is reached leading to crack propagation. Then slow and stable
crack propagation regime is observed while the pressure of the fluid generally remains
constant. From the ultimate pressure value and considering experimental data, geo-
metrical parameters, and rubber mechanical properties, the critical strain energy re-
lease rate can then be determined using simple energy balance analysis. The confine-
ment tube is made of borosilicate glass. The confinement is needed to prevent finite
strain instability which would be observed in case of strong adhesion and leading to
rubber envelope failure rather than crack propagation along the interface [Kane et al.,
2019].

On the outer surface of the glass confinement, in the pre-crack region, strain gauges
monitor the confinement circumferential deformation depicted in Fig. 4.1 and Fig. 4.2.
Similarly to the confined compression test [Burlion et al., 2001], the slight deformation
€pg of the confinement is proportional to the pressure on the inner surface of the con-
finement (with the hypothesis of small strain and linear elastic behavior of the glass
confinement). Analytical relations can achieve the translation of strain into contact
pressure. However, an experimental calibration gives directly the relation. The inner
part of the tube is filled with pressurized water up to 45 bar. A pressure transducer mea-
sures the fluid pressure while the strain gauges measure the confinement deformation.
A linear relation is found between the pressure and the deformation. Because of the

discrepancy in alignment and quality of bonding, each of the 4 gauges has a different
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Figure 4.1: Section of the Rubber Cord Adhesion Inflation Test in a) initial configura-
tion and b) pre-crack length inflation regime.

deformation-pressure factor. Then, the contact pressure given by each gauge is mea-
sured. Because of the high rigidity of the glass tube (10 mm thick borosilicate tube), a
possible contact pressure gradient is naturally averaged. Therefore, the contact pres-
sure is averaged between the 4 gauges to improve the measure and get a standard de-
viation from the apparatus. Each gauge has a separated quarter-bridge measured with
a National Instrument® 9219 acquisition card. The acquisition from gauges, pressure

transducer, displacement sensor of the plunger, and the camera are synchronized.

For the proposed data analysis to be valid, the longitudinal expansion of the spec-
imen should not be constrained so that lubricant is used to prevent any friction be-
tween the rubber and the tube. As evidenced below insufficient lubrication could dras-
tically change the crack nucleation and propagation conditions and render the analysis
of the experimental results very complex. To monitor the test conditions, white mark-
ers are deposited on the specimen surface along the longitudinal direction to evalu-
ate the longitudinal elongation. This technique has been implemented to validate the
steady-state crack propagation regime assumption and evaluate the length of the ac-
commodation region between the cracked and bonded parts [Corbel et al., 2022]. Sim-

ilarly, the test protocol is now used to evaluate the influence of lubrication conditions.
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Figure 4.2: RCAIT apparatus with strain gauge glued on the glass confinement (strain
gauges are on the back of the tube - riddles on the confinement tube are the grease).

4.2.2 Evidence of contact friction effects

Following the same procedure detailed in [Corbel et al., 2022], a series of specimens
from the same manufacturing batch is tested under the same conditions but consider-
ing different lubricants. Two different silicon lubricants are tested. Their typical static
viscosities are 4.9 x 10~ m2/s for the Silicone Grease from CRC® (designed G490 here-
after), and 7 x 10~* m2/s for the SAPPHIRE® Aqua-Sil from ROCOL® (designed G700

hereafter). Then, the two other contact conditions are a dry contact and a wet contact.

Evidence of friction effect appears on the specimen axial elongation at the end of
the test in Fig. 4.3. The silicon-lubricated case shows similar elongations between the
pre-crack at A, = 1.9 and the crack region at 1, = 2.1. The wet contact shows an elon-
gation gradient in the pre-crack region, ranging from 1.4 to 1.9. This reveals a sliding
friction contact in this case. Meanwhile, the crack region reaches an elongation of 2.
The dry case shows the lowest elongation at 1.1 in the pre-crack region and 1.7 in the

crack region. The contact with dry friction blocks the axial elongation.

Fig. 4.4 resumes the experimental result, with the global inflation curve. Firstly, in

the pre-crack inflation regime, all curves are superimposed before the contact of the
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Figure 4.3: Comparison of deformed specimens at the end of the propagation regime
for a) Silicon G490 lubricated contact, b) water contact, and c) dry contact. The spec-
imen is divided into the pre-crack region on the left and the crack propagation region
on the right.

rubber envelope and confinement tube. Then, discrepancy appears depending on the
lubrication condition, with the steepest evolution for the dry condition. This behavior
matches with the measure of axial elongation A in Fig. 4.5. Before the contact, the
rubber envelopes expand axially. Then, it either blocks totally in case of dry friction
or continues to expand axially for wet or lubricated conditions. The contact is directly
deduced from the blocking of axial elongation with a dry contact test or is given by the
strain gauges in lubricated contact. Meanwhile, the wet contact shows a strong varia-
tion of axial elongation on the pre-crack region (significantly higher than the standard
deviation of the marker following method). The elongation is growing gradually from
the bottom to the tip of the pre-crack length. It is an intermediate contact condition

between a grease-lubricated contact and a dry contact.

Secondly, during the crack propagation regime, a plateau of pressure is observed
in all conditions in Fig 4.4. The plateau corresponds to the critical pressure to crack
propagation, in a self-similar manner [Corbel et al., 2022]. For all contact conditions,
the critical pressure is similar. The mean elongation during the cracked part of the
specimen is reported by markers in Fig. 4.5. The elongation in propagation is similar
for the three lubricated cases at A, = 2.1, while dry contact is slightly lower at A, = 1.8.
Fig. 4.6 reports the axial elongation on the outer surface of the specimen after total
propagation, with axial coordinate in the initial configuration. The local elongation is
reported for all specimens of each contact condition. The pre-crack region is under

50 mm, with 15 mm hidden from sight by the test apparatus (see Fig. 4.2). The water
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Figure 4.4: Comparison of inflation curves for 4 contact conditions, with repeatability

(arrows indicate the start of the propagation regime).
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Figure 4.5: Comparison of elongation variation during the primary inflation regime
and the mean elongation during propagation for 4 contact conditions.

lubrication condition generates a significant gradient of elongation in the pre-crack re-
gion, while the other condition remains constant. The elongation during propagation
is very different from the elongation at the end of the pre-crack inflation regime for the
dry contact. Therefore, the blocking effect of dry contact happening in the pre-crack
inflation regime decreases or stops in the propagation regime.

To shed some insight on the interaction between the contact condition and the

rubber envelop inflation, both analytical and numerical modeling are proposed.

4.3 Modeling friction effects during RCAIT

First, an analytical model is proposed to quantify the friction effect during the inflation
regime only. Then, a finite element model evaluates the friction effect during both

inflation and crack propagation regimes.
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Figure 4.6: Distribution of axial elongation after crack propagation with different lu-
brication conditions and multiple samples (undeformed configuration). The grey area
corresponds to the bottom of the sample hidden by the test apparatus.

4.3.1 Analytical evaluation in inflation regime

The mechanical analysis of the RCAIT is founded on a semi-analytical modeling of the
free or constrained expansion of the rubber envelope due to the application of inner
pressure (TTRIM: Thick Tube Rubber Inflation Model). However, during the confined
regime, while the radial expansion is limited by the confinement tube, the longitudi-
nal expansion is possible due to the frictionless contact assumption. The analysis is
valid in the crack region of the specimen far from the specimen clamping and crack tip
position so that it reduces to a one-dimensional problem.

The same analysis can be used but changing to boundary conditions to consider
the possible presence of friction force on the rubber envelope as depicted in Fig. 4.6.
Indeed, the presence of friction forces requires the presence of contact pressure and
is induced by the trend of the specimen to expand axially. The presence and extent of
the accommodation region between the bonded and inflated region of the specimen is
visible during the test by observing the longitudinal elongation with the marker moni-
toring technique or simply by observing the variation of the specimen’s outer diameter.
However, the evolutions of contact pressure and friction force between the specimen
and confinement tube are not known. Assuming, the friction forces are developing
along a finite distance from the crack tip, then the same TTRIM model can be adapted
to evaluate the mechanical response of the rubber envelope far from the accommoda-

tion region only by modifying the boundary conditions.

The following considers the axisymmetric expansion of a thick incompressible hy-

perelastic tube. The inner and outer radius in the nondeformed state are respectively
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Rin: and R.y;. An internal pressure, P;,;, is applied to the tube until the outer surface
touches a confinement tube whose inner radius is equal to Ro,f. In the deformed
configuration, the internal and external radius of the rubber envelope are respectively
equal to rj,; and rey;. During the unconfined inflation regime and once the contact is
established between the rubber envelope and the confinement tube, an axial elonga-
tion, 1., of the specimen is observed which is supposed to be uniform through thick-
ness. This longitudinal expansion is due both to the incompressible nature of the ma-
terial and to the pressure applied on the closed end of the tube. In the following, a
cylindrical coordinate system will be used, the position in the initial non-deformed
configuration is defined by coordinates (R,Z). In the inflated configuration, only ra-
dial and axial displacements are observed due to axisymmetry. The current position in
the deformed configuration is given by coordinates (r,z). The material elongations in

the tube are then given by Eq. 4.1.

}L,::—; and /19:% and Azzé (4.1)

In the following, the rubber material is supposed to be incompressible so that the
condition 1,19, = 1 should be fulfilled. Considering, that the length of the homoge-
nous inflated tube region is large (approx. 50 mm), a constant should be obtained.
Then, explicit expressions for the radial evolution of principal stretches can be ob-

tained [Skala, 1970] in Egs. 4.2, 4.3, and 4.4.
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The kinematic of the tube expansion problem then depends only on two parame-
ters, 1, and an integration constant, ¢, which are determined from the boundary con-
ditions. While the unconfined regime leads to a complex characteristic equation to
be solved to obtain the two integration constants, the confined regime is described by
only kinematic conditions. Then direct expressions of the two integration constants
are obtained as a function of the tube inner radius evolution [Skala, 1970] in Egs. 4.5,
4.6.
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Other dimensions (initial radii and inner confinement tube radius) are given quan-
tities. Then, the stress equilibrium equation and material behavior are introduced. In
the axisymmetric configuration, the stress tensor reduces to only three principal com-
ponents o;,, 0gg and o, in the radial, circumferential, and axial directions respec-
tively, and the equilibrium equations reduce to Eq. 4.7.

do,, N Orr =069 _
dr r

The rubber being incompressible, stress components can be split into deviatoric and

0 (4.7)

spheric terms in Eq. 4.8.
ow

Uii=—0h(r)+7liim:—Uh(r)+8ii(r) (4.8)
With o, being the hydrostatic pressure and where the additional term is derived from a
hyperelastic strain potential W. In the following, the Exp-Ln model [Khajehsaeid et al.,
2013] will be used since it was found the most adequate to fit both the tube inflation
and uniaxial response simultaneously [Kane et al., 2021]. The elastic potential is given
in Eq. 4.9.

1 1
W=K p—eXp(m(h =3)+p2(1-2) A -1In(l; -2)) - o p2 (4.9)
1 1

with K, p1, p, the material parameters and I; = A7 + A3 + A3 the first invariant of the
right Cauchy-Green tensor. The introduction of the hydrostatic pressure radial varia-
tion in the stress equilibrium Eq. 4.7 results in Eq. 4.10.

doy, _ ds;, " Srr— S00
dr dr r

(4.10)

Under confined inflation regime condition, the through-thickness elongation evolu-
tions are set from Eqgs. 4.7 and 4.6. Then analytical expressions of ¢ ;; evolutions can
be found which depend on the chosen material behavior and related expression of the
potential W. The radial evolution of the hydrostatic pressure is obtained by integrating

Eq. 4.10, resulting in Eq. 4.11.

on(r)=0op(rin) +60,(r) (4.11)
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With 607,(r) defined in Eq. 4.12.

" Srr—Sep du

00 p(r)=S$pr(r) = Srr(Ting) +f (4.12)

Tint
and 60, (r;,;) is alast integration constant to be determined. In the case of frictionless
contact between the tube and the rubber envelope, the static equilibrium between the
axial force due to the pressure of the fluid applied to the close end of the tube and
the cohesive axial stress in the envelope should be assessed. This boundary condition
leads to the Eq. 4.13.

Zﬂfrm Oz.(u)du = Pimnrizm (4.13)

r

int
with P;,; being the pressure of the fluid in the tube. Combining Eqgs. 4.12 and 4.13 an

integral expression of the integration constant o, (r;;;) is found in Eq. 4.14.

2 Text
On(ring) = 2 2 [[ Szzudu—Pipers,, (4.14)
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rext “line int
which is determined numerically. Finally, the both inner pressure from the injected

fluid and outer pressure at contact are determined with Eq. 4.15.
Orr(Ting) = —Pint and  0rr(Fext) = —Pext (4.15)

Other quantities such as elongations and stresses are obtained with Eq. 4.2,4.3, 4.4,
and 4.8. First, let us consider the sliding contact reference condition. The simulations
are performed by considering the free expansion condition and then the confined ex-
pansion regime to determine the evolution of inner and external pressure as a function
of tube expansion as defined with the longitudinal elongation value.

A particular emphasis is necessary to reproduce correctly the experimental P;; (1)
curve and the correct elongation at contact AS"¢ with the TTRIM. The elongation at
contact influence heavily the tube inflation behavior in the presence of friction. There-
fore, the identification of the strain potential uses a minimization of square root error
on P;y; [Corbel et al., 2022] with an addition of a weighted error on A5"¢. The iden-
tified parameters are K = 2.43MPa, p; = —1.91 and p, = —0.545. Fig. 4.8 compares
the analytical prediction with experimental results (all 4 samples for contact condition
G490). Before the contact, the unconfined inflation solution (UIS) predicts no contact
pressure. After the contact, the confined inflation solution (CIS) predicts a rise of con-
tact pressure. The predicted evolution of external pressure is similar to the experiment

and validates the identification strategy in Fig. 4.9.
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Figure 4.7: Representation of the tangential force introduced by the Coulomb friction
model on the inflation of the rubber envelope in the pre-crack region.
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Figure 4.8: Tube inflation reference pressure-elongation solution compared to experi-
mental results (contact condition G490).
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Figure 4.9: Tube inflation reference internal-external pressure solution compared to
experimental results (contact condition G490).

Now, the presence of additional tangential forces along the specimen should be in-
troduced. They can be attributed to friction. In the following, we assume the thick tube
inflation kinematic remains valid so that the shear deformation due to the tangential
forces along the specimen is negligible. The boundary condition in Eq. 4.6 remains ap-
plicable but Eq. 4.13 is valid only at the closed end of the tube which corresponds to the

limit of the length along which the contact is established between the rubber envelope
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and the confinement tube. Then, due to the interaction between the confinement tube
and the rubber envelope, the axial cohesive stresses fluctuate as the internal radius and

the longitudinal elongation according to Eq. 4.16.

d
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s IdF |l (4.16)
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Then discrete approximation of Eq. 4.16 can be used to evaluate the increment Az

corresponding to a given variation of rubber envelope expansion condition in Eq. 4.17.
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For all positions, the inner pressure remains the same and corresponds to one of the
fluid used for inflating the specimen. The position z along the friction contact region is
obtained by performing a cumulative sum of all Az increments. The position along the
non-deformed configuration is obtained by performing the cumulative sum of AZ =
Azl A,.

We assume simple Coulomb’s friction law is applicable as given by Eq. 4.18.
”sz” = ,Ltancoanext (4.18)

When tangential relative displacement is present, Eq. 4.18 reduces to equality, and Eq.
4.17 becomes Eq. 4.19.
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Fig. 4.7 presents the model to take into account the friction effect. The tangential force
exerted by the Coulomb contact model can be introduced in the TTRIM as an addi-
tional axial force —F,Z [Holzapfel et al., 2001]. In frictionless contact, the total axial
force F,Z acting on a tube section is only the pressure acting on the closed end of the
tube. The additional axial force —F,Z tends to decrease the inner deformed radius and
axial elongation. Therefore various scenarios of tube inflation conditions will be ex-
amined for an inflation pressure in the range of 44 to 80 bar with varying axial force.
80 bar corresponds to the critical pressure plateau P¢ which leads to rubber/cable de-

cohesion observed in Fig. 4.4. As discussed before, the problem is entirely defined
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once the inner pressure and inner and outer radius are set. All possible configura-

tions are evaluated considering confined expansion condition (viz. rex; = Reony) and

max
int

regime. These results are presented in Fig. 4.10, Fig. 4.11, Fig. 4.12.
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Figure 4.10: Analytical variation of the axial elongation with the total axial force for
different inflation pressures (each dashed line is an intermediate pressure).
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Figure 4.11: Analytical variation of the contact pressure with the total axial force for
different inflation pressures (each dashed line is an intermediate pressure).

Not all configurations presented should be observed in real situations. The highest
total axial force on each curve corresponds to the reference case. The diminution of F,
by the friction force acting in the opposite direction F,, decreases the axial elongation
and the internal radius. However, the axial elongation cannot be inferior to the axial
elongation at contact. The grey areas on the three figures correspond to impossible
situations.

Integrating Eq. 4.19 into the different inflation cases of Fig. 4.10, Fig. 4.11, Fig.
4.12 results in the evaluation of the sliding friction length in Fig. 4.13, Fig. 4.14. An
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Figure 4.12: Analytical variation of the deformed internal radius with the total axial
force for different inflation pressures (each dashed line is an intermediate pressure).

axial elongation gradient appears for all inflation pressure. The material being incom-
pressible, a similar gradient of the internal radius is introduced in Fig. 4.14. For both

quantities, the sliding friction length decreases in the undeformed configuration.
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Figure 4.13: Variation of axial elongation in the sliding friction zone for different infla-
tion pressures (each dashed line is an intermediate pressure).

Fig. 4.15 presents the sliding friction length at equal pressure for multiple friction
coefficients. The axial elongation gradient length increases with the decrease of fric-
tion (both in undeformed and deformed configurations). Considering the RCAIT spec-
imen dimension, any gradient of elongation is significant over the 35 mm measure-
ment area. Even with a friction coefficient as low as 0.01, the analytical model predicts

a friction effect in the inflation regime.

The present analytical model solves directly the friction problem. Nonetheless, an

extension to iterative computation for variable friction coefficient is possible.
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Figure 4.14: Variation of internal radius in the sliding friction zone for different infla-
tion pressures (each dashed line is an intermediate pressure).
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Figure 4.15: Analytical prediction of the axial elongation variation in the sliding friction
length for different friction coefficients.

4.3.2 Finite element evaluation in inflation and propagation regime

The previous analytical modeling can address only the inflation regime. A thick tube
inflation hypothesis cannot describe the complex deformed shape at the crack tip.
During the propagation, the rubber envelope comes into contact with the glass tube
as the crack advances. Therefore, a transient finite element modeling of both inflation
and propagation regimes is needed. The cohesive zone model proposed previously
[Corbel and Jumel, 2023] offers a predictive simulation of the whole experiment (more
details of the model in chapter 3). The geometry and the material constitutive law cor-
respond to the analytical model. In the following, the response of the model to varying
friction coefficients on rubber envelop-confinement contact is studied. The goal is to
reproduce and understand the modification of deformation in friction contact condi-

tions during the propagation phase. The friction model of the contact between rubber
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and confinement is Coulomb’s model.

Fig. 4.16 presents the global inflation curves for different contact friction coeffi-
cients. The different curves are identical before the contact between the envelope and
the confinement. Then, each case exhibits a different global compliance. The refer-
ence frictionless model with u = 0 exhibits the most compliant response. With the
contact friction, the response becomes more rigid with a higher friction coefficient, up
to the limit case of y = co. The pressure plateau during propagation is similar between

all cases, a slight increase appears with the increase of friction coefficient.
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Figure 4.16: Numerical global inflation curves for different friction coefficients.

On the axial elongation distribution at the end of propagation, Fig. 4.17 presents
different gradient of 1, in the pre-crack region (Z < 50mm). The steepest gradient
corresponds to the highest friction coefficient value. The axial elongation gradient then
decreases with the decrease of u. In all cases, the axial elongation is uniform in the

propagation region (Z > 50mm).

Fig. 4.18 presents a close view of the axial elongation map in a radial section of the
sample at the end of the inflation regime and after crack propagation. The gradient
of axial elongation in the pre-crack region is set at the end of the inflation regime and
remains still after crack propagation. Meanwhile, the rubber section delaminated after
the crack advance exhibits the highest axial strain value compared to the pre-crack
region. It is a consequence of the deformation shape at the crack tip that allows an

important axial elongation before coming into contact.
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Figure 4.17: Numerical prediction of axial elongation distribution on the exterior sur-
face of the sample after crack propagation with different Coulomb’s friction coefficient
(undeformed configuration).
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Figure 4.18: Map of the axial strain at the end of the inflation regime (a = ap) and after
crack propagation (a = ag + Aa) with friction coefficient (deformed configuration).

4.3.3 Scaling of sliding friction length

Eq. 4.19 exhibits a linear scaling of the displacement increment with the friction co-
efficient . Fig. 4.19 presents the numerical, analytical, and experimental results with
the scaling. The value of u corresponds to the value fixed for the numerical simulation.
For the analytical model, all the curves of Fig. 4.15 collapse exactly. However, for the
experimental results, the friction scaling is identified to fit the numerical curves. For
the dry friction condition, u is equal to 0.2 and for the wet friction condition, u is equal
to 0.04. A slight discrepancy appears between the numerical curves and the analytical
curve. The position of the transition from the tube hypothesis to the complex crack
front (see Fig. 4.7) is fixed arbitrarily at the undeformed pre-crack length. It explains
the shift observed between the numerical and analytical models. Then, the analyti-

cal model, and therefore the u scaling, supposes a tube model kinematic without any
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shear deformation. For a y above 0.1, the shear components become large enough to
deviate from the proposed scaling. Nonetheless, the experiment and both models are

in accordance considering the experimental deviation.
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Figure 4.19: Comparison of numerical, analytical, and experimental axial elongation
variation in the normalized sliding friction length.

4.4 Discussion

The experimental results show a clear dependence on contact conditions during the
RCAIT. The major impact is in the pre-crack inflation regime where the friction can
prevent the axial elongation of the rubber envelope. A clear gradient of elongation in
the pre-crack region is seen in dry and wet contact conditions in Fig 4.6. This gradi-
ent is well modeled by both the analytical (Fig 4.15) and numerical (Fig 4.17) models.
Moreover, a scaling law shows the A, gradient in the friction sliding length is inversely
proportional to the Coulomb friction coefficient p in Fig 4.19. From this analysis, the
wet and dry contact conditions agree well with the analytical and numerical models of
the classic Coulomb friction model. The identified friction values at 0.04 and 0.2 re-
spectively for the wet and dry conditions are below the values reported in the literature
on sliding contact between black carbon natural rubber and glass. For dry contact,
values range from 0.3 [Gong et al., 1999] up to 2 [Tuononen, 2016]. The friction coef-
ficient for soft material is reported as dependent on material visco-elastic dissipation
[Wu et al., 2021] and surface roughness [Devalba et al., 2018, Xu et al., 2013]. Contrary
to most tribology-focused experiments, the surface of the rubber envelope in RCAIT
comes into contact with the glass in an already stressed/deformed configuration. This

deformed surface rugosity effect plus the error from the identification procedure of u
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(e.g. the error between the analytical inflation model and the experiment in Fig. 4.8)
could explain the difference between the observed friction coefficient and the value
from the literature.

The case of the 2 greases is similar with an homogenous axial elongation in the pre-
crack zone ( Z < 50mm in Fig 4.6). Considering the models with a friction coefficient as
low as 0.01 predict a theoretically observable axial elongation gradient, the two silicon
greases create a frictionless contact condition. The lubrication performance can be at-
tributed to the creation of elastohydrodynamic lubrication [Dong et al., 2023, Ongiin
et al., 2008, Schmidt et al., 2010, Zhao et al., 2019]: the rubber envelop squeeze and
shear the grease during inflation, creating a continuous flow. And the grease flow cre-
ates a contact condition close to frictionless.

On the other hand, the consequence of friction on the propagation regime is neg-
ligible. All experiments’ pressure plateaus are similar during crack propagation in Fig
4.4. A similar result is predicted by the numerical model in Fig 4.16. The pressure
plateau is directly related to the critical strain energy release rate of the rubber-cord
interface. The decrease of friction effect during propagation can not be addressed with
the analytical model. The strain path in the rubber envelope during the propagation
differs largely from an inflation tube kinematic [Corbel and Jumel, 2023]. Results from
the finite element model give more insight into the friction effect on the kinematic at
the crack tip. During the propagation, the rubber envelope delaminates from the cord
and reaches a high axial elongation before contact with the confinement tube. Then,
it either blocks the axial elongation totally for an infinite friction coefficient or allows
some sliding depending on the friction coefficient value (see Fig 4.18). This state of
deformation is possible thanks to the gap between the rubber envelope and the con-

finement tube.

4.5 Conclusion

The experimental development with strain gauges introduced in the study of friction
effect permits an addition to the previous metrology. The combination of the contact
pressure and the axial elongation measurements enhances the material identification
and ensures the correct inflation kinematic. It is key to model correctly the friction
effect.

The experiment and the two models conclude on the significance of the friction
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effect. The initial inflation regime is affected by limiting the axial elongation of the
rubber envelope in case of friction. The effect is the apparition of an axial elonga-
tion gradient on the upper part of the pre-crack length. The size of this sliding friction
length varies in 1/ as presented by a simple scaling law. Thus any slight friction effect
is visible with the marker following technic. The two tested silicon greases with dif-
ferent viscosity give a homogenous axial elongation in the pre-crack length zone and
validate the frictionless hypothesis.

On the propagation regime, both numerical and experimental results show the ro-
bustness of the test. All tested contact conditions result in a steady-state crack prop-
agation. The analysis of the numerical model shows that the gap between the con-
finement tube and the elastomeric envelope accommodates enough of the crack front
region to let the rubber envelope expand axially before coming into contact. Finally,
the critical pressure plateau, which gives the G¢ between the rubber envelope and re-

inforcement cord, is similar between all tested conditions.
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An enhanced version of the Rubber Cord Adhesion Inflation Test (RCAIT) has been
designed to experimentally assess the internal pressure and cable tension applied to the
specimen needed to propagate a crack along the matrix/reinforcement interface. To cal-
culate the critical strain energy release rate, we develop a semi-analytical model describ-
ing the deformation of a hyperelastic tube under loading conditions that reflect the ones
applied experimentally. A more comprehensive numerical model of the test is also pro-
posed to investigate the influence of loading conditions on rubber deformation near the
crack tip. Comparison of different experimental data sets with the theoretical/numerical
data demonstrates that the new experimental setup allows for a reliable determination

of the rubber/cord interface failure envelope under combined loading conditions.

5.1 Introduction

Like other polymers, elastomers are mixed with particle fillers and reinforcements of
diverse shapes, sizes, and types. This process aims to finely adjust and enhance their
overall performance in terms of processability, durability, and thermal and mechani-
cal properties. The inclusion of reinforcements allows for increased stiffness, strength,
and toughness of materials, meeting the requirements of demanding applications in-

cluding tires, anti-vibration components, piping, cables, medical prostheses, smart

99
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materials, and adhesives. The choice of particles, fibers, cables, or fabric materials
must ensure compatibility with the polymer matrix to achieve the necessary adhe-
sion between constituents. Indeed, this parameter significantly influences the failure
modes and ultimate mechanical performances, particularly in terms of strength and
toughness [Beter et al., 2020, Bonneric et al., 2019, Luo et al., 2023]. Continuous efforts
are being made to improve the reinforcement/polymer interface quality and the prop-
erties of the interphases formed within the polymer. This is achieved through surface
treatment and conversion processes, in addition to new polymer chemistry compati-
ble with more restrictive regulation [Crowther, 2001]. However, adequate characteriza-
tion tools, especially those related to mechanical properties, are crucial for assessing
the adhesive performance of these interfaces and supporting ongoing developments.
This study aims to introduce a more versatile test protocol for characterizing the ad-
hesion between fibrous reinforcement and an elastomer matrix, and more specifically
the bonding between drawn steel wires and rubber, which are the components of tires.
Currently, there are only a few tests available. Pull-out tests, as proposed by [Gent et al.,
1981, Nicholson et al., 1978] or described in standard procedures [Fielding-Russell
et al., 1979], are generally used to assess adhesion between elementary filaments and
the matrix [Meng and Chang, 2020]. Additionally, peel or shear tests are conducted on
reinforced rubber plies to complement the data [Rao et al., 2004, Su et al., 2021]. New

experimental developments in this field are scarce.

Nonetheless, a test inspired by the confined pressurized blister test [Dannenberg,
1961], named Rubber Cord Adhesion Inflation Test (RCAIT), has been developed re-
cently with the sole purpose of evaluating the adhesion between a fibrous reinforce-
ment and a polymer matrix, specifically an elastomer. During the RCAIT, a pressur-
ized fluid is injected into the interface between the matrix and the reinforcement to
initiate and propagate a crack. The test specimen is obtained by embedding a single
cord along the axis of a cylindrical rubber envelope. To prevent the rubber through-
thickness failure and force the decohesion to propagate along the rubber/cord inter-
face, the specimen is placed in a transparent rigid confinement tube that restricts the
radial expansion of the rubber tube. Considerable effort has been made to refine the
test protocol and analysis to consolidate the energy balance analysis used to calculate
the critical Strain Energy Release Rate that governs the crack propagation condition.
The main limitation of most existing tests is the inability to precisely control the in-

terface loading conditions. Indeed, the stress distribution is significantly affected by
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various experimental parameters such as specimen geometry, component mechanical
properties, specimen loading conditions as well as experimental artifacts such as fric-
tion between the specimen and the fixture or between the cord and the matrix. Con-
trolling and accurately predicting the mode mixity at the crack tip position is a chal-
lenging objective [Gent and Yeoh, 1982]. It is worth noting that the loading conditions
applied to the interface in real situations may differ significantly from those encoun-
tered during pull-out tests [Pupurs and Varna, 2017]. This can be attributed to complex
macroscopic loading, the effect of reinforced rubber layers’ stacking sequence, or the
interaction between the cords themselves [Bonneric et al., 2019]. A modification of
the RCAIT is proposed wherein internal pressure is applied simultaneously but inde-
pendently on the reinforcement/matrix interface, along with tension load on the rein-
forcement. This modification allows for adjustment of the mode mixity at the crack tip
position.

This article provides a detailed analysis of a novel experimental setup, along with
the presentation of the results from a first series of tests carried out on rubber/brass
plated cord assemblies. The main objective is to demonstrate the ability of the test to
establish a failure envelope indicating the stable crack propagation onset conditions
as a function of the values of the injected fluid pressure and the tension applied to the
cord. Following this, a mechanical model of the experiment is introduced to predict the
deformation of the pre-crack specimen length considering combined axial loading, ex-
ternal (un)confinement, and internal pressure loading conditions. The energy balance
analysis proposed for the classical RCAIT analysis is modified to account for the effect
of axial tension and evaluate the strain energy release rate under these combined load-
ing conditions. Moreover, supplementary finite element simulations are presented to

clarify the relation between macroscopic and crack tip loading conditions.

5.2 Rubber / Cord Mixed mode adhesion test: RCAIT?

The RCAIT (see Figure 5.1) was originally proposed as an alternative to the traditional
H-test and Gent’s test [Gent and Yeoh, 1982] for characterizing the adhesion between
a rubber matrix and a single cord, filament, or strand reinforcement. The original test
protocol is described in [Kane et al., 2019], while subsequent improvements in the test
fixture design and instrumentation are given in [Corbel et al., 2022]. The test specimen

is obtained by curing a cylindrical rubber envelope around the cord in a mold so that



102 CHAPTER 5. MODE MIXITY EFFECT

a) i& Glass confinement 9.15mm | r Cord

w1.3mm
R e e e e e e e e e e e e e e e e e e e R e Prar © mr——— —_ lomm

~ \ q ‘} Y

L Pre-crack L Envelop

b) ¥ 100mm Axial force

&
/]

k L Pressurized fluid Cylindrical crack front

Figure 5.1: Section of the Rubber Cord Adhesion Inflation Tension Test configuration
in a) initial configuration, b) mixed inflation-tension pre-crack regime.

the cord is located along the axis of the specimen. An anti-adhesive coating is applied
to one side of the specimen to produce an artificial initial decohesion, the rest of the
cord adheres to the rubber during the rubber vulcanization process due to the forma-
tion of strong CuxS covalent bonds [van Ooij, 1984, van Ooij, 1979].

A flange is also formed on the pre-crack side of the specimen during molding so
that the specimen can be tightly connected to a hydraulic circuit from which a pressur-
ized fluid is injected. The fluid flows inside the rubber envelope along the interface, in-
flating the precracked length. To prevent any crack propagation through the thickness
of the rubber sheath due to an aneurysm, the specimen is placed in a confinement tube
which limits the radial expansion of the specimen. A suitable lubricant (CRC® Silicon
grease) is used to prevent any friction between the rubber and the tube which could
limit the axial expansion of the specimen. The fluid is slowly injected until a critical
pressure is reached, resulting in a stable self-similar propagation of the rubber-cord
interface decohesion. Finally, by measuring the critical pressure, crack propagation,
injected volume, and rubber deformation during the test, the critical strain energy re-

lease controlling the extent of the decohesion can be determined.

5.2.1 Experimental setup

The stress state at the crack tip, and consequently the mode mixity ratio, is not con-

trolled in the classical RCAIT test set-up, as it depends on the geometry of the speci-
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men. To allow the mode mixity to be tuned, a second loading condition is applied to
the specimen. In the RCAIT, the pressurized fluid is slowly introduced by pressing a
high-pressure stainless-steel syringe with a tensile testing machine. In the proposed
Rubber Cord Adhesion Inflation Tension Test (RCAIT?) configuration, the specimen
fixture is now placed in the tensile testing machine to pull off the cord under constant
displacement rate conditions. Before the start of the pull-offload, the pressurized fluid
isreleased into the pre-cracked part of the specimen from a hydro-pneumatic accumu-

lator which maintains the pressure constant throughout the test.
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Figure 5.2: Experimental setup with the hydraulic line, tensile machine, RCAIT, and
Sensors.

A schematic view of the new setup is shown in Figure 5.2. To obtain the necessary
experimental data and to control the test conditions, various sensors and equipment
are added to the system. A manual high-pressure pump (VIRAX® 262005 — 100bar — 10
1) is used to fill the hydropneumatic accumulator, whose capacity is much greater than
the volume injected into the specimen (11 vs 15 ml), thus ensuring a constant fluid
pressure condition. A choke valve (Swagelok® SS-ORS2) is connected to the hydraulic
circuit to release slowly the pressurized fluid. A pressure transducer (Swagelok® Model
S Transducer — 250 bar) is also connected to the circuit to measure the fluid pressure

during the test. Before the test, the hydraulic accumulator is filled with the appropri-
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ate pressure of nitrogen gas, which controls the minimum fluid pressure injected into
the specimen. The tensile testing machine is equipped with a load cell to measure the
tension applied to the cord. White dot markers are also deposited along the specimen
and the specimen is observed during the test with a digital camera. The position of
each marker is then determined using the markers tracking technique, then by ana-
lyzing the evolution of markers’ positions during the test, specimen elongation due to
inner pressure and axial tension is determined so as the evolution of crack propaga-
tion during the test. A more detailed description of the metrological aspects of RCAIT
is given in [Corbel et al., 2022]. The same methodology is applicable here when com-
bined internal pressure and tension are applied to the specimen. In the following, a
series of tests are performed to measure the evolution of the pull-out force during the
stable crack propagation regime as a function of the injected fluid pressure. Then me-
chanical model of the sheave inflation is proposed to evaluate the value of the critical

SERR which controls the crack propagation onset condition.

5.2.2 Results

A first series of tests are performed using the classical RCAIT protocol (no pull-out
force, constant fluid injection rate). A typical fluid pressure vs injected fluid volume
evolution is reported in Figure 5.3. Nonlinear evolution is observed during prior stable
crack propagation regimes due to rubber hyperelastic behavior also leading to geo-
metrical non-linearities. From the evolution of rubber envelope elongation, as a func-
tion of injected fluid pressure or using the evolution of injected fluid volume, the rub-
ber mechanical behavior can be identified using a thick rubber tube inflation model.
During the stable crack propagation regime, a stationary pressure evolution is ob-
served. The mean pressure value is designated as the critical pressure, Pc, hereafter.
The constant pressure is due to the steady-state nature of the crack propagation pro-
cess. The measured critical pressure is equal to 83.1 bar with a standard deviation
of 0.95 bar, the crack growth rate is controlled by the injection rate and equal here
to 10 mm/min. When the process zone ahead of the decohesion reaches the end of
the bonded length unstable crack propagation regime is observed as evidenced by the
rapid pressure drop.

A second series of tests are then conducted using the novel RCAIT? configuration
to evaluate the effect of an additional pull-out tension exerted on the cord. Figure 5.4

reports the typical pressure and pull-out force evolutions with time recorded during
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Figure 5.3: Typical experimental evolution of pressure with injected volume for a pure
pressure RCAIT (flow rate at 1ml/min).

a RCAIT?. First, the pressurized fluid is slowly introduced from the accumulator (20s
< time < 40s) into the specimen by opening the hydraulic circuit as detected by the
progressive increase of the inflation pressure. Once a stable P¢ value is reached, the
pull-out test procedure is started. The pull-out force reaches a peak value which indi-
cates the onset of the stable crack propagation regime. Then stationary pull-out force
is recorded while the fluid pressure also remains constant (150s < time < 270s) until
the decohesion reaches the specimen end and the final fracture is observed. The in-
stant crack length evolution is also recorded from marker displacement analysis [Cor-

bel et al., 2022], (see fig. 5.5). The measured crack growth rate is 25mm/min which

corresponds to the crosshead displacement speed value.
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Figure 5.4: Typical experimental evolution of inflation pressure and external force with
time for a mixed inflation tension RCAIT2. The inflation pressure is set at 60 bar with
the pressure accumulator (displacement rate at 15 mm/min).

Again, the stationary pull-out force and injected fluid pressure values recorded dur-

ing the test suggest that the steady-state propagation hypothesis remains valid when a
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supplementary axial force is introduced. Therefore, the analytical method developed

to analyze RCAIT results should be adapted to introduce the effect of the axial force.
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Figure 5.5: Markers on the outer surface of the specimen a) undeformed configuration
b) start of the force plateau c) end of the force plateau. Inflation pressure at 60 bar and
displacement rate at 15 mm/min).

5.3 Analytical model

The critical strain energy release rate is determined by performing a comprehensive
energy balance of the crack propagation process, taking into account the work pro-
vided to drive the crack propagation, which is counterbalanced by various dissipative
mechanisms. The framework applicable to RCAIT is primarily described in [Kane et al.,
2019]. It takes advantage of the steady-state nature of the crack propagation process to
establish a simple energy balance considering an infinitesimal extension of the crack
length, 6 a [Pupurs and Varna, 2017]. Now, by introducing an additional external force,

the new energy balance is given by equation 5.1.

OWior = Pium (rz

int

—R?, )JA8a+ Fex (A, —1)6a=2nR;in,Goa+6F (5.1)

The term, P;,:7 (rl.znt - Rl?n t) Az6a, corresponds to the work done by the injection
of the pressurized fluid, F(A1,; —1)da, is the energy provided by the application of the
tensile force to the cord. This energy is counterbalanced by the potential energy stored
due to the deformation of the rubber,  E, and the effect of dissipative processes due to
crack propagation, 27 R;,;Gd a. It should be noted that G is an effective global quantity
since at a macroscopic scale no distinction can be made between the local dissipative
damage mechanisms at the crack front scale and those at a more global scale related

to the whole envelope deformation. For the time being, the main issue in the analysis
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of the test data is related to the evaluation of the potential energy stored in the rubber

envelope, O E.

5.3.1 Constitutive equations

In the original version of the RCAIT, a Thick Tube Rubber Inflation Model (TTRIM) is
derived and solved semi-analytically to simulate the expansion of the rubber envelope
due to the application of internal pressure under unconfined and/or confined radial
conditions. This model is now modified to introduce the application of an additional
axial force. The kinematic of thick tube inflation is identical when combining inflation-
and axial tension loading conditions [Holzapfel et al., 2001]. The TTRIM assumes in-
compressible rubber behavior and axisymmetric expansion of the cylindrical envelope
in the cylindrical coordinate system, (0,7, 6, 2). Assuming a constant elongation along

Z, the elongations correspond to equation 5.2.

dr r z
Ar(r)—d—R and Ag(r)—ﬁ and AZ—E (5.2)

Thanks to these two main assumptions, the deformation of the specimen is completely

determined in a large deformation framework by only two parameters [Skala, 1970]:

1 [cri-1
A2(r)= — 5.3
(== ] (5.3)
1 cr?
A2(r) = — 5.4

where, A;, 1g(r), and A,(r) are the axial, circumferential, and radial expansion of the
envelope respectively. c is an integration constant that will be determined from the
boundary conditions for a given A, value. The radial position in the deformed state r

is related to the radial position in the initial state R with the equation 5.5.

r=4\/—-—+— (5.5)

With the specimen deformation being preliminarily defined by the incompressible ax-
isymmetric expansion problem, the Cauchy stress distribution through the thickness
can be determined for a given hyperelastic behavior of the rubber envelope. The me-
chanical behavior of the rubber is defined by a hyperelastic strain potential function,

W (A, Ag,Az), the parameters of which can be determined directly from RCAIT test
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data or alternatively from separate rubber characterization test methods. The Cauchy
principal stress components, o;, are then given by the equation 5.6.

ow
oi(r)=-op(r)+ /lia—/l_ =—op(r)+s;(r) (5.6)

where o, is the hydrostatic pressure component and s; are the principal deviatoric
components. The expressions for s are obtained directly from the strain potential, W,
using the expressions of the elongations given in equations 5.3 and 5.4. In the follow-
ing, an Exp-Ln hyperelastic behavior [Khajehsaeid et al., 2013] is considered whose

strain energy function is given by equation 5.7.

1 1
W=K p—eXp(Pl(Il =-3)+p2(; —2)(1 -In(l; —2)) — p_ - p2 (5.7)
1 1

Material parameters K, p;, and p» are identified using the method depicted in [Corbel
et al., 2022] and their values are respectively equal to 2.43 Mpa, -1.91, and -0.545.
The through-thickness evolution of o, (r) is found by solving the static equilibrium

constitutive equation. Using the previous notation, this reduces to equation 5.8.

dop ds; . Sr—Sg

—_-— = 5.8
dr dr r 5-8)
With:

on(r)=op(rind +60,(r) (5.9)

Then considering equation 5.9 and integrating equation 5.8 we obtain:

Text g.(u) — sp (1)
00 p(r) =s:(r) = s (Tint) +f %du (5.10)
Tint

Again, it should be noted that the entire stress and strain distribution in the hypere-
lastic and incompressible tube is controlled by only two geometrical boundary condi-
tions, such as r;j;,; and rey;. The stress distribution is determined up to an additive con-
stant, 0 (rin), due to the incompressible nature of the rubber, which is determined

with the boundary applied to the closed end of the tube.

Text
27rf az(u)udu:Pimnrizm+Fext (5.11)
T

int
In equation 5.11, the left term corresponds to the contribution of the longitudinal

stress component in the rubber sheath, the static equilibrium is obtained by apply-

ing the pressurized fluid on the closed end of the tube, so that the axial force exerted
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on the cord. After a few manipulations, the additive constant is obtained with equation

5.12.
(Tint) :
On\Tint) = —5———>—
Text —Tint

Text
f s;(wudu— Pip1r?, . — Foxy (5.12)
.

int
int

The geometry of the specimen and confinement tube inner radius are also impor-
tant input parameters of the model. In the following, the outer radius of the speci-
men rubber envelope is equal to R.y; = 4.575mm, the cord radius is equal to R;,; =
0.65mm, the confinement tube is equal to R.y,r = 5mm and the inner radius of = 5
mm (see Figure 5.1). Two different calculations should be performed to determine the
strain and stress distribution in the elastomer envelope corresponding respectively to
the confined and unconfined inflation regimes, due to the different boundary condi-
tions encountered during the test. In the case of contact between the envelope and
the confinement, the confined inflation solution (CIS) is obtained directly by using
Text = Rconr and using i, as a control parameter to set the deformation of the rubber
sheath. The axial force applied on the cord is then calculated as a function of the in-
jected fluid pressure, considering o (r;,;) = —P;,; and using relations 5.8 and 5.11. In
the unconfined inflation regime, the boundary condition, o, (r.y;) = 0, is again intro-
duced, using r;,; parameter. A Newton-Raphson procedure is then used to determine
the rqx; value compatible with the loading condition (P;,, Fex;) applied to the speci-
men, as proposed in previous work [Kane et al., 2021], to find the unconfined inflation
solution (UIS). A series of analytical simulations are then carried out using increasing
applied axial force values for the constant pressure of the injected fluid, as would be
done experimentally.

The results of the analytical simulation of the unconfined inflation regime are shown
in Figure 5.6. The evolutions of the inner and outer cylindrical envelope radius are
represented as a function of the tension applied to the cord for various fluid pressures.
Three different behaviors are observed. 1) For low fluid pressure, both the inner and
outer radius decrease due to the Poisson effect, as the tube is essentially in pure ten-
sion. For high fluid pressure values, the inner and outer radius values increase simul-
taneously. The tube sustains biaxial stresses and the reduction of the net cross section
facilitates the diametral expansion due to the inflation pressure. During the transition
between these extreme situations, first, the inner radius starts to increase with the ten-
sion applied to the cord, then the outer one. In the 56 bar < P;,;< 59 bar range, the
evolution of the outer radius with the tension applied to the cord is not monotonous.

This behavior could be critical for the control of the test condition, since after the ap-
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plication of the initial pressure, an unconfined situation should be observed, but then,
during the progressive application of the tensile load, the contact between the enve-

lope and the confinement tube is established.

200
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100

Fext [N]

Figure 5.6: Variation of the external and internal deformed radius with external force
application at different inflation pressures in the unconfined boundary condition. Cor-
responding evolution of inflation pressure with the internal deformed radius reported
in the insert.

Figure 5.7 also illustrates the intermittent nature of the contact between the rubber
envelope and the confinement tube. The evolutions of the applied tensile force as a
function of the inner rubber envelope radius are reported for various constant values
of the injected fluid pressure. A grey shaded area is added to distinguish the situations
where there is no contact or confined expansion. For Pressure values close to 55 bar,
the contact may be intermittent since the r;,;(Fey;) evolution is tangent to the shaded

area.
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Figure 5.7: Variation of the internal deformed radius with external force application at
different inflation pressures in the confined boundary condition. The grey area corre-
sponds to the contact clearance predicted with the UIS.
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We merge the UIS and CIS into the Mixed Inflation Solution (MIS) with the condi-

tion of contact rexs = Reopy in Figure 5.8.
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Figure 5.8: Variation of the internal deformed radius with inflation pressure and exter-
nally applied force from the mixed inflation solution. Black lines correspond to isoval-
ues of external deformed radius from the UIS.

Using the confined or unconfined inflation/tension problem resolution to respect
experimental condition, rex; < Reonf, (Mixed using inflation solution), the global en-
ergy balance analysis can be performed during the entire loading sequence to deter-

mine the Strain Energy Release Rate which controls the crack propagation condition.

5.3.2 SERR Computation

The RCAIT? aims to evaluate the critical SERR that drives the decohesion process at
the rubber/cords interface under mixed-mode loading conditions. To achieve this, the
TTRIM model can be used to evaluate all the terms required in equation 5.1 and de-
termine the intensity of the dual loading condition, (P;,, Fex;), that causes the crack
extension for a given critical SERR value, G¢. In equation 5.1, it is assumed that the
overall behavior of the rubber envelope is hyperelastic and that dissipation is localized
in the close vicinity of the rubber/cord interface. The potential energy stored in an
infinitesimal length, d a, of the rubber envelope is then given by equation 5.13.
Text
O0E=2n W(r)rdrda (5.13)

Tint

W (r) is obtained using the equation 5.7 and the values of 1, and 1, determined
with the equations 5.3 and 5.4. To complete the previous analysis, a series of analyt-

ical simulations were performed by varying F,y; in the interval [0-200]N and P;,; in
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the interval [0-100]bar to map the specimen deformation and determine all relevant
boundary conditions and output parameters, such as r;,s, rexr and A,. Then using
equation 5.1, G is calculated. Figure 5.9 represents with isovalue lines the evolution of
the SERR as a function of the applied load F,,; and P;,; combined a colormap repre-
senting the evolution of longitudinal elongation. The relation between the SERR and
the applied load is highly non-linear due to the non-linearity of the specimen deforma-
tion. The evolutions differ depending on whether crack propagation would occur with
unconfined contact conditions (at the left side of the blue line “Contact”) or confined
contact conditions (at the right side of the blue line). The SERR increases slowly with
the pressure before contact and accelerates after. The addition of axial force increases
the SERR for a given pressure similarly before and after the contact. The loading con-
dition leading to an inner tube radius smaller than the one of the cord which would
lead to friction contact in practice is indicated with the dashed area. Such a condi-
tion is observed for low fluid inflation pressure value which varies with the applied
pull-out force. Such friction contact is due to the Poisson effect in the rubber. The
axial elongation increases slowly before the rubber/tube contact occurs and remains
almost constant along an iso-G line. However, a strong variation of axial elongation is
predicted after the rubber/tube contact condition occurs at constant G when increas-
ing the axial load. Following the constant G line (e.g. 50 kJ/m?) from the pure pressure
case to the pure tension case, the axial elongation decreases with the increase of ax-
ial force. This counter-intuitive evolution is important to anticipate the specimen’s
behavior during the test. Indeed, under combined loading conditions, the crack prop-
agation rate is proportional to the crosshead displacement by a factor of (1 - A71;). The
final A, value during the crack propagation regime is important to control the crack

propagation rate.

The pull-out forces measured for various injected fluid pressures are reported in
Figure 5.9 to evaluate the dependence of the critical SERR on loading conditions. The
lowest fluid pressure used during this series of tests is equal to 20 bar but no plateau
pull-out force evolution was observed during the crack propagation regime. For such a
low inflation pressure value, an unconfined inflation regime is expected whatever ap-
plied pull-out force value together with a dramatic decrease of the specimen’s outer
radius but also eventually of the inner radius. Such abnormal pull-out force evolu-
tion indicates that friction contact is susceptible to develop under such low injected

fluid pressure conditions. For all tested conditions, cohesive failure is observed, and
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a residual rubber layer is observed on the surface of the cord for all tested conditions.
Additionally, a larger residual rubber thickness is generally found at the initial crack
tip position. Indeed, the crack initiation conditions differ from the crack propagation
ones due to the presence of the PTFE insert used to obtain an artificial initial decohe-
sion. In any case, the cord’s radius underestimates the effective rubber sheath inner
radius. Therefore, the dashed area indicates the loading conditions leading to friction
contact between the rubber and the cord is certainly underestimated.

For all other test conditions plateau force evolution is observed together with a
steady state crack propagation regime making SERR computation valid. The reference
situation associated with only pressurized fluid injection indicates a 45.9 kJ/m? criti-
cal SERR value corresponding to a 83.1 bar critical pressure value. When smaller fluid
pressure is initially injected, an additional axial force is needed to propagate the crack.
However, by reporting the resulting (Pc, F,y;) in Figure 5.9 we observe that the com-
bination of axial loading and inflation leads to reduce the critical energy release rate
value from 50 kJ/m?2 to 20 kJ/mz2. A similar observation has been observed during peel
tests by varying the peel angle [Liechti and Wu, 2001]. The prediction of axial elon-
gation at 1.2 in UIS is similar to the experiments. Figure 5.9 reports the longitudinal
elongations of the specimen measured with the marker monitoring technique. The
observed elongations are close to the value predicted with the tube inflation model
even if A, values are slightly overestimated. Again, this difference may be attributed to
the underestimation of the rubber envelope’s inner radius.

This combined theoretical and experimental analysis leads to the main conclusion
that the critical SERR controlling the rubber/cord decohesion process under mixed
mode loading conditions tends to decrease with increasing the pull-off force intensity
until friction contact between rubber and cord occurs. A finite element model is then
proposed to investigate the influence of macroscopic loading conditions on the local

strain/stress distribution in the vicinity of the crack tip.

5.4 Finite element analysis

The simulation of the complete test procedure is a complex task. As a preliminary anal-
ysis, a simple elastic finite element (FE) simulation with a still crack tip position at the
interface between the cord and the rubber sheath is considered here. The same Exp-

Ln hyperelastic model as the one introduced in section 5.3 is used for the numerical
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Figure 5.9: Mapping of axial elongation and strain energy release rate depending on
the inflation pressure and external force. The “Contact” line corresponds to the tran-
sition from unconfined to confined boundary condition. Dashed area corresponds to
the theoretical internal friction region. Continuous lines are at equal strain energy re-
lease rates. The number in red beside the experimental point indicates the axial elon-
gation during propagation. The error bar corresponds to the standard deviation of the
measured pressure and force plateau.

simulation to describe the mechanical behavior of the rubber. The cord is modeled
as a rigid body. It is assumed that the resulting stress/strain displacement is repre-
sentative of the one that would be observed during crack propagation despite the re-
maining rubber layer on the cord is not considered here. The boundary conditions
and finite element mesh used as input for the Abaqus implicit solver are depicted in
Figure 5.10. The axisymmetric assumption is used reducing the model to a 2D one
and thus reducing the computational time. The longitudinal displacement is blocked
on the bottom part of the specimen (viz. u,(z = —50mm) = 0). Kinematic coupling is
introduced to bond the rubber to the cord whose displacement along the longitudi-
nal axis is not constrained. The confinement tube is modeled as a fixed rigid body. A
frictionless contact condition (node-to-surface with penalty enforcement) is assumed
between the confinement tube and the rubber envelope. Uniform pressure is applied
to the inner surface of the rubber tube and an axial pull-out force F,,;, is applied to
the rigid cord’s right edge. A spiderweb mesh structure centered around the crack tip
position is used using triangular elements with quadratic interpolation (CAX6H) in the
vicinity of the crack tip position. Quadrilateral elements (CAX8H) with lower density

are used far from the crack tip position where a more uniform stress and strain distri-
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bution is observed.
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Figure 5.10: Finite element model of crack front analysis with geometry, boundary
conditions, and mesh.

Detailed analysis of the near crack tip region will not be developed here but the
results from the FE simulations will be helpful to discuss the effect of loading condi-
tion (P;jnt,Fex:) on crack blunting. Figure 5.11 represents the evolution of the rubber
crack lip shape in the vicinity of the crack tip under pure pressure loading conditions
for various SERR values as determined with the method given in section 5.3. Two main
effects should be outlined from this simulation. First, the crack tip angle between the
rubber and the cord rapidly increases while the injection pressure increases. For high-
pressure values, a blunted crack is obtained in the rubber rather than at the rubber/-
cord interface. Similar effects have also been observed for an interfacial crack between
arigid and a neo-hookean body [Krishnan and Hui, 2009] sustaining plane strain load-
ing conditions. Under such a configuration a strong shear stress distribution develops
along the interface despite the crack being macroscopically loaded under mode I con-
dition due to the incompressible nature of the rubber and the contrast between the
metallic cord and rubber stiffness.

In Figure 5.12, the shapes of the rubber crack lip are shown for various combined
loading conditions but leading to the same macroscopic G = 50kJ/m? value which cor-
responds to the one measured experimentally under pure internal pressure loading
condition. The application of an additional pull-out force makes the crack tip open-
ing sharper and reduces the crack tip blunting phenomenon for an equal SERR, the
internal deformed radius decreases.

Generally, the addition of the addition of axial force increases the crack tip angle,

with the variation depicted in Figure 5.13. For a given SERR, i.e. 30kJ/ m?, the crack tip
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Figure 5.11: Comparison of crack tip opening profiles for an increasing strain energy
release rate under pure pressure load.

angle can vary from 16° to 140° with the increase of axial force and decrease of inflation
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Figure 5.12: Comparison of crack tip opening profiles for a constant strain energy re-
lease rate with different pressure-tension load mixity.

The experimental data presented in Figure 5.9 are added in Figure 5.13 by comput-
ing the crack tip angle corresponding to the axial force and inflation pressure during
crack propagation. The experimental SERR appears to decrease with the increase of
the angle. An angle of 16° results in an experimental SERR of around 50kJ/m?, while at
around 100°, the SERR decreases towards 20kJ/m?. Note that the experiments giving
a higher crack tip angle, i.e. purely pull-out load, have an internal friction problem.
The internal radius tends to decrease with the addition of axial force (see Figure 5.8)

because of the thick-walled tube kinematic.
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Figure 5.13: Variation of the crack tip angle from the finite element model with the
strain energy release rate for multiple iso- P;,; (corresponding pressure in bar) with an
increasing axial force. The experimental critical strain energy release rate points are
added with the corresponding crack tip angle computed numerically.

5.5 Discussion

The numerical results provide an insight into the load mixity influence on the crack
tip hidden by the cylindrical rubber envelope. By balancing the inflation pressure
and the axial force, multiple crack tip angles from 16° to 150° can achieved. The ex-
periments exhibit a strong load mixity dependence, with G¢ ranging between 20 to
50kJ/m?. Hence, reaching a specific crack tip angle appears difficult experimentally: a
depends on both the proportion of pressure/force and the critical SERR. The RCAIT?
can vary the crack mode mixity but cannot set it a priori. Furthermore, the geometry
effect (i.e. smaller or larger R,,;) could modify the crack tip angle. For a flat configura-
tion, the equivalent test would be the Peel test [Bartlett et al., 2023] with a variable peel
angle. The peel angle is related to the crack mode mixity and gives a metric of the SERR
dependence on load type (shear or opening). The crack tip is visible on the peel con-
figuration while hidden on the RCAIT, the only solution being conducting a test under
a X-ray scan. Nonetheless, applying the peel test to a cord geometry or a ply of cord
is tedious and the result will be heavily dependent on the geometry (distance between
cords in the ply, number of cords, true fracture surface). Furthermore, the RCAIT has
the advantage of keeping the crack propagating at the interface when the failure is co-
hesive (i.e. a residual layer of rubber on the cord) thanks to the axisymmetry on small

radius geometry.

On the crack tip morphology, the finger-like shape in pure inflation is pulled for-
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ward by the addition of the axial force (Figure 5.12 and Figure 5.13). The variation of
the crack tip angle could modify the crack surface position, transitioning from cohe-
sive fracture for a low crack tip angle to adhesive fracture as it increases. The low crack
angle keeps a singular stress [Krishnan and Hui, 2009] at the interface crack tip but
locates a possible blunted crack away from the interface, which could explain the co-
hesive nature of the observed failure. However, without introducing a process zone
with the correct physical length, a numerical model will not give the correct fracture
morphology and behavior.

The fracture envelope in Figure 5.13 could be compared to an equivalent on the
peel test, with an analogy between the crack tip angle and the macroscopic peel angle.
Therefore, the observed variation of the experimental G with «a is the rubber cord ad-
hesion agrees with the variation of SERR with peel angle reported in the literature on
the rubber peel test [Cook et al., 1997]. Establishing a common mode mixity metric be-
tween the peel test and the RCAIT2 should however require much more experimental

and numerical work, perhaps with a local approach.

5.6 Conclusion

A novel experimental setup is proposed to evaluate the critical SERR controlling the
decohesion between a metal cord and a rubber sheath sustained mixed mode loading
conditions. The novel test configuration consists is a combination of the RCAIT and
pull-out tests. A semi-analytical model is derived to evaluate the specimen SERR under
combined pull-out force and internal pressure loading conditions and take into con-
fined or unconfined rubber envelope conditions during the crack propagation. A fail-
ure envelope characterizing the combined pull-out force and internal pressure values
leading to stable crack propagation is obtained from a series of tests which exhibits a
noticeable decrease of the critical SERR when the pull-out force contribution increases.
However, for small internal pressure values, friction contact between the rubber and
the cord is suspected leading to a large increase of the critical SERR which is not pre-
dicted with the actual model. Preliminary finite element analyses are performed to
evaluate the influence of the combined loading condition on the shape of the crack
tip which evidences that the crack tip angle decreases significantly with increasing in-
jected pressure so that no stress singularity is observed anymore but blunted crack tip

configuration. Due to the application of pull-out force, the crack tip angle is increasing,
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and sharp crack tips are observed again which mostly explains the decrease of critical
SERR under combined loading conditions.

The proposed RCAIT? is an original technique to evaluate the decohesion processes
between a fiber reinforcement and a matrix. The rubber/cords configuration reveals
complex effects leading to a complex failure envelope. Supplementary theoretical and
experimental activities should now be engaged to achieve a better understanding of
the damage and dissipative mechanisms in the vicinity of the crack tip which are in-

volved in the failure process.



Pre-softening effect

6.1 Introduction

We study the influence of a pre-softening loading sequence on the rubber-cord adher-
ence to evaluate the energy contribution of the Mullins dissipation during a rubber-
cord adherence test. On bulk materials, the sample is easily softened by applying an
initial load cycle prior to the fracture test [Diani et al., 2015, Qi et al., 2018]. However, on
adhesion test, such as peel test [Bartlett et al., 2023] or blister test [Dannenberg, 1961],
it is difficult to load the elastomer coating to produce pre-softening effect due to the
planar geometry and due to the presence of the rigid substrate. However, a fiber ad-
herence test geometry offers more range to soften the material, as demonstrated here
with the RCAIT.

6.2 Adhesion on pre-softened samples

A fibre-matrix geometry [Gent and Yeoh, 1982, Kane et al., 2019] can offer a way to
accommodate the material prior to the adhesion testing. The method is presented
hereafter and the adhesion test to demonstrate the pre-softening effect on the interface

fracture dissipation is the Rubber Cord Adhesion Inflation Test.

6.2.1 Experimental softening method

The diametrical compression of brittle materials is common to determine their frac-
ture toughness (e.g. the Brazilian disk test). However, the application to soft materials
is scarce, and limited to spheres [Shima et al., 1993, James et al., 2020]. The strain field

is not homogenous and the friction between the plates and the sample creates uncer-

120
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tainties, justifying the lack of interest for this configuration. Nonetheless, adding dam-
age in a sample by compression before testing can be found in biological application
[Fraser et al., 2021] to study injuries’ effect on peripheral nerves’ mechanical behavior.
In the present study, the diametrical compression is only a means to perform speci-
men preconditioning procedure so that some Mullins dissipation would be produced

without crack propagation occurs prior the interface crack propagation test.

Figure 6.1: Diametrical compression setup for 3 RCAIT samples, with the sample
holder in white.

The experimental setup consists of a tension-compression machine (LLOYD LR5K)
with compression plates and three RCAIT samples placed on the plateau, as illustrated
in figure 6.1). This experimental arrangement of three samples is needed, in order to
ensure the applied force is centred along the load load cell and to avoid any detri-
mental moment which would damage the apparatus. The specimen clamped part
would obstruct the compression plate and working on one specimen only could create
detrimental torque on the loading cell. The three-specimen configuration ensures the
planarity of the upper compression plate. As the test machine is limited to 5kN, the

compressed length of the specimen is adjusted to increase the Mullins dissipation in-
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troduced in the section (full-length or half-length).Aa camera is placed in front of the

specimen to observe the squashing of the transverse section.

U [mm)]

Figure 6.2: Experimental result of 5 compression cycles (compressed length = 25 mm).

Figure 6.2 presents the result of a cyclic compression test on a RCAIT sample. The
compressed length is equal to 25 mm and the specimen has been already softened on
a compressed length of 50 mm (but no video is recorded as the two other specimens
block the view). A first hysteresis loop appears after the first load, then the material

stabilizes on a viscous hysteresis. Therefore, the rubber envelope is softened by com-

pression.
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Figure 6.3: Loads F and rotations 0 sequence applied to the RCAIT samples on a) and
the axial view of the successive diametrical compression in the initial and deformed
(drawn transparent) configuration on b).

A single simple cyclic diametral compression test will not introduce a homoge-
neous rubber envelope softening neither in the radial nor circumferential directions.

While the radial softening will remain heterogeneous, a more axisymmetrical softening
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distribution can be achieved by repeating the cyclic compression sequence for several
specimen orientations. Figure 6.3 presents the sequence of compression and speci-
men orientation. The specific loading steps were derived from the numerical study of
the test. The cycle is controlled by displacement rate with a cycle inversion based on
force. The choice of force for the maximum compression is only based on practical
considerations to reach the maximum force allowed by the test machine (limited to
5kN). One or two cycles are sufficient to introduce a majority of softening (see figure
6.2).

6.2.2 Adhesion results on softened samples

Directly after the softening preparation, the adherence between the cord and the soft-
ened rubber is measured with the RCAIT. Figure 6.4 compares the sample inflation
curve for a reference sample and 2 softening conditions for a different batch of the

specimen.

[ —— 33 N/mm - 66 N/mm ]
100 - M B

75 F

P [bar]

50

25 F

AV [ml]

Figure 6.4: Compression setup for 3 RCAIT samples from a different batch of samples
(propagating crack length is 70 mm instead of 50 mm).

The inflation curve exhibits pressure plateaus, correlated to a steady-state crack
growth. No preload sequence is applies to the reference specimen. The second speci-
men (red line) is loaded along 50mm length (33 N/mm). The third specimen (blue) has
been first loaded along 50mm as for the second specimen. Then to add supplemen-
tary softening, the same loading sequence is applied along 25 mm length (66 N/mm),
resulting in 2 softened regions in the sample. Distinct plateau evolutions are observes
which are correlated to crack propagation along distinct level of rubber envelope soft-

ening. As the pressure plateau is proportional to the critical SERR, the pre-softening
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methods successfully suppressed (at least partially) the Mullins dissipation. Nonethe-
less, the energy balance with the non-softened behavior is no longer applicable to the

results and needs an update.

6.3 Pre-softening in the energy balance analysis

To evaluate the effect of the pre-softening procedure on the recorded plateau pressure
value during the RCAIT. The energy balance analysis is updated to consider the change
in P(AV) curve due to Mullins dissipation. An energy balance analysis on a softened
section of the specimen is proposed, with a numerical basis to retrieve the softening
distribution caused by the diametrical compression in the rubber envelope. Unfortu-
nately, due to manufacturing issues, the bulk rubber mechanical characterization was
performed on a different kind of reference than the one used for manufacturing the
RCAIT specimen. Therefore, while the overall methodology is valid, only qualitative

and phenomenological comparison can be proposed here.

6.3.1 Rubber softening behaviour

An hyperelastic Exp-Ln [Khajehsaeid et al., 2013] is used to describe the hyperelastic
response of the material as observed during monotonous loading test. The pseudo-
elastic model of [Ogden and Roxburgh, 1999] is used for the hysteresis. The material
parameters are identified on a cyclic uniaxial tension test presented in figure 1.3. Be-
fore identification, the residual strain observed at each cycle is shifted to 1, similar to
the method in [Ogden and Roxburgh, 1999]. The identified values are resumed in table
6.1. The comparison between the simulation and experimental results is presented in

figure 6.5.

A a b r m p
1.14MPa -0.96 -0.91 1.73 0.63 0.10

Table 6.1: Parameters of the Exp-Ln strain potential (A, a, b) and the pseudo-elastic
model (r,m,f).

The RCAIT configuration is also used to validate the model, by performing cyclic
inflation test of the pre-crack rubber envelope to observe the hysteresis response. Fig-
ure 6.6 compares the experiments and the analytical model. The experiments are per-

formed under constant flow rate condition up to maximum pressure then the pressure
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Figure 6.5: Comparison of experiment and model on cyclic loading in uniaxial tension
até=0.1s"1

is decreased to 0 bar. One sample is used for one cycle to avoid the marker’s degra-
dation and ensure reliable monitoring of the longitudinal stretch A,. The analytical
model uses the same equation as presented in section 1.4.1, with the addition of the
pseudo-elastic model during the stress computation. The 7 factor is simply applied to
the deviatoric stress computation, knowing the maximum strain energy experienced
locally by a material point W, 4, and the strain energy at the first loading W. As the
stretch and strain energy varies along the radius, W;,,, and 1 varies also along the ra-
dius. The resulting model predicts correctly the cyclic inflation of a thick rubber tube
with a radial distribution of softening in figure 6.6. The difference in the first loading
path can be explained by the use of a limited set of data to identify the behaviour with
respect to the complexity of the multiaxial loading conditions during the RCAIT. The
discrepancy may also be attributed to the rate dependent behaviour which is not con-
sidered here at this step. The tube inflation has a radial-dependent stretch rate, with
the highest rate on the inner radius, while the tension test is conducted at a constant
stretch rate.

Despite, a very simple model is used here, the main features of the cyclic inflation

curve are reproduced and satisfactory quantitative agreement is found.

6.3.2 Numerical computation of the softening
Finite element model

The diametrical compression test produces a complex stress and strain fields distribu-

tion in the specimen cross section. Therefore, the softening is also rather heteroge-
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Figure 6.6: Comparison of experiment and model pressure-axial elongation response
on cyclic inflation in on a thick rubber tube at Q = 1 mL/min.

neous. To estimate the softening created by cyclic compression, a 3D finite element
analysis is proposed, considering the Exp-Ln potential [Khajehsaeid et al., 2013] and
pseudo-elastic softening [Ogden and Roxburgh, 1999] to represent the material be-
haviour. The cord is modelled with a rigid solid, and the envelope is adhering to the
cord surface through a kinematic coupling. The two compression plates are rigid and
apply the load on the sample using surface contact condition (with Coulomb’s friction
¢ = 0.3). To ease the formulation of boundary condition, the cord is fixed in space
(U = 0) with rotation allowed only around the axial direction of the sample to model
the rotation of the sample between successive compression. Thus, both the bottom
and top plates move to produce a symmetrical loading. The maximum cyclic force
and the compressed length of the specimen are representative of the experiments. The
envelope is meshed with quadratic interpolation, full integration, and hybrid pressure-
formulation elements.

The loading procedure is defined so as to specimen axis of symmetry are respected
at each step. Then a good reproduction of the experiment by following the compres-
sion step in a specific order to guarantee symmetry of the specimen. The compression
axis is first set to 0° then 90°, and then at -45° and +45°. Else, a succession of compres-
sion from -45°, 0°, +45°, and 90° creates some angular asymmetry of compliance, that

would induce more shear strain in the envelop and less control over the softening field.

Numerical results

The resulting map of dissipated energy is presented in figure 6.7. The repartition of the

softening is increasingly homogenous after each rotation and compression step.
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Figure 6.7: Mapping of the dissipated energy by softening ¢(1,,4x) (mJ/mm?) on a
section of the sample at the end of each compression step.

The distribution of damage is constant along the specimen cord, as illustrated in
figure 6.8. The green surface corresponds to a level of damage density of 1 mJ/mm?,

encapsulating the major part of the damage by softening distributed in the sample.

Strain energy post-processing

The TRIM model assume axisymmetric distribution. Then, it is not capable to repre-
sent the effect of such complex radial and circumferential softening distribution. To
reuse the results of the numerical compression, the output of interest is the maximum
strain energy density W,,,.. The energy dissipated by damage ¢(1,,4x) is not directly
imputable in our analytical model. As a first approach, the W,,,, fields in the rub-
ber envelope are reduced first along the axial direction in the homogeneously softened
region, resulting in the figure 6.9. Then to obtain an equivalent axisymmetric repre-
sentation of the softening effect due to application of compressive steps, the angular
mean of W,,,«(x, y) fields reduce the distribution to solely radial W, 4. (r), illustrated
in figure 6.10. The angular standard deviation is a result of the compression proce-

dure only along 4 directions. Adding other directions could improve the conformity of
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Figure 6.8: Surface contour at 1 mJ/mm?3 of the dissipated energy by softening ¢ (1) ,,14x)

after a cyclic compression level of 33 N/mm (specimen exterior surface in transparent
black).
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Figure 6.9: 2D variation of W, in ho-
mogenous region for a compression at 33
N/mm.

Figure 6.10: Radial variation of W, for
a compression at 33 N/mm.

the W4« field to an axisymmetric hypothesis. Nonetheless, the standard deviation is
small compared to the mean and will give sufficient information on the softening for

the energy balance analysis.

6.3.3 Energy balance analysis

The softening of the rubber leads to less stored energy in the envelope when inflated.
The correct strain energy of the softened section is computed with the thick rubber

tube inflation presented in section 1.4.1 with the [Ogden and Roxburgh, 1999] model.
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Then, the energy balance analysis is applied to a pre-softened section of rubber and

leads to the equation 6.1.
OWext(Az, Ar, Ping) = 8 E(I1, I, m) + 6D 6.1)

The softened stored energy 6 E corresponds to the loading of a pre-softened section
of rubber envelop. The relation between the virgin strain potential and the softened

strain potential is given by :
Wy, L,m) =qW (L, L) + ¢(1) (6.2)

Hence, the softened stored energy can be expressed from the strain energy density W
and the energy density lost by the pre-loading ¢, both varying along the radius r. The

rest of the energy balance analysis then follow the classical approach.

Text r

SE=2n W(r)rdr6a:27rf

Tint

N (MW () + @, 1, max)| rdréa (6.3)

Tint

Applying the softening computed by the FE model gives the evolution of the SERR
on a pre-softened sample in figure 6.11. For a similar G¢, the model predicts a lower
critical pressure P¢ to propagation on a softened sample, reproducing correctly the

tendency observed during experiments.

T T T 77T
| —— Reference / ]

[ - 33 N/mm /

P [bar]

Figure 6.11: Variation of the strain energy release rate with inflation pressure for a ref-
erence and a softened condition.

6.4 Conclusion

A novel method is proposed to study the effect of pre-softening on the global strain
energy release rate of an interface between an elastomeric matrix and a fiber rein-

forcement. The engineering implication of the presented results to elastomer fiber
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reinforcement composites is a reduction of the adherence between components af-
ter an out-plane loading. For instance, [Valantin et al., 2015] reports a decrease of
peel strength between rubber and polyamide reinforcement after a fatigue loading
representative of a transmission belt application (out-of-plane loading of a rubber-
polyamide fiber ply and bending). The sharp evolution between the virgin specimen
(3.2N/mm) and a specimen with 2 million cycles (2.8 N/mm) could be explained, based
on the present study, solely by the rubber matrix softening.

After, this preliminary work evidence of pre-softening effect has been observed and
qualitative agreement between experimental data and simple hybrid numerical / semi
analytical model has been obtained. More samples will now be tested to consolidate
the results. Higher compression forces will be applied to reach a strain energy level
higher than during the RCAIT to test the modeling. The computation methods of the
softening will be improved, with a finer geometry discretization and a numerical 3D
tube inflation for comparison. As for most modeling of elastomer deformation with

finite elements, mesh convergence proved to be difficult.



Slow crack effect

7.1 Experimental bench

A creep test bench was partially constructed during the previous thesis of [Kane, 2020]
(RCAIT confinements, large hydraulic circuit, structure). Basically, during the creep
test, a constant inflation pressure is obtained inside the RCAIT specimen by replac-
ing the high pressure syringe and tensile testing machine with hydraulic accumulator.
To complete the development of the system, additional valve and sensors were added
for controlling and monitoring the experiment. A data acquisition system were also
developed and installed to monitor the pressure and crack propagation in individual
specimens. The setup consists of 9 parallel lines. Each line comprises a RCAIT, a hy-
draulic accumulator, a pressure sensor, and a camera (Fig. 7.1). A manually operated
test pump (VIRAX® 262005 — 100 bar — 10 1) pressurizes the accumulators. The accu-

mulators are each settled at different pressures.

Figure 7.1: Creep crack growth bench.

A LabView program developed for the bench records data during the test, with a

131
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variable acquisition frequency per test line. The minimum frequency corresponds to
the inverse of the number of active cameras. This limitation arises from the USB port
multiplier to which the cameras are connected, acting as a multiplexer. The cameras
are then used in photo mode rather than continuous video. However, considering the
targeted solicitation times, the acquisition frequency limit poses no problem. The sys-
tems are independent, and the acquisition of an individual line stops automatically.
Acquisition stops when the pressure drops below a certain threshold. Pressurized wa-
ter escapes during total sample failure and then flows through the hoses to the test
pump reservoir.

For now on, the ambient temperature follows day/night variations and is not con-
trolled. A first improvement step will be the addition of heating around the RCAIT
devices. A liquid for injection as neutral as possible (mineral or natural-based oil) can

also be used.

7.2 First results

In figure 7.2, a first test campaign of subcritical slow rate crack propagation experiment
is presented. A small incertitude at the end of the test is caused by the acquisition fre-
quency. The time to the total fracture (propagation equal to 50 mm) of the specimen
appears to increase with the decreased imposed inflation pressure. The pressure evo-

lution appears non-linear and tends toward an asymptote.

100 pr T
[ Quasistatique _____________________
sop © 1
— I FO
=
5 [
2 60 o ° ]
g o 0
% 40 L o i
8 I
[=]
20 -_ -
0-.I " PR | " ol " ol " P
102 103 10% 10° 108

Temps [s]

Figure 7.2: Time to final crack propagation (crack length = 50 mm) for a given imposed
inflation pressure.

The analytical method gives the SERR for the corresponding pressure and the re-

sults are reported in Fig. 7.3. The crack velocity corresponds to the time to complete
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fracture and the total adhesive length. The SERR increases with the crack velocity with

a power law.
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Figure 7.3: Strain energy release rate depending on crack velocity.



Conclusion

The present work improves and develops different methodologies around the RCAIT.
The method to measure the global strain energy release rate is more robust with the im-
proved metrology and the possible detrimental effect of confinement tube / specimen
friction have been evaluated. The analytical hypothesis are evaluated and validated
using a more complete finite element simulation procedure. The major dissipation
source of an interface crack growth between a filled elastomer and rigid substrates is
now possible to be evaluated with analytical and experimental developments. The in-
terface loading conditions can be adjusted by applying combined axial loading and
internal pressure loading conditions. Even if a precise evaluation of mode mixity con-
ditions is difficult to achieve from experimental and theoretical point of view, a first
failure envelope of G¢ with the mode mixity is measured. The Mullins dissipation can
be partially inhibited by a pre-softening procedure and the global dissipation during
crack growth decrease. The relation between viscous dissipation and crack velocity
can be evaluated with the creep fracture bench. G¢ atlow crack velocity is reported 10
times lower than during the quasi-static tests, revealing the role of viscous dissipation.
The present work has a broader ambition than the rubber-cord industrial applications

and try to contribute to the general field of the adherence of elastomer.

Perspectives of the RCAIT

The development of the marker tracking technique is not sufficient to characterize the
process zone as discussed in chapter 3. A RCAIT conducted under a X-ray scan could
give further information on the crack tip opening shape. Those information could con-
firm the numerical results of the blunted crack tip. Unlike the pure shear fracture test,

the strain-stress field around the crack tip is not observable and the technique pro-

134



Conclusion 135

posed by [Roucou et al., 2020] does not apply to the RCAIT configuration. An experi-
mental solution to this problem could be the addition of metallic tracers (steel or brass
to ensure adhesion) in the rubber envelope coupled with an x-ray tomography obser-
vation during the RCAIT, giving the full strain tensor inside the envelope.

With the new improvements of the test and robust methodology, further studies
can now focus on the application of RCAIT to ageing. Thanks to the use of a pres-
surized fluid to propagate the crack, a corrosive fluid could be introduced locally at
the crack tip to evaluate a possible corrosion assisted crack growth, especially with the
creep bench. Else, with a neutral injection fluid, the diffusion of water can be stud-
ied by submerging the sample in water (similarly to a water lubrication condition pre-
sented in chapter 4). The water will diffuse trough the rubber envelop to the interface
in same time as the slow crack growth to estimate the coupling between diffusion and
fracture. The system will provide a small-scale experiment, representative of the load

and environment found in rubber-cord composites application.

Perspectives on the dissipations study

The method presented in chapter 6 uses an isotropic Mullins model [Ogden and Rox-
burgh, 1999] while diametrical compression can induce anisotropy in the 76 plane and
RCAIT shows the strong rotation of the shear elongation A, , around the crack (see fig-
ure 3.14). Hence, the Mullins dissipation is not spent by the compression test and
the Mullins dissipation by shear could remain available for dissipation during crack
growth. Furthermore, the softening is supposed symmetric with the model of [Ogden
and Roxburgh, 1999] while the softening appears only in tension in rubber [Machado
et al., 2012]. Extending the steady-state crack growth model of [Qi et al., 2018] to an
anisotropy-induced and asymmetric Mullins dissipation model could solve this open
question. The successive rotation and compression of the sample to introduce soft-
ening is not ideal. The introduced softening field in the rubber envelope does not re-
spect an axisymmetric distribution. An experimental device designed specifically for
the application could alleviate this softening distribution issue. For instance, a sys-
tem where the sample is compressed between three rolls (positioned at 120° from each
other with their axis of revolution parallel to the specimen’s cord) could apply the load
on the sample and allow the sample rotation by rotating synchronously the 3 rolls. A

second method could employ a torsion load (i.e. fixed cord and a rotation applied on
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the outer surface of the envelope) to soften the rubber. Note that applying shear (i.e.
pulling out the cord while blocking the outer surface of the envelope) will induce a non-
homogenous softening along the cord axis'. Nonetheless, the successive compression

method is sufficient to demonstrate the pre-softening effect on rubber adherence.

In the slow crack growth experiments in chapter 7, the decrease of G with the de-
crease of crack velocity is typical of visco-elastic crack growth [Hui et al., 2022]. On the
Mullins dissipation, the time-scale of the experiment could involve a partial recovery of
softening [Mullins, 1948, Denora and Marano, 2024]. Hence, treating the Mullins dis-
sipation as a long-term viscosity corresponds with the visco-elastic framework, with at
least two characteristic relaxation times. The experiments were carried out with pres-
surized deionized water and the inflation circuit is in stainless steel. This configuration
could promote cathodic delamination [Liechti et al., 1989, Hamade et al., 2007]. An ex-
perimental solution to deconvoluate the visco-elastic variation of G and the possible
corrosion-induced decrease of G would be to use a mineral oil as pressurized fluid. The

oil will act as an insulator between the cord and the inflation circuit.

The role of Mullins dissipation recovery on creep crack growth could be evalu-
ated by combining the pre-softening and the creep fracture. A sample should be pre-
softened with the method described in chapter 6, then set under a constant G in the
creep fracture bench presented in chapter 7. Then, the crack velocity should either stay
constant (as a non-softened specimen) or vary. The variation will indicate a recovery of
the dissipation spent during the pre-softening and characterize the recovery time scale
in a single experiment. Furthermore combining the softening with the mixed-mode
setup or modifying the creep bench for mixed-mode loading could provide further in-

formation on the dissipation mechanisms coupling.

Further work to separate the viscous and Mullins dissipation during crack growth
should first build a behavior law more advanced than those used in the present study
and second build a crack growth numerical model. The CZM proves to be computa-
tionally inefficient on the RCAIT. As mentioned in section 3.4.1, the crack propagation
over 1 mm takes approximately 3 days on the computing cluster. The identified rea-
son is the large deformation at the crack tip leading to elements with poor aspect ra-
tio. This issue prevents the addition of dissipative behavior in the rubber constitutive

law, a similar conclusion to the work of [Elziere, 2016] on visco-hyperelastic material

! As demonstrated by a shear lag model, the strain localizes at the crack tip between the cord and the
envelope.
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combined with CZM. A more efficient approach could be the steady-state crack growth
framework [Dean and Hutchinson, 1980, Landis et al., 2000], recently used by [Fourton,
2019] for an adhesion case.

The total partition between dissipation, only with the proposed experiments, may
not be possible because of the dependency of one on another. The multiplicative de-
pendence of the global G on Gy and Gp is a known result in the literature [Qi et al.,
2018, de Gennes, 1996] for a single dissipation mechanism Gp outside the fracture dis-
sipation Gy. In the case of two (or more) dissipation mechanisms, a possible multi-
plicative interdependence between a Mullins dissipation Gy, and a viscous dissipation

Gy could lead to a complex dependence between the global G and interfacial Gy.
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Résumé : Les élastoméres armeés de fibres
textiles ou de fils métalliques se retrouvent
dans de nombreuses applications
industrielles (pneus, courroies
d'entrainement, bandes de convoyage,
tuyaux, ressorts pneumatiques). L'adhésion
du renfort & la matrice élastomeére doit étre
assurée pour garantir l'intégrité structurelle
du produit sous divers chargements
mécaniques. Une caractérisation fiable de
la résistance a la fissuration de linterface
est donc nécessaire, ce qui motive le
développement de nouveaux essais
mécaniques. Dans un premier temps, un
dispositif expérimental de fissuration entre
un fil métallique et un caoutchouc naturel
chargé de noir de carbone est utilisé pour
caractériser la dissipation d'énergie lors de
la rupture interfaciale. L'essai, issu d'une
précédente thése,

est tout dabord amélioré et la
méthodologie expérimentale consolidée.
Des modélisations  analytiques et
numériques permettent de valider la
cinématique de l'essai, les conditions
expérimentales de lubrification et le calcul
de I'énergie d’adhésion. Dans un second
temps, l'essai est décliné selon trois
méthodes permettant de caractériser
'adhésion du renfort & la matrice sous
d’autres chargements. Ainsi, il apparait
gue la mixité du chargement en pointe de
fissure, la vitesse de propagation ou la
pré-accommodation du caoutchouc
influent sur [I'énergie globale dissipée
pendant la rupture de [linterface. Ces
nouvelles méthodes offrent alors une
caractérisation de l'adhésion dans des
conditions plus proche des applications
industrielles.
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Abstract : Elastomers reinforced by textile
fibers or metallic wires are common in
numerous industrial applications (tires,
driving belts, conveying belts, and pneumatic
springs). The adhesion between the
reinforcement and the elastomer matrix must
be ensured to guarantee the structural
integrity of the product under various
mechanical loads. A reliable characterization
of the crack propagation resistance of the
interface is thus necessary, motivating the
development of new mechanical tests.
Firstly, an experimental setup of crack
propagation between a metal wire and a
natural black carbon rubber is used to
charactérize the dissipated energy during the
interfacial fracture.

The test, developed from a precedent thesis, is
first improved and the experimental
methodology is updated. Analytical and
numerical models allow the validation of the
test kinematics, experimental conditions of
lubrication, and the computation of the
adhesion energy. Secondly, the test is derived
using three methods, permitting the
characterization of the adhesion between the
reinforcement and the matrix under other
loadings. Hence, the crack mode mixity, the
crack propagation velocity, or the matrix pre-
softening alters the global dissipation during
the interface fracture. Those new methods offer
an adhesion characterization in closer
conditions to the industrial applications.
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