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Abstract Environmental aging induces a slow and irreversible alteration of the rubber material’s 

macromolecular network. This alteration is triggered by two mechanisms which act at the 

microscale: crosslinking and chain scission. While crosslinking induces an early hardening of the 

material, chain scission leads to the occurrence of dangling chains responsible of the damage at the 

macromolecular scale. Consequently, the mechanical behavior as well as the fracture properties are 

affected. In this work, the effect of aging on the mechanical behavior up to fracture of elastomeric 

materials, and the evolution of their fracture properties are first experimentally investigated. Further, 

a modeling attempt using an approach based upon a micro-mechanical but physical description of 

the aging mechanisms is proposed to predict the mechanical and fracture properties evolution of 

aged elastomeric materials. The proposed micro-mechanical model incorporates the concepts of 

residual stretch associated with the crosslinking mechanism and a so-called “healthy” elastic active 

chain (EAC) density associated with chain scission mechanism. The validity of the proposed 

approach is assessed using a wide set of experimental data either generated by the authors or 

available in the literature. 

Keywords Aging; Rubber materials; Fracture properties; Micromechanical 

modeling; Damage. 
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1 Introduction 

Rubber materials are used in a wide range of applications, prompted by their 

particularly high reversible deformations associated with low strength and their 

great damping and insulating properties. During operation, rubber materials are 

exposed to extreme mechanical and environmental perturbations, such as complex 

static and dynamic mechanical loadings, elevated temperatures, UV radiation, 

oxygen, and humidity. Therefore, understanding and modeling the operating 

conditions’ influence on the mechanical and fracture properties is of high 

importance when designing structural rubber material components. Many 

experimental investigations showed the strong dependency of the mechanical and 

fracture properties of rubber materials on the loading condition history and on the 

chemical and physical aging exposure history. Those properties are directly 

influenced by the changes in the macromolecular network structure induced by a 

chemical processes that operate at the molecular scale  (Dunn and Scanlan 1961; 

Colclough et al. 1968). 

For the last few decades, many research investigations have focused on increasing 

our understanding of rubber materials’ aging mechanisms and their effect on the 

mechanical properties. Different mechanistic and kinetic schemes of their thermo-

oxidation process were proposed (Bolland 1949; Rincon-Rubio et al. 2001; Colin 

et al. 2019, 2021). A consensus among those studies describes the alteration of the 

macromolecular network structure by a three-step oxidation scheme: initiation, 

propagation, and termination. Initiation involves the creation of free radicals P°. 

The free radicals P° are extremely reactive with oxygen and consequently favor a 

chain reaction of chemical processes in the polymer, denoted as propagation. The 

termination consists in the transformation of the different radicals in the polymer 
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into inactive products like gas release or the creation of new crosslinks or chain 

scissions. These two competing mechanisms (crosslinking and chain scissions) 

modify the macromolecular structure of the polymer and play a significant role in 

the degradation of the mechanical properties (Fayolle et al. 2008; Planes et al. 2009; 

Belbachir et al. 2010; Le Gac et al. 2013; Howse et al. 2019; Bouaziz et al. 2020). 

The chemical composition, the macromolecular network structure, and the aging 

conditions of the rubber materials influence the relative predominance of the 

aforementioned aging mechanisms (Planes et al. 2010a). 

With increasing aging time, a decrease of the fracture mechanical properties of 

rubber material whatever the degradation mechanisms is widely documented 

(Celina et al. 2005; Planes et al. 2009, 2010b; Le Gac et al. 2013; Pourmand et al. 

2017; Kashi et al. 2018; Nait Abdelaziz et al. 2019). 

Over the last century, a significant number of models were proposed to capture the 

macro-scale hyperelastic response of rubber materials. Based on their theoretical 

frameworks, we can differentiate between phenomenological and physical-based 

models. The phenomenological models provide a macroscopic description of the 

hyperelastic stress-strain behavior of rubber materials that is not connected to the 

macromolecular structure (Mooney 1940; Yeoh 1990). In physical-based models, 

we can distinguish between models describing the macromolecular network physics 

using Gaussian and non-Gaussian statistical approaches. The chains mechanics 

associated with the macromolecular network entropy decrease was described using 

a number of non-Gaussian-based theories . These non-Gaussian statistical theories 

account for the extensibility limit of randomly oriented molecular chains to capture 

the hyperelastic behavior of rubber materials using the probability distributions of 

(Jernigan and Flory 1969) and (Kuhn and Grun 1942).  
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 It is worth mentioning that failure associated with the changes in conformational 

entropy was rarely accounted for through those approaches, and mainly the 

mechanical behavior and microstructural parameters evolution of rubber materials 

subjected to multiaxial loading conditions were considered (Vernerey et al. 2018; 

Bahrololoumi et al. 2020). 

(Volokh 2007; Balakhovsky and Volokh 2012) proposed modifying the free energy 

potential, paving the way to coupling the macroscopic fracture with the constitutive 

modeling. The “energy limiter” approach theory is based upon an evident axiom: 

since a material cannot absorb an unlimited amount of energy, its value must be 

bounded by a maximum, thus a new free energy potential using the properties of 

upper gamma function was developed to consider rubber fracture property. 

(Dal and Kaliske 2009) pointed out the incompetency of phenomenological and 

statistical hyperelastic models to account for rubber materials fracture. 

Accordingly, a modified entropic elasticity model describing the conformation 

capability of the chain and the energy of the interatomic bonds was proposed. The 

deformation and damage of a single chain coupled with advanced micro–macro 

transition (Miehe et al. 2004) enable the description of the finite-strain macro-

response of rubber materials while using physical parameters. 

Many  other models describing the fracture of elastomeric materials can be found 

in the literature  (Mao et al. 2017; Tehrani and Sarvestani 2017; Lavoie et al. 2019; 

Li and Bouklas 2020). They take different approaches which will not be discussed 

here. Indeed, the purpose of this work is modeling the impact of aging on fracture 

properties of rubber. 

(Belbachir et al. 2010) studied the photodegradation effect on the mechanical 

properties of PLA and proposed a network alteration model by assuming that chain 

scission occurs mainly in the amorphous phase (rubbery phase). Later, (Rodriguez 
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et al. 2020)  and (Ayoub et al. 2020) studied extensively the mechanism of 

photodegradation of semicrystalline polyethylene and developed a physically based 

composite-type model and introduced phenomenological damage evolutions of the 

macromolecular network to account for the alteration of the chemical and structural 

properties. 

Macroscopic damage coupled with physical-based models introducing either a 

damage indicator or time-temperature equivalence approach were proposed to 

capture the effect of aging on the mechanical properties up to break (Belbachir et 

al. 2010; Nait Abdelaziz et al. 2019; Colin et al. 2019; Bahrololoumi et al. 2020; 

Kadri et al. 2022). In those models the experimentally measured molar mass 

between crosslinks M
c
 was established as a relevant indicator of damage induced 

by aging.  

(Lake 2003) derived a useful relationship between the strain energy release rate (in 

the presence of a crack) and the molar mass M
c
, which has been successfully applied 

when the crosslinking aging mechanism predominates. However, when chain 

scission is the prevailing aging mechanism, those models predict an increase in the 

failure energy with increasing aging-induced degradation, which is in contradiction 

with several experimental observations reported in the literature (Planes et al. 2009; 

Le Gac et al. 2013; Kashi et al. 2018). Indeed, chain scission mechanically increases 

the average value of M
c
, leading to an increase of the strain energy release rate. 

Thus, the molar mass between crosslinks M
c
 cannot be adopted as a generalized 

damage indicator independently from the aging mechanism. This issue will be 

addressed in this work. 

The purpose of this work is to develop a physically based micro-mechanical 

approach capable of predicting the effect of aging on the mechanical and fracture 
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behaviors of rubber materials regardless of the predominant degradation 

mechanisms. Physically based description of the aging mechanisms is proposed and 

coupled with the micromechanical model to accurately capture the experimental 

observations. The validity of the proposed approach is assessed using a wide set of 

experimental data either generated by the authors or available in the literature. 

The paper is organized as follows: In section 2, the basic equations of the micro-

mechanical model proposed by (Dal and Kaliske 2009) are reminded. Furthermore, 

in section 3, the micro-mechanical model is modified to account for aging.  When 

crosslinking is predominant, a residual stretch concept is introduced to capture the 

degradation of the fracture properties. In the case of chain scission prevalent 

mechanism, a healthy and degraded subnetworks scheme is proposed to explain the 

aging effects on the fracture. In each case, experimental data allows to check the 

capability of the modified model to capture the evolution of the fracture properties. 

This capability is widely discussed whatever the aging mechanism. Finally, 

concluding remarks and perspectives are then drawn. 

2 Theoretical background 

The rubbery microstructure can be conceptualized hierarchically starting from the 

mesoscale with the macromolecular network enclosing a large number of randomly 

oriented, variable-length, and elastically crosslinked active chains and at the micro 

scale with the Kuhn segments. In this section the main features of the physically 

based micro-mechanical approach for describing the mechanical and fracture 

properties of elastomeric materials are given. It reposed on the mathematical 

framework proposed by (Dal and Kaliske 2009). Then, the model is extended to 

account for the degradation due to aging.  
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The highly nonlinear hyperelastic macroscopic behavior of rubber materials is 

associated with the decrease of the macromolecular network entropy. The behavior 

of the macromolecular network is achieved by combining the chain length statistics 

with a non-affine micro-macro transition using the micro-sphere model (Miehe et 

al. 2004). At the single-chain level, chains unfold with deformation, and they break 

when their limit of extensibility is reached. Therefore, the micromechanical 

behavior of a single polymer chain is achieved by accounting for the conformation 

capability of the chain and the energy of the interatomic bond (Dal and Kaliske 

2009).  

2.1 Micromechanics of a single polymer chain 

The single polymer chain in the network is represented by a large number N of rigid 

segments (Kuhn segments) of length l, the total length of the unfolded chain being 

L = N l (cf. Fig. 1). 

 

Fig. 1 Schematic representation of a single polymer chain with a magnified view representing 

interaction between Kuhn segments across bonds depicted by springs 

In this framework, the links between the rigid Kuhn segments (represented by 

springs in Fig. 1) are capable of deforming, and therefore a mechanical energy is 

stored and released (energy of the interatomic bonds), which is in contrast with the 

classical mathematical descriptions. These links represent the covalent bonds 

between the repeating units of the chain (348kJ/mol for C-C) and result in the 
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polymer intrinsically exhibiting a high stiffness in the direction of the 

macromolecular chain. 

Consequently, a simplified mechanical representation of the chain is therefore 

possible. The rheological model depicted in Fig. 2 represents each chain by a series 

of two springs: one capturing the energy storage
 
resulting from the conformational 

change and the other the stored energy resulting from the interatomic displacement 

 

Fig. 2 Rheological representation of the model representing each chain 

 

The hyperelasticity theory postulates the existence of a strain energy density ψ from 

which strains and stresses can be derived. This strain energy density corresponds to 

the Helmholtz free energy: 

 e ηψ u Ts ψ ψ= − = +  (1) 

where u is the internal energy, T the absolute temperature, and s the entropy. An 

isothermal and isochoric deformation process induces a variation of the internal 

energy, resulting from the change in the interatomic distance, and of the entropy, 

resulting from the conformation evolution. 

By correspondence with the rheological model described in Fig. 2, the internal 

energy corresponds to the energy stored by the interatomic bond and is noted ψ
e
, 

while conformation capability of the chain in the network corresponding to the free 

energy density of the chain is noted ψη. 
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To describe the constitutive law associating the mechanical behavior of the chain 

conformations, we adopt in the modeling the well known form of the non-gaussian 

free energy density: 

 ( ) ( )
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Where λ
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 corresponds to the relative stretch of the chain λ

r
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is the inverse Langevin function, which can be evaluated through the Padé 

approximation: 
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The associated force (micro force of the entropic contribution) acting on a single 

chain by assuming Langevin statistics can be derived easily from eq.(2). It comes: 

 
( ) 2

η η η
η η 2

η η

d 3

d

ψ λ N λ
f kTλ

λ N λ
 −

= =   − 
 (4) 

Reminding that we are interested in modeling and predicting the fracture properties 

of aged elastomeric materials, the internal energy and the stretch associated with 

the interatomic bond cannot be neglected in the vicinity of the locking stretch i.e. 

the deformation limit. Accordingly, the constitutive equations describing the 

contribution of the interatomic bond to the total chain deformation is described 

using an expression derived from Morse potential (Dal and Kaliske 2009): 

 ( ) ( )e exp 2 2exp 1ψ e γ γ = − − − +   (5) 

With: 

 ( ) ( )2

1 e 21 1γ α λ α J= − + −  (6) 
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Where e corresponds to the dissociation energy for a pair of atoms, J = det F is the 

Jacobian, F being the deformation gradient and α
1
 and α

2
 are parameters controlling 

the slope of the energy drop. 

The micro force associated with the internal energy contribution ψ
e
 acting on a 

single chain is expressed as follows: 

 ( ) ( )( )e
e 1

e

2 exp 2 exp
ψ

f α e γ γ
λ


= = − − + −


 (7) 

Fig. 3 illustrates the evolution of the internal energy potential ψ
e
 and the associated 

micro-force f
e
 for a single chain. 

 

Fig. 3 Evolution of the internal energy ψ
e
 and corresponding micro-force f

e
 of a single chain. The 

parameter values used for generating these results are the following: e=3.34 10
-24

 MPa, α
1
=9, 

α
2
=5α

1
 

At the equilibrium (i.e. λ
e
 =1) ψe

 is null. On either side of this value, the energy 

increases up to infinity in the case of compression, and up to an asymptotic value 

for tension. Compression of the interatomic bonds associated with the folding of 

the chain, induces a negative micro-force f
e
. When the chain is gradually stretched, 

the potential ψ
e
 decreases to reach a zero minimum value that is correlated with the 

equilibrium state λ
e0

= 1 and associated with a zero micro-force value. With further 

stretching of the chain (increasing λ
e
), ψ

e
 and f

e
 increase.  f

e
 reaches a maximum 

       

       

       

       

                 

ψ e
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λe    
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 e
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value for λ
emax

,
 
beyond which the chain breaks irreversibly. Due to the analytical 

form of ψ
e
, at λ

emax
 the energy is equal to a quarter of the dissociation energy 

(ψ
e
(λ

emax
) = e/4), which will be denoted as the threshold bond energy. 

Above the glass transition temperature T
g
, the mechanical response of rubbers is 

mainly associated with the change in entropy. This simplification is often assumed 

in classical hyperelastic modelling. However, the latter do not consider chains 

breaking, consequently the failure of the elastomer network. 

Fig. 4 shows the evolution of the different energies during stretching: total energy 

ψ, internal energy ψ
e
 and the energy associated with the change of entropy ψη as 

function of the total stretch λ. 

 

Fig. 4 Evolution of the total strain energy density ψ, of the entropic. contribution ψη, and of the 

bond energy ψe of a single chain as a function of the total stretch λ. The parameter values used for 

generating these results are the following: n=4.5 1020 cm-3, N=10, e/k.T=3.44, α1=9, α2=5α1 

 

These evolutions are presented for qualitative comparison. It is clearly observed 

that the internal energy ψ
e
 is negligible compared with the entropic energy ψη, 

except when the global stretch is close to the locking stretch.  
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This can be explained by the deformation mechanism of the chain. Because of the 

weaker rotational stiffness of the Kuhn segments around the bond, the deformation 

process begins with the unfolding and orientation of the chain according to the 

stretch direction. This step mostly affects the entropic part of energy which is 

considered in the modeling across the Langevin spring. Once the chain is nearly 

unfolded, the extension of the interatomic bonds is initiated inducing the increase 

of internal energy ψ
e
. Its deformation is captured by the second spring. This is 

allowed by the high stiffness of this spring compared to that of the Langevin spring. 

The total energy ψ is equal to the sum of the individual energies developed in each 

spring (ψη and ψ
e
), while the stress acting on each spring is the same. 

Thus, through this micromechanical modeling, the physics of a chain behavior up 

to and beyond the fracture can be well captured. paving the way to modeling the 

physical effects of aging on the rubbers fracture properties. 

2.2 Macromolecular network model 

The macromolecular network behavior is defined at the macro-scale and related to 

the mechanics and thermodynamics of continuum media by describing for each 

chain the deformation mechanisms through the above described rheological model 

(Fig. 2), and transitioning to the macro scale using the micro-sphere model (Miehe 

et al. 2004). 

Rubber materials are generally assumed incompressible; therefore, the free energy 

function can be written in a volumetric-isochoric decoupled form: 

 ( ) ( );= + FΦ U J Φ g  (8) 

Where g  is the spatial metric, 
−

=
1

3JF F  corresponds to the isochoric part of the 

deformation gradient F that governs the isochoric stress. 
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Since for a single EAC, the free energy is given by eq.(1), the free energy of a 

macromolecular network Φ is similarly decomposed and is expressed as follows: 

 ( ) ( )η η eΦ= nψ λ +nψ γ  (9) 

Where n corresponds to the density of EAC per unit reference in the 

macromolecular network.  

In the same way, the Kirchhoff stress is obtained by adding the hydrostatic and the 

deviatoric contributions: 

 
1 := p
− +gτ τP  (10) 

Where P  is the fourth-order identity tensor.  

The hydrostatic stress p is obtained through the derivative of the volumetric part U 

of the free energy ( ( )p = J U J / J  ) where U is an incompressibility constraint 

that can take different forms (Horgan and Murphy 2009) and is considered as a 

penalty function to approach the incompressible response.  

The deviatoric stress τ  is derived from the isochoric part of the free energy function 

Φ  by using the intermediate derivative (i.e 1-qλ λ  =g2 / h  with 
-2q

λ=   t th ) 

(Miehe et al. 2004): 

 
( );

= 2 =
 


1-q

Φ
Φ λ

g F
τ h

g
 (11) 

Where λ  is the macro stretch and is related to the micro-stretch λ of a single chain 

through a q-root averaging over the unit micro-sphere (λ qλ  ), see (Miehe et al. 

2004). 

=Φ n f  is the single elastic potential derivation and f is the micro force defined as 

/=  f ψ λ . 
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Therefore, the isochoric contribution to macroscopic stress takes the following 

form: 

 
η 1- 1-e

η e= + =
q q

λ λ
n f f λ n f λ

λ λ
  
    

τ h h  (12) 

For more details about the mathematical developments of partial derivatives and 

calculation of stress see the appendix A. 

Fig. 5.a illustrates the capability of the macromolecular network model to capture 

qualitatively the hyperelastic behavior of rubber materials beyond the fracture using 

the above equation. Furthermore, the evolution of the sub-stretches (λη and λ
e
) 

during the mechanical loading are plotted in Fig. 5.b. 

 

Fig. 5 (a) The true stress as a function of macroscopic stretch λ , (b) evolution of the sub-stretches 

λη (solid line) and λ
e
 (dashed line) as a function of the macroscopic stretch λ . The parameter 

values used for generating these results are the following: n=4.5 10
20

 cm
 3

, N=10, e/k.T=3.44, 

α1=9, α2=5α1 

 

Fig. 5.b shows that the stretch associated to the bond energy λ
e
 is negligible at the 

beginning of the deformation and starts increasing when the molecular chains start 

aligning with the loading direction. It is important to note that λ
e
 exhibits lower 

values compared to λη, which is in correlation with the results presented in Fig. 4. 
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We can also conclude that the chain failure depends on the chain length and it 

occurs when the chain is fully stretched along the loading direction. At the 

molecular network level, the chain failure process depends on the statistical 

distribution of the chain length. This statistical distribution of chain length is 

accounted for through the non-Gaussian approach and the micro-macro transition 

carried out through the micro-sphere model.  

Once these main features of the physically based model reminded, let us now pay 

attention to the consideration of the effects of aging. 

3 Extension of the micromechanical model to 

account for aging 

Environmental aging induces a slow and irreversible alteration of the rubber 

material’s macromolecular network. This alteration is triggered by two 

mechanisms, crosslinking and chain scission, schematically illustrated in Fig. 6, 

which act simultaneously but one of them being generally predominant. 

 

Fig. 6 Schematic representation of (a) crosslinking and (b) random chain scission 

 

These two network alteration mechanisms influence the material behavior 

differently. Indeed, when crosslinking is the predominant mechanism, the EAC 

density n increases, which induces a decrease of both the average chain length N 

and consequently the maximum extensibility of the chains. Additionally, an early 

(a)

new crosslink

(b)

dangling chains
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hardening of the material is induced. This change in rigidity is generally well 

captured by assuming mass conservation (Marckmann et al. 2002; Ayoub et al. 

2011a, b, 2020), which is expressed as follows:  

 0 0( ) ( )n t N t n N=  (13) 

N
0
 and n

0
 being the values at the reference state (as received material) of the average 

chain length and the EAC density, respectively. The mass conservation principle 

was widely used in the literature to theoretically predict the mechanical behavior of 

rubber during aging. However, can the use of this principle alone be sufficient to 

predict both the mechanical behavior and rupture of the material? In this subsection, 

we suggest to address this issue by using our own experimental data. 

Fig. 7 shows the evolution of the uniaxial tensile behavior of an EPDM material 

vulcanized by a peroxide compound at different aging periods at 150°C. 

 

Fig. 7 Stress as a function of applied stretch for an EPDM aged at 150°C for different periods. The 

parameter values used for generating those results are the following: N=10, T= 296 K, e/kT= 3.44, 

q = 2, n0=4.5 1020 (cm-3), α1=9, α2=5α1 

 

The experimental data show an increase in the stiffness along with a decrease of the 

strain at break with increasing exposure time.  
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Furthermore, Fig. 7 presents a comparison between the proposed micro-mechanical 

model predictions assuming only mass conservation and the experimental data. The 

unaged test data material was fitted to identify the material parameters n
0
 and N

0
. 

Knowing the experimental evolution of the EAC density n (its determination will 

be explained further), the segment number N is deduced using the mass 

conservation given by eq.(13). 

It is observed that the model only assuming mass conservation is able to capture the 

increasing stiffness with thermal aging. However, the model fails to predict the 

evolution of both stress and strain at break except for the reference state that is used 

to calibrate the parameters. Indeed, according to eq.(9), the free energy increases 

with the EAC density n. Because the material crosslinks, n increases, leading to an 

increase of both the stiffness and the network free energy. This mechanically 

induces an increase of the stress at break, which is in contradiction with the 

experimental observations, as depicted in Fig. 7. That demonstrates the inability to 

predict fracture by only using the mass conservation principle. A first issue to be 

addressed will be therefore to build a novel concept able to model the fracture 

process at the micro-scale.  

When chain scission (cf. Fig. 6.b) is the predominant mechanism during aging, the 

EAC density n decreases. The mass conservation principle implicitly lead to an 

increase of Kuhn segments number N, and an decrease of the EAC density because 

n(t).N(t) should remain constant. However, considering only mass conservation 

when chain scission is the predominant mechanism is a real issue because of the 

dangling chains which do not contribute neither to the stiffness nor to the fracture 

properties. How to estimate the real EAC density involved in the mechanical 

strength of the material? This is a second issue to be solved.  
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Moreover, the chain scission mechanism is accompanied by a decrease in EAC 

density n. Consequently, according to the mass conservation principle, the average 

chain length N increases, which theoretically provokes an increase of the strain at 

break (resulting from the dependency of λ
lock

 on N). This is in contradiction with 

the experimental observations reported by many available investigations  (Planes et 

al. 2009, 2010b; Le Gac et al. 2013; Kashi et al. 2018). Hence, mass conservation 

cannot be used to predict either the mechanical behavior or the fracture for this 

aging mechanism. 

To partially conclude, the assumption of only mass conservation is not suitable to 

describe: 

a. The fracture properties of rubbers when crosslinking is the aging 

mechanism 

b. both the evolution of the mechanical behavior and the fracture properties 

when chain scission is the aging mechanism 

Since the mechanisms of crosslinking and chain scission are physically different, a 

unified theory that aims to capture the physical effects of both aging mechanisms 

on the behavior of rubber materials up to failure is difficult to conceive. Therefore, 

in this work we develop and propose approaches respectively suited to each 

mechanism, which allows to capture the aging effects on the behavior of rubber 

materials up to failure.  Keeping in mind that few works deal with the problem in 

literature, and more particularly with the effect of chain scission mechanism on the 

evolution of failure properties, a novel theoretical framework for the modelling of 

ageing mechanisms and their impact on the mechanical and fracture properties is 

proposed and detailed in what follows. 
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3.1 Crosslinking mechanism 

3.1.1 Residual stretch concept 

Crosslinking mechanism lead to increase EAC density n in the network and 

simultaneously to the reduction of chain lengths N via the creation of new 

crosslinks. Understanding of what happens at the microscale being unavoidable to 

explain the macroscopic observations, we have attempted the described below 

reasoning which led us to propose a residual stretch theory.  

 When crosslinking operates, it creates new crosslinking nodes in the rubber 

network increasing over time the density of rubber network, as schematized in Fig. 

8.a. The increase of the density network leads at the same time to a shortening of 

EAC length, schematically described in Fig. 8.b. To ensure the mechanical balance 

of the network during the shortening of chains induced by crosslinking, residual 

micro-stresses are involved at the chain scale, represented by arrows in Fig. 8.b. 

Higher the shortening of the chain, higher the residual stress. These residual stresses 

operate at the chain scale and lead to the stretching of the interatomic bonds. This 

residual micro-stretching reduces the energy capability of the bonds to absorb 

mechanical loadings and causes the alteration of fracture properties of rubber 

network during aging. 

We can conclude that the increase of the crosslinking density induces residual 

stretches at the microscale. The network entropy decrease is accompanied by a 

progressive stretching of the network chains, as schematically represented in Fig. 

8. Therefore, the remaining conformation capability of the chain in the network is 

reduced. 
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Fig. 8 Schematic representation of (a) the network densification and (b) chain stretching at the 

microscale induced by an increase of the crosslinking density 

 

To formalize this argument, we consequently developed the concept of residual 

stretch which is represented schematically in Fig. 9. Considering the unaged 

material as the initial state (Fig. 9.a), we postulate the existence of an intermediate 

state that represents the effect of aging on the chain (central frame in Fig. 9.b). Let 

us remind that this intermediate state is the consequence of the residual stretching 

of interatomic bonds constituting the chain, which originates from the increasing 

crosslinking density of the network and implicitly the chains shortening during 

aging. Therefore, this residual stretch is incorporated into the micromechanical 

model by adding to the initial state a micro-stretch λ
res

 (which depends on the 

amount of aging), before applying the external load. Finally, for material can be 

loaded again, the intermediate state is updated creating a new reference state 

representing the aged material which is degraded compared with the as received 

one. 

(b)

 ging rosslinking
  

(a)
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Fig. 9 Schematic representation of the modified model to account for crosslinking and the induced 

residual stretch 

 

The aging-dependent residual micro-stretch is assumed dependent on the actual 

EAC or more precisely on the normalized ratio n/n
0
 and is written in the following 

general form: 

 
res

nλ =
n

 
 
 0

c

 (14) 

With n and n
0
 being the current and the initial EAC density, respectively. The 

parameter c is a macro-micro non-affinity parameter, which allows linking the 

degradation of the network at the macro scale to the micro-stretching at the chain 

scale (ληres 
et λ

eres
). For the as-received rubber material, λ

res 
= 1; hence, no residual 

micro-stretch is applied. 

Accordingly, a numerical implementation scheme of the model has been built and 

is detailed in Table 1. 

initial state

(unaged
material)

λη λe

λ

 ntermediate
state (aged
material)

ληres λeres

λ  λres

updated initial
state (aged
material)

   e
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Table. 1 implementation scheme of the model 

1. Deformation gradient F (uniaxial tension mode), discrete orientation 

vectors ri with their respective weight wi for the micro sphere 

integration point m. see (Miehe et al. 2004) 

2. Compute the non-affine stretch see (Miehe et al. 2004) 

=i it F r  (Eulerian orientation vector of a given single chain) 

=i iλ t  (stretch of a given single chain) 

( )
1/ q

m q
i i

i=1

λ= λ w 
 
 
 (average network stretch) 

3. Update the stretch to prestretch the system: aging crosslinking 

mechanism effects 

res
=λ λ  

4. Internal equilibrium iteration 

4.a 

 

Properties of rheological representation 

0 res

η res e
η

= and =
λ

λ λ λ
λ

 

ηλ  is the unknown of the problem 

4.b 

 

Residual equation 

η η e e=r f λ - f λ 0  

Equation to solve with any numerical method (we use Newton-

Raphson method) 

4.c Newton-type iteration 

 η η=k+1 k rλ λ -
r'
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Where 
η

r
r' =

λ



 

Allow to identify values of λη and λ
e 
for each load increment 

5. Update the reference state 

η e= = =1    

With 

ηres e

η e1 1 1

res η e

= , = and =

kk kλλ λ
   

λ λ λ
 

6. Compute the micro-forces 

2

η
η η 2

η

3 -
=

-

N  
f kT 

N  

 
 
 
 

 

( ) ( )( )e 12 exp 2 expf e= − − + −α γ γ  

e e

e ef f
f

+
=

+
η η

η ηΛ Λ
 (see appendix A) 

7. Compute macro-stress 

iso vol= +τ τ τ  

Where iso :=τ τP  and vol

-1= pτ g  refer to eq.(10) 

 

The effect of the residual stretch on the fracture behavior of the rubber can be 

explained through the effect of crosslinking on the macromolecular network. 

Indeed, the reduction of chains length induces a decrease in the network entropy 

and elongation at break. The relevance of the concept of residual stretch is 

demonstrated in Fig. 10 which represents the evolutions during aging of entropy 

and bond residual micro-stretching λ
eres

 of an EPDM chain at 150°C (Fig. 10.a), as 
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well as the influence of bond residual micro-stretch λ
eres

 on the macroscopic failure 

strain (Fig. 10.b). 

Fig. 10.a shows that the more the aging of the EPDM network progresses, the more 

the chain entropy decreases because of the decrease of the chain length. In the same 

time, chain shortening induces an increase of the bond residual micro-stretching 

λ
eres

. The consequence at the macroscale is shown in Fig. 10.b, the increase in λ
eres 

involves a decrease of the macroscopic fracture strain which agrees with 

experimental observations. Therefore, the proposed micro-scale approach allows 

capturing the complex macromolecular network degradation resulting from chains 

crosslinking and its effects on the fracture properties. 

Precising that in the modeling, the value of energy dissociation of a pair of atoms 

(cf. eq.(5)) is always the same during aging. Indeed, aging does not affect its value. 

 

Fig. 10 Evolution of entropy and of bond micro-stretching of an EPDM chain during thermo-

oxidative aging at 150 °C (a), influence of bond micro-stretching on the evolution of true strain at 

break (b) 

 

Fig. 11 presents a comparison between the micromechanical model predictions and 

the experimental uniaxial tensile behavior of EPDM material vulcanized by using 

a peroxide compound and aged at 150°C for different time exposures (Kadri et al. 

(a) (b)
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2022). These results must be compared to that presented in Fig. 7 while assuming 

only the mass conservation principle. It is observed that the modified 

micromechanical model is able to capture the mechanical response and its alteration 

with thermal aging. In contrast with results presented in Fig. 7, the micromechanical 

model is successful in capturing the evolution of both stress and strain at break, 

which is clearly an improving and a highlights contribution of this work. 

 

Fig. 11 Comparison between the experimental stress vs. stretch and the modified micromechanical 

model predictions for an EPDM aged at 150°C at different aging periods 

 

3.1.2 Experimental data and computational results 

a) Experimental data 

In this work, both experimental data generated by the authors and extracted from 

the literature are used to discuss the validity of the proposed approach and to justify 

the suggested model modifications. For that purpose, two ethylene propylene diene 

monomer EPDM rubber were involved in the experimental investigation. The first 

one (denoted EPDM 01) is vulcanized by using a peroxide compound, and is widely 

used for thermal insulation, The second one (denoted EPDM02) is vulcanized using 

a sulfur compound (Nait Abdelaziz et al. 2019) and is used to manufacture electrical 

junctions. Sulfur vulcanization allows obtaining a high deformability of the rubber. 
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The experimental data were generated by the authors and the EAC density evolution 

of the EPDM network was identified by using swelling tests1 (Nait Abdelaziz et al. 

2019; Kadri et al. 2022)  .  

Thermo-oxidative aging was achieved by exposing the EPDM materials (noted 

EPDM01 and EPDM02) samples to variable aging periods at the following 

temperatures: 90, 110, 130 and 150°C in air-ventilated ovens for EPDM01 and 130, 

150, 170°C for EPDM02. The tensile tests on EPDMs samples were carried out 

using an Instron device equipped with a 1kN load cell under a crosshead speed of 

50mm/min and at ambient temperature. The tests were conducted according to ISO 

37:2011 using H3 specimen geometry of 2mm thickness. To evaluate the material 

scattering, seven samples were tested for each aging condition.  

b) Alteration kinetics 

Based on the previous discussion, EAC density n(t) is considered as the best 

indicator for describing the degradation of the macroscopic network. The evolution 

of the EAC density n(t) is approximated by using an exponential law2 (using least 

squares method) which parameters are summarized in appendix B. 

Fig. 12 presents the evolution of the EAC density n of the studied materials at the 

reference temperature (150 and 170°C for EPDM01 and EPDM02 respectively). 

The EAC density n monotonically increases with time, which is the marker of a 

predominant crosslinking mechanism during thermo-oxidative aging. 

 

1
 For EPDM rubber n(t) was determined experimentally using swelling tests, which consist of immersing a 

rubber sample in a suitable solvent. This kind of reversible experiment allows estimating the elastically active 

chains (EAC) concentration (Kraus 1963).  

2 The evolution of the EAC density n(t) is approximated by using the following general exponential form: n(t) 

= b
1
 . exp(b

2
.t) + b

3
 . exp(b

4
.t), where b

i
 are fitting parameters. 
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Fig. 12 Evolution of the EAC density n (mean values) during aging at reference temperature as a 

function of aging time (in days) for (a) EPDM01 and (b) EPDM02 materials  (Nait Abdelaziz et al. 

2019; Kadri et al. 2022) 

c) Fracture properties prediction 

The predictive capabilities of the model to capture the evolution of fracture 

properties are discussed in this section. Since the aging of EPDM rubbers is here 

predominantly controlled by crosslinking mechanism, only the parameter c of 

eq.(14) needs to be additionnaly identified. This identification is conducted by using 

the experimental fracture strains at the reference temperature (150°C). The whole 

model parameters are summarized in table 2. 

Table. 2 parameters values of the constitutive model 

Model parameter EPDM01 EPDM02 

n
0
 [cm

-3
] 4.5 10

20
 1.09 10

20
 

N 10 16 

e [MPa] 1.8 10-20 1.8 10-20 

α
1
 9 6 

q 2 3.5 

c 0.8 0.6 

 

The predictive capability of the model is now assessed by comparing the model 

predictions and the experimental fracture properties of the studied materials aged at 
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different temperatures and periods. For that purpose, we used the time-temperature 

equivalence approach (the Arrhenius power law3) to unify the material data of 

different aging temperatures (Nait Abdelaziz et al. 2019), allowing to build the 

master curves of stress and strain at break. The parameter that needs to be identified 

for the Arrhenius power law parameter is the activation energy, which was found 

equal to E
a 

= 95 and 110kJ/mol for EPDM01 and EPDM02 respectively.  

The evolution of the ultimate properties (strain and stress at break) of EPDM01 

material as a function of reduced aging time at different aging temperatures is 

plotted in Fig. 13. The experimental data for different aging temperatures and 

periods are presented as dots, while the model is presented as a solid line. 

 

Fig. 13 (a) True strain and (b) true stress at break as a function of the reduced time for EPDM01 

material 

It is clearly shown that the modified micro-mechanical model introducing the 

concepts of residual stretch due to crosslinking mechanisms allows capturing the 

experimental data evolution. Indeed, we notice a good agreement between the 

 

3 The Arrhenius-based shift factor 
Ta  takes the following form: ( )

0

1 1
ln a

T

E
a

R T T

 
= − − 

 
, where aE  is the 

activation energy, T  is the absolute temperature, 0T  is the reference temperature, and R  is the perfect gas 

constant. 
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experimental fracture properties, in terms of either stresses or strains at break, and 

the model. The experimental data form a scatter around the model, proving the 

validity of our proposed approach. This ability is confirmed when analyzing the 

results for EPDM02 (Fig. 14)  

 

Fig. 14 (a) True strain and (b) true stress at break as a function of the reduced time for EPDM02 

material 

 

3.2 Chain scission mechanism 

(Mark and Tang 1984) studied the effect of bimodal networks (i.e networks which 

are composed of chains statistically exhibiting two length average values) on the 

mechanical properties of rubber materials. It was reported that when long chains 

are predominant compared to small chains, the fracture is primarily controlled by 

the first ones. Paradoxically, (Planes et al. 2009) reported a decrease in strain at 

break in the case of chain scission which is contradictory, because the increase of 

the chain length theoretically induced by this mechanism should involve an increase 

of the strain at break which is proportional to N
1/2

. It was also reported in this work 

that a multimodal distribution of the chain length cannot explain these conflicting 

observations. The decrease of the strain at break experimentally observed was 
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Tr
ue

 st
re
ss
 at

 b
re
ak

   
 a

 

reduced time  hours 

 3   
     
     
 odel

 

   

 

   

 

   

                 

Tr
ue

 st
ra
in
 at

 b
re
ak

  
  

reduced time  hours 

 3   
     
     
 odel



30 

however explained by the presence of sub-networks with different chain lengths. 

Two architecture network properties were identified to control the overall 

mechanical behavior: load bearing subnetwork and weakened zones comprising 

large free agglomerates which do not contribute to the stiffness.  

3.2.1 Healthy and degraded subnetworks scheme 

The creation of dangling chains resulting from chain scission mechanism induces a 

decrease of EAC density n. Consequently, according to these experimental 

observations, we assume that the subnetworks created during aging can be 

classified in two types: the first which contribute to the stiffness (load bearing 

network) and denoted “healthy” subnetwork, the second which can be considered 

as a “degraded” subnetwork which do not take part to the mechanical strength. In 

fact, even if the “degraded” subnetworks contains E  , these latter cannot fully 

contribute neither to the mechanical stiffness nor to the fracture process because 

they are surrounded by dangling chains (cf. Fig. 15). Indeed, this heterogeneity in 

terms of subnetworks modifies the stress distribution, the load being essentially 

transmitted through the “healthy” zone. When breakage occurs, only the “healthy” 

part of the network is involved. Thus, because of these dangling chains, the mass 

conservation principle must be suited to account for the two kinds of subnetworks 

and can be rewritten as n
0
N

0 
= n

he
N

he
+n

de
 N

de
. 

Where the subscript “he” and “de” corresponds to the “healthy” and “degraded” 

subnetworks respectively. 
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Fig. 15 Schematic representation of the bimodal network induced by chain scission during aging 

(dangling chains in red) 

 

In what follows we assume that only the healthy EAC density n
he 

is involved in the 

fracture process. Moreover, during aging, the average chain length N
he

 is not 

affected and keep the initial value N
0
. Indeed, there is no reason for the average 

chain length to evolve during aging, since the chain scission mechanism tends to 

make them inactive. 

Assuming the above considerations, a “healthy” E   density n
he

 is therefore 

introduced as a damage indicator to capture the evolution of the fracture properties 

when chain scission is the predominant mechanism. This healthy EAC density n
he

 

is expressed in the following simplest form: 

 th

he 0

th0

n - n
n = n

n - n
 (15) 

n
0
 corresponds to the unaged material EAC density, n

th
 corresponds to the threshold 

EAC density below which the material is supposed to be completely degraded 

(meaning that no load can be borne), and n is the overall EAC density determined 

experimentally. 

3.2.2 Experimental data and computational results 

a) Experimental data 

 egraded
zone

 ealthy
zone
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To discuss the validity of the proposed approach and to justify the suggested model, 

experimental data extracted from the literature are used. For that purpose, two 

rubber materials are analyzed: (a) A polyether-based polyurethane PU: the 

experimental data were generated by (Le Gac et al. 2013), and (b) a silicone rubber 

SR: the experimental data were generated by (Kashi et al. 2018). Swelling tests 

results were not available for those materials. Therefore, the EAC density was 

deduced from tensile tests through the shear modulus value.  

PU specimens were aged during 18 months at 70, 90, 100, 110, and 120°C in sea 

water renewed every day. The accelerated thermo-oxidative aging of SR was 

achieved by immersing the specimens in beakers filled with polyalkylene glycol 

(PAG) oil and placed in an oven at 195°C over 6 weeks. Aged PU material tests 

were performed using ISO 37-standard samples of 2mm thickness. The tests were 

conducted under a crosshead speed of 50mm/min. Before mechanical testing, 

samples were stored for 24h in sea water at room temperature (Le Gac et al. 2013).  

The mechanical measurements on aged SR samples were achieved at ambient 

temperature using a crosshead speed of 200mm/min. The strain measurements were 

achieved by using a contactless extensometer. For each batch, three dumbbell-

shaped specimens were tested. 

b) Alteration kinetics 

Like for EPDM material, the evolution of EAC density n(t) was approximated by 

using an exponential law (least squares method). Those parameters for each studied 

material are summarized in appendix B. 

The EAC density n was identified via the measure of the shear modulus μ by using 

the experimental tensile tests, n being deduced through the following relationship: 

μ  kT. Where k is the Boltzmann constant, T the absolute temperature. 
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Fig. 16 presents the evolution of the EAC density n of the studied materials. Only 

the EAC density n of the reference temperatures (120°C) are presented for PU 

material. The numerical evolution of the EAC density is presented by a solid line. 

Fig. 16  shows a decrease of EAC density regardless of the material, revealing a 

predominant chain scission degradation mechanism during aging. 

 

Fig. 16. Evolution of the EAC density n during aging as a function of aging time (in days or 

weeks) for (a) PU (120°C) and (b) SR (195°C) materials 

c) Fracture properties prediction 

Since the environmental aging of SR and PU rubbers is predominantly controlled 

by chain scission mechanism only the parameter n
th 

is to be additionnaly identified.  

The parameters n
th

 were identified on the experimental fracture strains at the 

reference temperatures. The remaining model parameters were identified by fitting 

the true stress-true strain curves of the unaged materials and are summarized in 

table Table. 3. 

Table. 3 Values of different parameters of the constitutive models. 

Model parameter PU SR 

n
0
 [cm

-3
] 1.9 10

21
 5.12 10

19
 

N 120 345 

e [MPa] 1.25 10-20 7.15 10-19 

α
1
 7 7 
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q 2 2 

n
th [cm-3] 3.8 1020 3.5 1019 

 

For SR material, only one set of data at 195°C is available, hence, the model results 

are only calibration. The purpose of using SR data in the validation is to show the 

capability of the proposed approach to capture the evolution of the mechanical 

behavior of different rubber materials.  

To assess the predictive capability of the model, a comparison with the 

experimental fracture properties of the studied materials aged at different 

temperatures and periods is achieved. For that purpose and like previously for 

EPDM material (section 3.1), we have built a master curve using the time-

temperature equivalence approach (the Arrhenius power law) that unifies the data 

of PU material for different aging temperatures. The activation energy for this 

material was found equal to E
a 

= 120 kJ/mol. Since only one aging temperature is 

available for the SR material, the time-temperature equivalence principle cannot be 

used. 

The evolution of the ultimate properties in terms of stress at break as a function of 

aging time at different aging temperatures is plotted in Fig. 17. It is clearly shown 

that the modified micro-mechanical model introducing the concepts of the 

“healthy” E   density allows capturing the experimental evolution.  
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Fig. 17 True stress at break as a function of (a) the reduced time for PU and (b) the time (in weeks) 

for SR 

 

Fig. 17.a and Fig. 17.b present the true stress at break as a function of the reduced 

aging time for PU and aging time for SR material. The dots represent the 

experimental data while the solid line is for the model. 

The experimental data are arranged around the model. It is clearly shown that the 

modified micro-mechanical model leads to satisfactory estimates when compared 

to the experimental data, especially given the simple linear form of eq.(15). That 

can be surely improved but it requires more experimental data on materials 

exhibiting chain scission during aging. 

Moreover, either for crosslinking observed for EPDM material or chain scission in 

the case of PU material, the predictive capability was demonstrated since the 

parameters were identified at a reference temperature, the results for the other 

temperatures being model predictions. 

4. Discussion 

In this work, the behavior of aged rubber materials up to fracture is modeled using 

a coupling between the physically based description of the aging mechanisms and 

the micro-mechanical model based on the (Dal and Kaliske 2009) approach. 
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Specifically, the macromolecular network behavior is defined at the macro-scale 

and related to the mechanics and thermodynamics of continuum media by 

describing for each chain the deformation mechanisms and the effect of thermo-

oxidative aging and transitioning to the macro scale using the micro-sphere model 

(Miehe et al. 2004). The rheological representation of the model describes each 

chain by a series of two springs capturing the energy storage resulting from the 

deformation-induced conformational change and the stored energy resulting from 

the interatomic displacement. Environmental aging induces a slow and irreversible 

alteration of the rubber material macromolecular network. This alteration is 

triggered by two mechanisms, crosslinking and chain scission, which act 

simultaneously but with one generally being predominant (Belbachir et al. 2010); 

(Nait Abdelaziz et al. 2019). When crosslinking is the predominant mechanism, the 

EAC density increases, which induces a decrease both of the average chain length 

N  and consequently of the maximum extensibility of the chains. Furthermore, it 

involves at micro-scale a pre-stretching of the chains, this residual stretch being 

aging dependent. This residual stretch is incorporated into the macromolecular 

model by adding a micro-stretch to the initial state before applying the external 

load. When chain scission is the predominant mechanism during aging, the EAC 

density decreases. In this work, we assume that the network becomes heterogeneous 

with the presence of sub-networks with different chain length denoted as “healthy” 

and “degraded” zones.  ndeed, this heterogeneity at the microscale modifies the 

stress distribution, the load being transmitted essentially through the “healthy” 

zone. Taking into account the above considerations, the noted “healthy” E   

density is therefore introduced as a damage parameter to capture the evolution of 

the fracture properties when chain scission is the predominant mechanism. The 

validity of the proposed approach is assessed using a wide set of experimental data 
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generated by the authors and available in the literature. The comparison between 

the experimental and the computational results demonstrates the predictive 

capability of the model to capture the evolution of the mechanical and fracture 

properties of aged rubbers whatever the aging mechanism.  

Rubber materials are highly viscous materials, and understanding the effect of aging 

on the viscosity is of high interest. The viscosity in rubbers is associated with the 

chain reptation mechanisms, which are associated with the thermal motion of chains 

and entanglements. Hence the chain length influences the rate of chain reptation, 

and therefore the degradation of the macromolecular network in theory affects the 

viscosity. The effect of aging on the viscosity needs to be considered by first 

understanding this effect through an extensive experimental investigation and 

second by including viscosity in the proposed model. 

As a perspective, in the same way that proposed by (Trapper and Volokh 2010) 

such a modeling can be implemented in a FE software to simulate the process of 

crack propagation due to aging. An attempt of its feasibility has been achieved 

showing promising results (Fig. 18) 

 

Fig. 18 FEA simulation of the crack propagation in an aged elastomer 
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Appendix A 

The kirchhoff stress is obtained by adding the hydrostatic and the deviatoric 

contributions: 

 
1 := p
− +gτ τP   

Where P  is the fourth-order identity tensor: 

 
1

2 3

a b a b

c d d cab ab

cd cd

δ δ δ δ
δ δ

 + = −P   

With δ  being the Kronecker-delta symbol.  

The hydrostatic stress p is obtained through the derivative of the volumetric part U 

of the free energy : 

 
( )U J

p = J
J




  

U is an incompressibility constraint that can take different forms (Horgan and 

Murphy 2009) and is considered as a penalty function to approach the 

incompressible response.  

The deviatoric stress τ  is derived from the isochoric part of the free energy function 

Ψ  by using the intermediate derivative (i.e 1-qλ λ  =g2 / h  with 
-2q

λ=   t th ) 

(Miehe et al. 2004): 

 
( ) 1

;
2 q

'
λ −


= =



F
hΨ

g
τ

g


  

Where q is the non-affinity parameter between micro and macro stretch. 

'
n f=Ψ  is the single elastic potential derivation and f is the micro force defined as 

/f ψ λ=   .  
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Since we are assuming a series scheme, the stress in each spring is assumed to be 

equal to the total stress, and hence λη and λe are computed by using the following 

relation: 

 η η e e 0f λ - f λ =   

η η ηf = ψ λ   and 
e e e

f = ψ λ   being the entropic and bond micro forces, 

respectively.  

The problem can be solved using any iterative scheme. In this work, a Newton-type 

procedure is used to solve the residual quantity η η e e= 0r f λ - f λ  .  

Once the different micro-stretch contributions are determined, the isochoric 

kirchhoff stress   can be computed: 

 
η η η 1-e e e

η e
η e

2 +
q

ψ λ λψ λ λλ
= n + = n f f λ

λ λ λ λ λ λ
       
              

τ h
g

 

The partial derivative ηλ λ /  and 
e
λ λ /  are determined using the following 

equalities: 

 
η

η

0
λdr r r

= + =
dλ λ λ λ

 
  

 

Finally, the following simplified forms are obtained: 

 
η ηe e

η η e e η η e η

and
λ λ
λ λ λ λ λ λ

 
= =

 +  +
  

Where 

 
η e

η η η e e e
η e

and +  
f f

f λ f
λ λ
 

= + =
 

  



44 

Appendix B 

Table. 4 Parameter of the EAC density n(t) evolution equation. 

Materials b
1
 b

2
 b

3
 b

4
 

EPDM01 0.9 0.009 0.258 0 

EPDM02 0.789 -2.28 10
-3

 0.398 0.1086 

PU 1.831021 -4.5 10-2 0 0 

SR 5.12 1019 -5.896 10-2 0 0 

 

 


