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ABSTRACT

The environmental and economic concerns have raised the popularity of biodiesel
as the replacement for the conventional fuel. However, the incompatibility of engineer-
ing rubber components with biodiesel affects significantly the performance of the com-
ponents. Majority of the compatibility studies focus on evaluating the degradation of
mechanical properties in the rubbers due to contamination of different types of biodiesel.
Nevertheless, the resulting mechanical responses of swollen rubbers, in particular under
cyclic and fatigue loading conditions, are rarely investigated. In engineering applications
where elastomeric components are concurrently subjected to fluctuating mechanical load-
ing and exposure to aggressive liquids such as biodiesel, it is crucial to investigate and to
model the mechanical responses of these components for durability analysis.

The first part of this research involves experimental works to investigate the effect
of swelling, due to biodiesel diffusion in the elastomers, on the macroscopic mechanical
response of elastomers under cyclic compressive loading. First of all, simple immersion
tests on stress-free elastomeric specimens were conducted and the resulting mechanical
responses were evaluated. The focus of this work is on the effect of swelling on the in-
elastic responses classically observed in elastomers under cyclic loading conditions, i.e.
stress-softening due to Mullins effect, hysteresis and stress relaxation. The results show
that inelastic responses decrease significantly when the degree of swelling increases. Sec-
ondly, swelling tests on uniaxially-stressed specimens were conducted. For this purpose,
an original compression device was developed to investigate the effect of uniaxial me-
chanical loading on the swelling of rubber in solvent. The apparatus comprises of four
stainless steel plates and spacer bars in between which are specifically designed such that
compression can be introduced on the rubber specimens while they are simultaneously
immersed into biodiesel. Thereby allowing coupled liquid diffusion and large strain to
take place. Different pre-compressive strains and biodiesel blends were considered. At
the end of each immersion period, the resulting swelling and mechanical responses of
rubber specimens under cyclic loading conditions were investigated. Special attention is
given to the stress-softening phenomenon.

The second part of this work can be regarded as a first step towards modeling of
stress-softening in swollen rubber. For this purpose, the pseudo-elastic model and the
two-phase model were considered and extended in order to account for the degree of
swelling. Results show that the proposed models were qualitatively in good agreement
with experimental observations.
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ABSTRAK

Keperhatinan terhadap alam sekitar dan ekonomi telah meningkatkan populariti bio-
diesel sebagai pengganti bahan api konvensional. Walau bagaimanapun, ketidakserasian
komponen getah kejuruteraan dengan biodiesel telah memberi kesan ketara kepada pres-
tasi komponen. Kebanyakan kajian keserasian menumpu kepada penilaian kemerosotan
sifat-sifat mekanikal dalam getah akibat pencemaran daripada pelbagai jenis biodiesel
yang berlainan. Sungguh pun demikian, hasil tindak balas mekanikal getah bengkak,
terutamanya dalam keadaan pembebanan berulang dan kelesuan, adalah jarang disiasat.
Dalam aplikasi kejuruteraan di mana komponen elastomer mengalami bebanan mekanik
turun naik dan didedahkan kepada cecair yang agresif seperti biodiesel secara serentak,
maka amatlah penting untuk mengkaji dan membina model tindak balas mekanikal kom-
ponen ini demi analisis kebolehtahanan.

Dalam bahagian pertama penyelidikan ini melibatkan kerja-kerja eksperimen untuk
menyiasat kesan bengkak, disebabkan oleh peresapan biodiesel dalam elastomer, terhadap
tindak balas mekanikal makroskopik dalam keadaan bebanan mampatan berulang. Per-
tama sekali, ujian rendaman yang mudah telah dijalankan pada spesimen elastomer yang
bebas dari tegasan dan hasil tindak balas mekanikal yang berkenaan telah dikaji. Tumpu-
an kerja ini adalah untuk menyiasat kesan bengkak kepada tindak balas mekanikal tidak
boleh ubah yang biasa diperhatikan dalam elastomer yang mengalami bebanan berulang,
iaitu pelembutan tegasan yang disebabkan oleh kesan Mullins, histerisis dan pengenduran
tegasan. Hasil kajian menunjukkan bahawa tindak balas tak kenyal berkurang dengan ke-
tara apabila tahap bengkak meningkat. Kedua, ujian pembengkakan atas spesimen yang
mengalami tegasan ekapaksi telah dijalankan. Untuk tujuan ini, alat mampatan yang asal
telah dicipta untuk mengkaji kesan bebanan mekanikal kepada kebengkakan getah dalam
pelarut. Alat ini terdiri daripada empat plat keluli tahan karat dan bar jarak di antara-
nya yang direka khusus supaya mampatan boleh dikenakan secara serentak atas spesimen
getah semasa spesimen direndam di dalam biodiesel. Justeru membolehkan peresapan
cecair dan terikan besar berlaku. Pelbagai terikan pra-mampatan dan campuran biodiesel
telah dipertimbangkan. Pada akhir setiap tempoh rendaman, hasil dari ujian bengkak dan
hasil tindak balas mekanikal spesimen getah bengkak dalam keadaan bebanan berulang
telah dikaji. Perhatian khusus diberikan kepada fenomena pelembutan tegasan.

Bahagian kedua kerja ini boleh dianggap sebagai langkah pertama ke arah membina
model pelembutan tegasan dalam getah bengkak. Bagi tujuan ini, model pseudo-elastik
dan model dua-fasa telah dipertimbangkan dan diperluaskan dengan mengambil kira ta-
hap kebengkakan. Hasil kerja menunjukkan bahawa model yang dicadangkan adalah
mempunyai persetujuan yang baik secara kualitatif dengan pemerhatian eksperimen.
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CHAPTER 1

INTRODUCTION

1.1 Research background

Petroleum-based fuel is depleted significantly due to its limited reserve and increas-

ing energy demand from various industries. The use of this type of fuel contributes sig-

nificantly to the greenhouse effect resulting to environmental degradation and climate

change. Thus, the energy insecurity and environmental awareness have motivated the

world to develop biofuel as partial substitution of petroleum fuels (Jayed et al., 2011).

The biofuel which is derived from renewable resources such as animal fat or vegetable

oils (palm, rapeseed, sunflower, soya bean, coconut, etc.) are claimed to provide better

energy efficiency and cleaner environment (Jayed et al., 2009, 2011). The potential wide

use of palm biodiesel is highly beneficial for Malaysia and Indonesia who are currently

the world largest and second largest palm oil producers. To this end, the governments

have decided to utilize the palm biodiesel as energy source for industrial and transporta-

tion (Jayed et al., 2011).

However, the introduction of biofuel is placing additional demands on the material

compatibility in the diesel engine system in long term operation. Indeed, in the case

of rubber materials, changes in fuel composition often create many problems in rubber

seals, pipes, gaskets and o-rings. The compatibility studies of several types of elastomers

in diesel and palm biodiesel have been conducted (Trakarnpruk & Porntangjitlikit, 2008;

Haseeb et al., 2010, 2011). In these works, only physical degradations related to the

swelling, hardness and tensile strength of materials were studied. Moreover, there are

collections of experimental studies on mechanical responses of polymeric gels in sol-

vents (Sasaki, 2004; Hirotsu, 2004; Valentín et al., 2010). Nevertheless, it is to note that

the works focusing on the effect of palm biodiesel diffusion on the macroscopic mechan-

ical responses of the rubber components, in particular under cyclic and fatigue loading

conditions, are less common (Chai et al., 2011).

In many engineering application, exposure of the rubber components to aggressive
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liquids, such as organic solvent and oil, may lead to degradation of rubber. A major

form of degradation in rubber exposed to liquid is swelling which can be described in

terms of mass or volume change (Haseeb et al., 2010; Trakarnpruk & Porntangjitlikit,

2008). During the swelling process, liquids penetrate the polymer network and occupy

positions among the polymer molecules. Consequently, the swelling of materials occurs

when the macromolecules are forced apart. Furthermore, the mechanical stiffness de-

creases since the increase in chain separation will result in the reduction of secondary

bonding (Callister, 2007). In addition to exposure to potentially hostile environments, a

large majority of rubber components are simultaneously subjected to fluctuating multi-

axial mechanical loading in service conditions. These two main forms of degradation:

swelling due to diffusion of liquid into elastomer and fatigue due to long term cyclic

loading need to be studied and understood for durability analysis of these components.

However, in the majority of studies involving fatigue of rubber, only the fatigue

behavior in ambient (non-aggressive) environment is investigated. See for example the

review of Mars and Fatemi (2002) and the work of Verron and Andriyana (2008); Le Cam

et al. (2008); Andriyana et al. (2010); Brieu et al. (2010); Le Cam and Toussaint (2010);

Le Cam et al. (2013) among others. Considerably fewer studies which explicitly deal with

the fatigue failure analysis of rubber in aggressive environments are available (Zuyev et

al., 1964; Magryta et al., 2006; Hanley, 2008; Abu-Abdeen, 2010). A number of static

immersion tests investigating the diffusion of liquid in rubber have been extensively stud-

ied (see Treloar (1975) and references therein). However, investigations on more complex

problems involving the swelling of polymer network in the presence of stresses (strains),

in particular multiaxial stress state, are less common. The earliest work dealing with the

problem dates back to the work of Flory and Rehner (1943a). Since this pioneering work,

more recent accounts on coupling diffusion-deformation can be found in the literature

(Soares, 2009; Hong et al., 2008; Baek & Srinivasa, 2004; Nah et al., 2010). It can be

noted that these studies deal with the interaction between diffusion of liquid and large

deformation without explicitly relating them to cyclic and fatigue response of rubber.

Under cyclic loading condition, it is well-known that dry rubber exhibits strong in-

elastic responses such as hysteresis and stress-softening. The hysteresis is characterized

by different uploading and unloading paths and it can be related to either viscoelasticity
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(Bergström & Boyce, 1998), viscoplasticity (Lion, 1996, 1997) or strain-induced crys-

tallization (Trabelsi et al., 2003). The stress-softening corresponds to the significant de-

crease in stress between two successive cycles, in particular between the first and sec-

ond uploading responses. This phenomenon was first observed by Bouasse and Carrière

(1903) and intensively studied by Mullins (1948). It is often referred to as the Mullins

effect. While the Mullins effect is well-known in both filled and unfilled crystallizing

dry rubbers (Diani et al., 2009), it is recently demonstrated that the Mullins effect is also

observed in swollen rubbers (Chai, Andriyana, et al., 2013; Andriyana et al., 2012). As

reviewed by Diani et al. (2009), there are many efforts in proposing different theories to

explain the stress-softening phenomenon in dry rubber. In spite of these efforts, there

is no unanimous agreement on a microscopic explanation for the stress-softening up to

this date (Diani et al., 2009; Marckmann et al., 2002). In contrast to dry rubbers, only

few studies dealing with the observation of Mullins effect in swollen rubbers and gels

are available (Webber et al., 2007; Lin et al., 2010; Andriyana et al., 2012; Chai, An-

driyana, et al., 2013). Moreover, corresponding constitutive models are not available in

the literature.

This research work can be regarded as a first step toward an integrated durability

analysis of industrial rubber components exposed to aggressive environments, e.g. oil en-

vironment in biofuel systems, during their service. More precisely, the effect of swelling

on the macroscopic mechanical response of elastomers under cyclic loading conditions

is investigated. For this purpose, swelling tests on stress-free specimens and uniaxially-

stressed specimens are conducted. An original compression device is developed to in-

vestigate the effect of static mechanical loading on the swelling of rubber and the effect

of swelling on the mechanical response under cyclic loading. Furthermore, a simple

phenomenological model is proposed to capture the Mullins effect observed in swollen

rubbers under cyclic loading conditions. Other inelastic responses such as hysteresis and

permanent set are not considered. The pseudo-elastic model of Ogden and Roxburgh

(1999) and the two phases model of Mullins and Tobin (1957) and Qi and Boyce (2004)

for Mullins effect are modified and extended in order to account for the degree of swelling.

The dependence of Mullins effect on swelling is probed through a set of mechanical test-

ing on swollen rubbers having different degrees of swelling. Two types of filled rubber
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are considered: NBR and CR.

1.2 Objectives

The objectives of this research are summarized below:

1. To investigate the swelling of elastomers in solvent.

2. To investigate the effect of the presence of static mechanical loading on the swelling

of elastomers.

3. To investigate the effect of swelling on the mechanical response of elastomers under

cyclic loading condition.

4. To develop a continuum mechanical model for the Mullins effect in swollen elas-

tomers.

1.3 Dissertation organization

This thesis is organized as follows. Chapter 1 provides an overview on the back-

ground, objectives and scope of the work. Chapter 2 provides a relevant literature review

corresponding to the work. The reviews start from general reviews on elastomers and

then focuses on the mechanical response of the elastomers under monotonic loading and

cyclic loading. Subsequently the swelling of elastomers is reviewed. We also include

the review on biodiesel and its effect on elastomers. Chapter 3 describes the research

methodology. Experimental work including materials, specimen geometry, development

of a specially-designed compression device and the types of test conducted in this study

are detailed. The swelling of NBR and CR in diesel and biodiesel in the absence and in

the presence of static uniaxial stress are investigated. Both dry and swollen specimens

are subsequently subjected to cyclic compressive test to probe the mechanical response.

In the modeling work, pseudo-elastic model and two-phase model are extended to model

the Mullins effect observed in swollen elastomers. Chapter 4 presents the experimen-

tal results and discussion of the data obtained. The modeling results are compared with

the experimental results in Chapter 5. Lastly, Chapter 6 summarizes the current research

works and suggests directions for future research.
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1.4 Scope of the works

This thesis focuses on the swelling behaviours and mechanical responses of two

commercial elastomers: NBR and CR. The swelling behaviours of these elastomers are

evaluated by immersing the initially dry elastomers in two different fluids: diesel (B0),

biodiesel (B100) and different blends of these fuels (B25, B75). Two types of immer-

sion are conducted: immersion test on stress-free specimens and on uniaxially-stressed

specimens to study the effect of static mechanical loading on the swelling behaviour. The

mechanical responses such as stress-softening due to the Mullins effect, hysteresis and

stress relaxation are evaluated for both dry and swollen elastomers through two differ-

ent mechanical tests: uniaxial cyclic compression test and multi-relaxation compression

test. Special attention is given to the Mullins effect in swollen rubber. The experimental

data is analysed and simulated using the extended pseudo-elastic model and the extended

two-phase model.
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CHAPTER 2

LITERATURE REVIEW

This chapter aims at providing some basic information for the entire thesis developed in

the following chapters. The subjects discussed in the subsequent sections are:

1. General characteristics of elastomers.

2. A review on mechanical responses of dry elastomers with emphasis on the stress-

softening under cyclic loading condition.

3. The swelling of elastomers.

4. A general review of biodiesel including the effect of it on different elastomers.

2.1 Generalities on elastomers

Elastomer is derived from the term "elastic polymer" and is commonly known as

"rubber". Through polymerization, the monomer molecules can be arranged in an amor-

phous (rubbery), glassy or crystalline phase. For elastomers, they are typically catego-

rized as amorphous (single-phase) polymers with random-coiled molecular arrangement.

They exist above their Tg with Tg far below room temperature (−71◦C for unvulcanized

rubber and few degree higher for vulcanized rubber (Treloar, 1975)). As shown in Figure

2.1, an amorphous elastomer has a pronounced rubbery plateau above Tg which enables

it to have considerable segmental motion. Therefore, elastomers are unique in being soft,

exhibit high elasticity and the long chain polymer network is able to return to original

configuration after the applied stress is removed. In addition, the polymer network chains

which are connected with covalent cross-linkages allow the network to swell in a suit-

able solvent without being dissolved. In the following, the structures of the elastomer are

discussed and different types of common industrial rubber materials are introduced.
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Figure 2.1: The modulus of elasticity versus temperature plot of an elastomer has a pro-

nounced rubbery region (Shackelford, 2000).

2.1.1 Structures of elastomer

The polymer network is formed by linking the polymer chain through physical or

chemical linkage. Physical linking is obtained through chains absorption onto the surface

of filler, formation of small crystallites, coalescence of ionic groups or glassy sequences

in block copolymers. In addition, long chain polymer networks tend to entangle with

each other forming temporary physical crosslinks as shown in Figure 2.2. The existence

of natural entanglement will increase the number of the effective crosslinks resulting to

higher elastic modulus. However, this linkage is temporary and can easily be broke down

by the presence of solvent or by increase of temperature. On the other hand, chemical

cross-links are obtainable through co-polymerization or cross-linking method of sulphur

cures, peroxide cures, and high-energy irradiations. The effect of swelling on the rubber

properties will be discussed in the subsequent section in detail.
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Figure 2.2: Sketch of a molecular entanglement (Gent, 1992).

Vulcanization Vulcanization is a chemical process to produce cross-linking in the rub-

ber network as shown in Figure 2.3. Cross-linking generally restricts swelling in the

polymer network (George et al., 1999). A crosslink may be a group of sulphur atoms in a

short chain, a single sulphur atom, a carbon to carbon bond, a polyvalent organic radical,

an ionic cluster, or a polyvalent metal ion. During vulcanization, the rubber mixed with

vulcanizing agent, commonly sulphur or peroxide, is heated for the cross-linkage to take

place in a mold under a certain molding pressure. Vulcanization is necessary to produce

a cured rubber for industrial usage. It increases the retractile force in the rubber and re-

duces the amount of permanent deformation remaining after removal of the deforming

force during the molding process (Mark et al., 2005).

Figure 2.3: Network formation (Mark et al., 2005).
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Reinforcement Reinforcement in the rubber refers to mixing the rubber compound with

particulate fillers, especially carbon black. This simple action enhances the mechanical

properties of crosslinked rubber systems. The addition of reinforcing fillers increases

stiffness, modulus and deformation at break of the rubber materials as shown in Figure

2.4. The reinforcement in the rubber system also has the ability to alter the sorption and

permeability of penetrants through it (Ramesan, 2005).

Figure 2.4: Stress-strain curve of unfilled, graphitized, and reinforcing carbon black sam-

ples (Mark et al., 2005).

2.1.2 Industrial rubber materials

Natural Rubber (NR) Natural Rubber (NR) is obtained from the latex of the Hevea

brasiliensis tree. From this latex, the solid rubber is obtained by drying off the water

or by adding appropriate preservatives (e.g. ammonia, formaldehde, sodium sulfide).

Chemically, NR is a polymer of isoprene called cis-1,4-polyisoprene as shown in Figure

2.5. NR crystallizes when it is strained, which imparts outstanding green strength and

tack, and gives NR high resistance to crack growth at severe deformation. Therefore,

NR is an excellent choice for making tires because of its low hysteretic properties, high

tensile strength, and good abrasion resistance.
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Figure 2.5: Molecular structure of NR.

Styrene Butadiene Rubber (SBR) Styrene Butadiene Rubber (SBR) is the most widely

used synthetic general-purpose rubber. It is a copolymer of butadiene and contains about

23% styrene, with a Tg of approximately −55◦C. Figure 2.6 shows the structural formula

of SBR. SBR is synthesized via free-radical polymerization as an emulsion in water with

a fatty acid or a rosin acid, or anionically in solution with butyl lithium. It is extensively

used for tire treads because it offers wet skid and traction properties while retaining good

abrasion resistance. However, they absorb organic solvents such as gasoline and oil and

swell. [
CH2 CH CH CH2

]
n
...
[

CH2 CH

]
m

Figure 2.6: Molecular structure of SBR.

Nitrile Butadiene Rubber (NBR) Nitrile Butadiene Rubber (NBR) is an emulsion

copolymer of acrylonitrile and butadiene with an acrylonitrile content varying from 18%

to 50% (Gent, 1992). Figure 2.7 shows the structural formula of NBR. The polarity in

NBR is introduced by copolymerization with the polar monomer, acrylonitrile, which

provides excellent chemical, fuel and oil resistance. The higher the acrylonitrile content,

the higher the Tg is. This reduces the resilience, swelling and gas permeability in NBR

and thus improves the heat resistance and strength of NBR. NBR are more costly than

ordinary rubbers. Therefore, usage of NBR is limited to special applications such as in

oil rich environments as hydraulic hose and automotive engine components where oil

resistance is essential.

10



[
CH2 CH CH CH2

]
n
...
[

CH2 CH

CN

]
m

Figure 2.7: Molecular structure of NBR.

Polychloroprene Rubber (CR) Polychloroprene Rubber (CR) is produced from either

acetylene or butadiene. Acetylene is reacted to form vinyl acetylene, which is then chlo-

rinated to form chloroprene. Subsequently, this can be polymerized to polychloroprene.

Polychloroprene contains approximately 85% trans-,10% cis-,and 5% vinyl-chloroprene.

Polychloroprene tends to crystallize because of the C-Cl dipoles which enhance interchain

interaction (Gent, 1992). Figure 2.8 shows the structural formulae of CR. In terms of per-

formance, polychloroprene is inferior to NBR for oil resistance but it is still significantly

better than NR, SBR, or Butadiene Rubber (BR). Like NBR it is also used extensively as

oil seals, gaskets, hose linings, and automotive engine transmission belts where resistance

to oil absorption is important.[
CH2 C

Cl

CH CH2

]
n

Figure 2.8: Molecular structure of CR.

Fluorocarbon rubbers (FKM) Fluorocarbon rubbers (FKM) are made in emulsion and

are among the most inert and expensive elastomers. A typical one is made by copolymer-

izing the fluorinated analogs of ethylene and propylene. This rubber has a density of

1.85g/cm3 and has a service temperature exceeding 250◦C. It contains high fluorine con-

tent of up to 70% which makes it less affected by immersion in acids, bases, or aromatic

solvents; but it is attacked by ketones and acetates. It is generally used in applications

requiring excellent thermal stability and outstanding sealing capability such as o-rings,

seals, and gaskets in aircraft application.

2.2 Mechanical response of elastomers

In this subsection, the general mechanical responses of dry elastomer under static

and cyclic loading are discussed. The emphasis is laid on the discussion of Mullins effect
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classically observed in elastomer.

2.2.1 Mechanical response under monotonic loading

2.2.1 (a) Non linear elasticity at large strain (hyperelasticity)

Hyperelasticity is a theoretical concept used to describe the characteristics of rubber-

like materials which exhibit large deformation even at comparative low stress (Gent,

1992). Under static loading, the stress-strain curve for elastic deformation of a rubber

component is shown in Figure 2.9. We observe here that the stress response is highly

non-linear (i.e. Hooke’s law does not apply), hence there is no constant value of the elas-

tic modulus except in the region of small strains. The elastic modulus of elastomer (given

by the slope of the curve) varies with increasing extension. For low strains (λ = 1.0 - 1.5),

the elastic modulus is low because the forces needed to overcome secondary bonding and

to uncoil the molecules is small. However, at high strains (λ > 3.5), the elastic modulus

increases rapidly as a larger force is needed to stretch the primary covalent bonds along

the molecular backbone.

Figure 2.9: Extension of elastomer tensile specimen (Bauman, 2008).

Meyer and Ferri (1935) associated the changes in the conformations of a system of

long-chain molecules in passing from the unstrained to the strained state with changes in

the configurational entropy of the system where the internal energy remains unchanged.

It is shown that the stretching force, for a given state of strain, should be proportional to
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the absolute temperature, provided that the extension was sufficiently large (see Figure

2.10). Examining this observation with thermodynamic equation:

f =
(

∂U
∂ l

)
T
−T

(
∂S
∂ l

)
T
. (2.1)

where U is the internal energy, T is the temperature and S is the entropy, it appears that

elasticity of elastomer is essentially entropic in nature.

Figure 2.10: Extension of elastomer tensile specimen (Meyer & Ferri, 1935).

2.2.1 (b) Hyperelastic model

The hyperelasticity of different rubber materials can be described using different

strain energy functions and the majority of these models are incorporated into commercial

FEM software packages. Much work is done to improving the mathematical model with

the following considerations (Mars, 2001):

(a) The model should be able to describe the stress responses to various strain loadings

(uniaxial or biaxial tension/ compression and simple or pure shear) and not be lim-

ited to a single loading condition.

(b) It should involve minimal experimental work to determine the material parameters.

(c) It can be explained physically.

Most of the hyperelastic models have been reviewed. See for the reviews of Treloar

(1975); Laraba-Abbes et al. (2003); Marckmann and Verron (2006). Laraba-Abbes et al.

(2003) classified the hyperelastic models generally into two categories:
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1. The molecular approach (Gaussian or non-Gaussian network theory) which is based

on statistical thermodynamics considerations.

2. The phenomenological approach: purely continuum approach without directly con-

sidering the microstructure and molecular nature of the material.

Molecular approach (Gaussian network theory) The Gaussian network theory is

based on the concept of a vulcanized rubber being an assembly of long-chain molecules

which are connected with each other at a relatively small number of points to form an

irregular three-dimensional network. The sequence of statistical treatment of the network

is listed below:

1. Calculate the entropy of the whole assembly of chains as a function of the macro-

scopic state of strain in the sample.

2. Derive the free energy or work of deformation.

3. Derive the associated stresses from the work of deformation corresponding to a

given state of strain.

From the first law of thermodynamics, the change in internal energy dU is given by:

dU = δQ+δW. (2.2)

where δQ is the heat absorbed by the system and δW is the work done by the external

forces. In a reversible process, the second law defines the entropy change dS by the

relation:

T dS = δQ. (2.3)

Therefore, for a reversible process, Equation (2.2) becomes

dU = T dS+δW. (2.4)
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The Helmholtz free energy A, which is the basic to derive the strain energy function,

is defined by the relation:

A =U−T S. (2.5)

For a change of the Helmholtz free energy dA taking place at constant temperature, the

following expression is obtained:

dA = dU−T dS. (2.6)

Inserting Equation (2.4) into Equation (2.6), we have:

dA = δW (constant temperature). (2.7)

which implies that in a reversible isothermal process the change in Helmboltz free energy

is equal to the work done by the applied forces on the system.

Next, consider a unit strained cube which has three equal edge lengths λ1, λ2 and

λ3. For an isochoric deformation, it can be shown that the change in entropy ∆S for the

Gaussian network is given by:

∆S =−1
2

Nk(λ 2
1 +λ

2
2 +λ

2
3 −3). (2.8)

where N is the number of chains per unit volume (degree of cross linking) while k is the

Boltzmann constant. Taking the basic principles of the kinetic theory and assuming that

there is no change of internal energy during deformation, from Equation (2.6) and (2.7):

W =−T dS. (2.9)

Therefore, Equation (2.8) becomes:

W =
1
2

G(λ 2
1 +λ

2
2 +λ

2
3 −3). (2.10)

where

G = NkT. (2.11)
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Molecular approach (Non-Gaussian network theory) Under relatively large strains,

the chain response deviates from the Gaussian theory. Therefore, the non-Gaussian net-

work theory which takes into account the finite extensibility of the chain should be consid-

ered. The simplest model of the non-Gaussian network theory is the three-chain model.

This model is based on the assumption that the network of Gaussian chains can be re-

placed by three independent sets of chains parallel to the axes of a rectangular coordinate

system. The four-chain model first developed by Flory and Rehner (1943b) based on

the Gaussian theory is later modified by Treloar (1975) in the non-Gaussian theory. The

model considers an elementary "cell" of the network consisting of four chains radiating

outwards from a common junction point. Following these pioneers, Arruda and Boyce

(1993) proposed a similar chain model but with a distribution of eight chains correspond-

ing to the vertices of a cube inscribed in the unit sphere, namely the eight-chain model.

This model presents better agreement with experimental data for uniaxial and equibiaxial

extensions.

Phenomenological approach The stress-strain behavior of elastomer is often mod-

eled using a pure mathematical approach which is also known as "phenomenological"

approach. The strain energy function or elastic potential W , which corresponds to the

change in the Helmholtz free energy of the material upon deformation, is used to derive

the constitutive equations of elastomeric materials.

A dry elastomer is considered as a continuous body. The natural (undeformed and

unstressed) configuration occupies the region Ω and contains a material point X with

Cartesian coordinates X j ( j = 1,2,3). After deformation, the deformed body occupies the

region Ωd , and the point X is transformed to the spatial position x with coordinates xi (i

= 1,2,3). The deformation gradient tensor, F is given by:

F = Gradx =
∂x
∂X

. (2.12)

The left Cauchy-Green strain tensor is then simply given by B = FFT . The response

of hyperelastic materials is characterized by the existence of a strain energy function W
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which depends on F:

W =W (F). (2.13)

Considering the objectivity principle and isotropy, the form of W for incompressible elas-

tomers can be expressed as a function of the two invariants of B, i.e.:

W =W (I1, I2) . (2.14)

where:

I1 = trB I2 =
1
2
(
I2
1 − trB2) . (2.15)

Considering the second law of thermodynamics, it can be shown that the Cauchy

stress tensor σ is given by (Holzapfel, 2000):

σ = qI+2
[

∂W (I1, I2)

∂ I1
+ I1

∂W (I1, I2)

∂ I2

]
B−2

∂W (I1, I2)

∂ I2
B2 (2.16)

where q is an arbitrary scalar (Lagrange multiplier) due to the incompressibility assump-

tion. It can be determined from the equilibrium equations and appropriate boundary con-

ditions. As indicated in Equation (2.16), the stress response can be entirely determined

once the form of strain energy denstiy W is specified. Table 2.1 summarizes some strain

energy density functions for hyperelastic models (Mars, 2001).

2.2.2 Mechanical response under cyclic loading

When a dry rubber is subjected to cyclic loading, it exhibits strong inelastic responses

such as hysteresis, stress relaxation, Mullins effect and permanent set as shown in Figure

2.11. This figure presents the stress-strain responses of a 50 phr carbon-black filled SBR

subjected to a simple uniaxial tension and to a cyclic uniaxial tension with increasing

maximum stretch every 5 cycles. In the following, the mechanical responses of hysteresis,

stress relaxation, Mullins effect and permanent set are briefly discussed.
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Table 2.1: Strain energy density functions for hyperelasticity (Mars, 2001).

Constitutive Model Name Strain Energy Density Function

Linear Elastic W = G( v
1−2v(ε1 + ε2 + ε3

2)+ ε2
1 + ε2

2 + ε2
3 )

Neo-Hookean W = G
2 (I1−3)

Mooney-Rivlin W =C10(I1−3)+C01(I2−3)

Generalized Polynomial W = ∑
N
i=1 ∑

N
j=1Ci j(I1−3)i(I2−3) j

Ogden W = ∑
N
n=1

µn
αn
(λ αn

1 +λ
αn
2 +λ

αn
3 −3)

Gent W =−G
2 λmln(1− I1−3

λm
)

Arruda-Boyce W = G
( 1

2 (I1−3)+ 1
20λ2m

(I2
1−9)+ 11

1050λ4m
(I3

1−27)

+ 19
7000λ6

m
(I4

1−81)+ 519
673750λ8

m
(I5

1−243)+···

)
Yeoh W =C10(I1−3)+C20(I1−3)2 +C30(I1−3)3

Note: I1 = λ 2
1 +λ 2

2 +λ 2
3 , I2 = λ

−2
1 +λ

−2
2 +λ

−2
3

I3 = 1 = λ 2
1 λ 2

2 λ 2
3 (Incompressibility constraint)

Figure 2.11: Stress-strain responses of a 50 phr carbon-black filled SBR subjected to a

simple uniaxial tension and to a cyclic uniaxial tension with increasing maximum stretch

every 5 cycles (Diani et al., 2009).

2.2.2 (a) Hysteresis

In Figure 2.12, the unloading curve is well below the uploading curve producing

difference in stress, ∆σ which is called hysteresis. The hysteresis is defined as the amount
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of energy dissipated during cyclic deformation and characterized by different uploading

and unloading path. It can be related to either viscoelasticity (Bergström & Boyce, 1998),

viscoplasticity (Lion, 1996, 1997) or strain-induced crystallization (Trabelsi et al., 2003)

depending on the material. Hysteresis loss increases with an increase in strain rate, filler

loading, resin loading (at high rates), crosslink density, and strain level but decreases with

an increase in temperature, particle diameter of filler, and resin loading at high testing

temperature (Kar & Bhowmick, 1997).

Figure 2.12: Extension and retraction of tensile specimen exhibiting hysteresis (Bauman,

2008).

2.2.2 (b) Viscoelasticity

Viscoelastic behavior is a time-dependent mechanical response and is usually char-

acterized by creep, stress-relaxation, or dynamic mechanical measurements (Gent, 1992).

Since our study focuses only on stress-relaxation, a detailed review is discussed next.

Stress Relaxation The ability of rubber to retain its elastic behavior after prolonged

compressive stress makes it a favorite material for sealing applications. However, the de-

crease of stress due to viscoelastic behavior in rubber during compression under constant

deformation may reduce the performance of the sealing components after use for a long

period of time (Mostafa et al., 2009). Stress relaxation processes can be categorized into:

a) Physical relaxation where the stress initially decreases rapidly and slows down with
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time. It is caused by the reorientations of molecular network under constant strain when

secondary bond between chains, fillers and chain and fillers break apart after disengage-

ment and rearrangement of polymer chain. This internal arrangement of polymer network

contributes to the decrease of stress under constant deformation with time. b) Chemical

relaxation which is more prominent in a thin sheet of rubber exposed to chemical and

is associated to scission of chemical bonds in the polymer chains or in the cross-linking

system (Gent, 1992).

2.2.2 (c) Stress-softening (Mullins Effect)

The Mullins effect is the most noticeable effect happening in cyclic deformation. In

Figure 2.13, three cyclic loadings with increasing strain are shown.

Figure 2.13: Mullins effect (Bauman, 2008).

Stress-softening is refers to the decrease of stress level in both the uploading and the

unloading during the first couple of loading cycles. This phenomenon, first observed by

Bouasse and Carrière (1903) then intensively studied by Mullins (1948), is often referred

to as the Mullins effect. While the Mullins effect is well-known in both filled and unfilled

crystallizing dry rubber (Mullins, 1948; Harwood et al., 1966b, 1966a), we have recently

observed the Mullins effect in swollen rubber (Andriyana et al., 2012).
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2.2.2 (d) Permanent set

When a carbon black filled rubber is loaded to a specific extension and unloaded,

it does not return to its original stress-free configuration but exhibit residual strain or

permanent set as shown in Figure 2.14. Permanent set occurs during unloading when the

old unbroken chain segments try to bring the deformed block back to the original shape,

but are resisted by the new bonds formed by the ruptured chain segments. It increases with

the time in the deformed state and depends on the amount of carbon black in the rubber

and on the maximum elongation of the rubber specimen prior to unloading (Dorfmann

& Ogden, 2004). However, permanent set can be recovered when the recovery time is

sufficient.

Figure 2.14: Permanent set (Bauman, 2008).

2.2.3 Review on the stress-softening in dry rubber

2.2.3 (a) Experimental observations

Diani et al. (2009) reviewed the Mullins effect and concluded several observations

from the materials exhibiting softening effect as listed below:

• Most of the softening, which is characterized by a lower resulting stress for the

same applied strain, appears after the first load.

• After a few cycles (values up to 10 are reported in the literature depending on the
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material nature), the material responses coincide during the following cycles, aside

from a fatigue effect.

• The softening appears for stretches lower or equal to the maximum stretch ever

applied.

• When the extension exceeds the maximum extension previously applied, the mate-

rial stress-strain response returns to the same path as the monotonous uniaxial ten-

sion test stress-strain response after a transition, which increases with the amount

of strain.

• The softening increases progressively with the increasing maximum stretch.

Filler loading was found to contribute to the stress-softening phenomenon in several

rubber compounds. However, it was also revealed that stress-softening is observed in

unfilled rubber when it is stretched to a stress level similar to the filled rubber (Harwood et

al., 1966b). These unfilled rubbers need to initially contain crystalites like thermoplastic

rubbers or crystallize during the deformation process, such as NBR (Kakavas, 1996).

Although we generally said stress softening occurred in both filled and unfilled rubber,

no stress-softening is observed yet a unfilled non-crystallizing one. It is well documented

by Mullins and Tobin (1957) that non-crystallizing pure gum breaks before any stress

softening is exhibited. Among various observations, we noted here that stress softening

can be recovered by heating or swelling as demonstrated by Harwood and Payne (1966)

and Amin and Lion (2010).

2.2.3 (b) Modeling

As reviewed by Diani et al. (2009), there are many efforts in proposing different

theories to explain the stress-softening phenomenon in dry rubber. Nevertheless, there

is no unanimous microscopic explanation for the stress-softening exists up to this date

(Diani et al., 2009; Marckmann et al., 2002). The first attempt to describe the Mullins

effect is through a phenomenological approach. It was proposed by Mullins and Tobin

(1957) that rubber initially contains both hard and soft phases. During deformation pro-

cess, the hard phase transforms into the soft one. Their theory was successfully adopted

in a number of works (Qi & Boyce, 2004; Beatty & Krishnaswamy, 2000; Huntley et al.,
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1997, 1996; Wineman & Huntley, 1994). Simo (1987) adopted the concept of Continuum

Damage Mechanics (CDM). The Mullins effect was considered as a damage phenomenon

and was described by a scalar damage parameter. Thus, the material response is charac-

terized by multiplying the classical hyperelastic strain energy with a reducing parameter

representing damage level. Different forms of damage parameter were proposed in the

literature (Chagnon et al., 2004; Ogden & Roxburgh, 1999; Miehe, 1995). In contrast

to Chagnon et al. (2004) and Miehe (1995) who assumed that damage evolves when the

applied level of deformation is undergone by the material for the first time, Ogden and

Roxburgh (1999) proposed that damage stays zero when the material is subjected to a

level of deformation never applied, and evolves in the range of submaximal deformation.

The latter is known as the pseudo-elastic model.

The second approach is through physical interpretation (Marckmann et al., 2002;

Klüppel & Schramm, 2000; Killian et al., 1994; Govindjee & Simo, 1991). Marckmann

et al. (2002) reported the development of a new network alteration theory to describe the

Mullins effect where they considered the Mullins effect as consequence of breakage of

links inside the material, involving both filler-matrix and chain interaction links. This new

alteration theory is implemented by modifying the eight-chains constitutive equation of

Arruda and Boyce (1993). The accuracy of the resulting constitutive equation is demon-

strated on cyclic uniaxial experiments for both natural rubbers and synthetic elastomers.

Chagnon et al. (2006) later modified this network alteration theory to include the dangling

chains effect in the network and proposed that the number of monomers involved in the

elastic response of the material is a decreasing function of the maximum deformation.

2.3 Swelling of elastomers in solvent

The swelling phenomenon of rubber often refers to its solubility in organic media,

e.g. hydrocarbon solvents (Treloar, 1975). Whenever rubbers are exposed to liquids,

one main form of degradation experienced by the materials is swelling which can be

described in terms of mass or volume change (Flory, 1953; Treloar, 1975). During the

swelling, liquids penetrate the polymer network and occupy positions among the polymer

molecules. Consequently, the macromolecules are forced apart resulting in swelling of

material and in a decrease in its strength since the increase in chain separation leads
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to the reduction of secondary bonding (Callister, 2007). This section discusses physical

description of swelling, thermodynamics of swelling, elastic properties of swollen rubber,

effect of deformation on swelling of the polymers and the coupled theory of the diffusion

and large deformation in polymers.

2.3.1 Physical description

Diffusion of liquid into polymer network involves two physical processes:

1. The liquid molecules first occupy the polymer surface until reaching a concentra-

tion co through adsorption.

2. The liquid penetrates further into the depth of the polymer network until reaching

equilibrium swelling by absorption.

Since the rate of swelling is diffusion-controlled, increasing the square of the elastomeric

components thickness and the viscosity of the liquid will increase the resistance to swelling

of an elastomeric component (Gent, 1992).

2.3.2 Thermodynamics of swelling

Equilibrium swelling in polymer is achieved when the change in free energy result-

ing from the transfer of a small quantity of liquid from the pure liquid phase to the mixed

phase (polymer + liquid) is zero. Treloar (1975) introduced the Gibbs free energy of di-

lution ∆G1 to define the change in the Gibbs free energy of the system due to the transfer

of 1 mol of liquid from the liquid phase to a very large quantity of the mixed phase, given

by:

∆G1 = ∆H1−T ∆S1. (2.17)

where ∆H1 is the heat of dilution which corresponds to the changes in the heat content

H and ∆S1 is the entropy of dilution corresponding to the changes in the entropy S of the

system per mole of liquid transferred from the liquid phase to the mixed phase. The heat

content H is defined by the relation:

H =U + pV. (2.18)
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where U is the internal energy and V is the volume. When p is the atmospheric pressure,

the second term pV becomes negligible and the H is practically equivalent to U .

At constant pressure, the condition for equilibrium to be achieved with respect to the

transfer of liquid is given by:

∆G1 = 0. (2.19)

To treat swelling problem statistically, it is essential to determine the increase of

mixing entropy of polymer and liquid molecules. The entropy in the mixed state increases

from greater probability compared with the unmixed state, and may be calculated based

on the number of configurations available to the system at any given composition. Flory

(1942) and Huggins (1942) proposed comparatively simple methods for the calculation of

the configurational entropy of mixing. Flory (1942) assumed that the liquid and polymer

molecules are arranged on a three-dimensional lattice of sites such that each site may be

occupied either by a liquid molecule or by a single segment of a polymer chain. Using

this consideration, the entropy of dilution ∆S1 with respect to the liquid component is:

∆S1 =−R ln(1−υ2)+(1−1/x)υ2. (2.20)

where the volume fraction of the fluid in the mixture υ1 is written as 1−υ2 and x is the

segment of the polymer molecules.

For the free energy of dilution ∆G1, Flory introduced the expression for the heat of

dilution ∆H1 on a semi-empirical basis using this formula:

∆H1 = αυ
2
2 . (2.21)

and the Gibbs free energy of dilution ∆G1:

∆G1 = RT
(
ln(1−υ2)+(1−1/x)υ2 +(α/RT )υ2

2
)
. (2.22)

The alternative solution proposed by Huggins (1942) is similar to the one proposed

by Flory, but includes a more precise analysis of the number of sites available to sub-
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sequent polymer molecule segments after the third segment. His free energy of dilution

contains an additional term in υ2
2 but including the same form of heat of dilution as shown

in Equation (2.21), and is expressed as:

∆G1 = RT
(
ln(1−υ2)+(1−1/x)υ2 +χυ

2
2
)
. (2.23)

where χ is a parameter which includes a component χo due to additional entropy from

the purely energetic contribution ∆H1, i.e.

χ = χo +α/RT. (2.24)

where χo and α are constants. Note here Equation (2.22) and (2.23) are identical at any

given temperature. In the case where the number of segments in the polymer chain is

sufficiently large, 1/x becomes very small thus these equations reduce to the form

∆G1 = RT
(
ln(1− v2)+ v2 +χv2

2
)
. (2.25)

where χ is regarded as a constant. This form of equation is often referred to as the Flory-

Huggins equation.

2.3.3 Elastic properties of swollen rubber

Treloar (1975) studied the effect of swelling on the mechanical properties of a cross-

linked rubber by assuming that the unswollen sample is a unit cube which contains N

chains per unit volume. The degree of swelling is defined in terms of the volume fraction

υ2 of the rubber in the mixture of rubber and liquid. Using this definition, and assuming

swelling occurs isotropically, the corresponding linear stretch of the swollen sample is

λo = υ
−1/3
2

The parameter υ2 is introduced to measure the state of swelling of the network,

whether it is in equilibrium or not with respect to the absorption of liquid. The nature of

the swelling agent, or if equilibrium swelling is achieved or not is not considered in the

development of this theory.

Swelling corresponds to isotropic expansion of a network and thus will be accompa-
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nied by a reduction in the entropy of a network which can be seen from Equation (2.8).

Applying stress on the swollen network will further reduce the entropy due to the defor-

mation of the already swollen network. Therefore the total reduction of entropy involved

during the transformation of the initial unswollen unstrained state to the final strained

swollen can be described by two separate terms. One due to the swelling and one due to

the mechanical loading.

The entropy of deformation ∆S′ of the swollen network (defined per unit volume of

the original unswollen rubber) is given by:

∆S′ = ∆S′o−∆So. (2.26)

where ∆S′o is the total entropy change passing from the unstrained unswollen state to the

strained swollen state. For a Gaussian network (Treloar, 1975), it is given by:

∆S′o =−
1
2

Nk(l2
1 + l2

2 + l2
3−3). (2.27)

where l1, l2, and l3 are the lengths of the edges of the original unit cube, i.e. the principal

extension ratios referred to the unswollen state. The change of entropy associated with

the initial isotropic swelling ∆So is given by:

∆So =−
1
2

Nk(3λ
2
o −3) =−1

2
Nk(3υ

− 2
3

2 −3). (2.28)

Inserting Equations (2.27) and (2.28) into Equation (2.26), we obtain the difference be-

tween these two quantities:

∆S′ =−1
2

Nk(l2
1 + l2

2 + l2
3−3υ

− 2
3

2 ). (2.29)

The extension ratios of λ1, λ2, and λ3 can be defined with reference to the unstrained

swollen state such that l1 = λ1λ0 = λ1υ
− 2

3
2 , etc. Thus Equation (2.29) becomes:

∆S′ =−1
2

Nkυ
− 2

3
2 (λ 2

1 +λ
2
2 +λ

2
3 −3). (2.30)
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The entropy of deformation ∆S (defined per unit volume of the swollen rubber) is given

by:

∆S = υ2∆S′ =−1
2

Nkυ
1
3
2 (λ

2
1 +λ

2
2 +λ

2
3 −3). (2.31)

The corresponding strain energy function for the swollen rubber thus becomes:

W =−T ∆S =
1
2

NkT υ
1
3
2 (λ

2
1 +λ

2
2 +λ

2
3 −3). (2.32)

Equation (2.32) describes the properties of the swollen rubber in terms of the exten-

sion ratios measured in the swollen state and the volume fraction of rubber υ2. Noted

here N is the number of chains per unit volume of the unswollen rubber. Comparing the

results of swollen rubber expressed in Equation (2.32) with the corresponding expression

of the unswollen rubber in Equation (2.10), it is seen that the dependence of the stored

energy on strain are the same in both cases, except the value of the shear modulus. Thus,

we can write:

G′ = Gυ
1
3
2 = ρRT/Mcυ

1
3
2 . (2.33)

where G is the modulus in the unswollen state while G′ is the modulus in the swollen

state and ρ is the density in the unswollen state. This result implies that the only effect

of swelling is to reduce the modulus in inverse proportion to the cube root of the swelling

ratio, without changing the form of the stress-strain relations. Moreover, as stated by

Treloar (1975) that from a physical standpoint, swelling is a purely physical mixing or

interdiffusion process in which there is no chemical attraction between the rubber and

liquid molecules.

2.3.4 Effect of deformation on swelling

The effect of deformation in terms of applied strain or stress on the swelling of a

polymer network has long been recognized and discussed by Flory and Rehner (1943a).

The theory was further developed by Treloar (1975, 1950) and he discussed it for general

types of homogeneous strain. Equations for uniaxial extension, bi-axial extension and

uniaxial compression strains were developed. He concluded from the experimental data

obtained from vulcanized natural rubber specimens swollen in benzene and heptane that
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the effect of strain on the equilibrium swelling is satisfactorily predicted for the statistical

theory under the three entirely different types of strains. Although swelling under uni-

directional compression is the least accurate due to the measuring process that required

drying and weighing and lengthy immersion duration, however it is observed that swelling

is increasing under tensile strain and decreasing with compressive strain.

Horkay and Zrinyi (1988) compared the effect of deformation and diluent activity

on the equilibrium concentration of poly(vinyl acetate) networks swollen with toluene.

The swollen gels were deswollen by two methods: gels were subjected to uniaxial com-

pression at fixed activity of the diluent and the activity of the diluent around the free

swollen gel specimens was lowered by dissolving a polymer in the surrounding media.

They compared the experimental volume fraction data obtained from uniaxial deformed

gels equilibrium swollen in pure diluent with calculated values using Equation (2.34).

φ = φeΛ
−4/9
e (2.34)

where φ is the volume fraction of deswollen gels, φe is the volume fraction of the poly-

mer in the freely swollen gel and Λe is the deformation ratio relative to the length of the

freely swollen undeformed gel. It is found that there is a good agreement between mea-

sured and calculated volume fraction data in the cases of natural rubber samples swollen

by benzene and heptane conducted by Treloar (1950) and poly(vinyl acetate) networks

swollen by toluene in their study. They evaluated the relationships between the swelling

pressure, elastic modulus, deformation ratio and polymer concentration and validated this

relationship with experimental results.

Fukumori et al. (1990) utilized real time pulse Nuclear Magnetic Resonance (NMR)

to evaluate the initial swelling rate of the filled and unfilled NBR under tensile deforma-

tion swollen in non polar solvent, e.g. Carbon Tetrachloride (CCl4) as shown in Figure

2.15. The specimen studied is a ring specimen with outside diameter = 22mm and in-

ner diameter=19mm. The rubber contents filler concentration of 0, 20, 40 and 60 phr.

The swelling ratio of the rubber matrix at equilibrium is evaluated with volume swelling

measurements. They found that the initial swelling rate and the swelling ratio of the rub-

ber matrix at equilibrium increased with the increase of the stretch ratio. The molecular
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mobility of the swollen rubber is also enhanced with the increase of the tensile strain.

It was found that the presence of reinforcing filler in NBR reduced the initial swelling

rate because of transient spatial effect caused by some oriented structures induced by

tensile deformation. However, the presence of reinforcing fillers in the swollen rubbers

under tensile strain has a strain amplification effect proportionally to the filler concen-

tration, which resulted in an increase of the average local strain in the rubber matrix and

enhanced the swelling ratio relative to the unfilled system.

Figure 2.15: Schematic illustration of the real-time NMR, measurement of a stretched

rubber specimen immersed in a solvent (Fukumori et al., 1990).

A free oscillation technique has been adopted to study the effect of swelling on

the dynamic storage and loss moduli of carbon black filled and unfilled natural rubber

materials on a range of tensile pre-strains (Busfield et al., 2000). It is observed that the

dynamic storage and loss moduli are independent of the pre-strain at small pre-strains.

Both the storage and the loss moduli increase with pre-strains. Swelling the materials

in liquids with a wide range of viscosity produces a relatively large decreases in both

the storage and the loss moduli. The authors attributed the dynamic behaviour of the

swollen filled rubbers to the combined effects of a reduction in the modulus of the rubber

matrix (caused by the swelling action) and a reduction in the effective volume fraction

of the filler. However, the effect of the viscosity of the swelling liquid on these dynamic
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behaviours are insignificant. They concluded that the swelling liquids might be affecting

the filler-filler or the filler-rubber interaction.

Botros and Sayed (2001) investigated the effect of compressive strain on the swelling

behavior of different blend compositions of NR/Ethylene Propylene Diene Monomer

(EPDM) swollen in motor oil. The compression recovery of all blend ratios investigated

had positive values at low applied compression strain (3%). However, at high compressive

strain (18% and 35%), the compression recovery had negative values. The lowest weight

uptake of motor oil was shown by the EPDM vulcanizate, whereas the 25/75 NR/EPDM

blend showed the highest compression recovery.

Most recently, Nah et al. (2011) investigated the swelling of bent natural rubber

sheet in dodecane. Following Treloar’s theory, they proposed that when rubber sheets are

bent, they are expected to swell more on the tension side and less on the compression

side. Moreover, when the bending constraint is removed, recovery toward the initial flat

state is expected to be only partial at first and then followed by a slow further recovery.

They found that the measured "set" following release from bending is agreed with simple

swelling theory. The time dependence of later recovery is shown to be in agreement

with the rate of diffusion of the swelling liquid. It is concluded that internal migration

of compatible liquids will cause temporary delays in deformation kinetics and make a

significant contribution to energy losses. Also, the bending experiment itself appears to

provide a simple and generally applicable method for determining the internal diffusion

coefficients of absorbed liquids.

2.3.5 Modeling of coupling between deformation and swelling

Several theories have been developed to account for the coupled diffusion and large

deformation in polymers (Gandhi, 1989; Inci et al., 2001; Baek & Srinivasa, 2004; Ram-

tani, 2006; Hong et al., 2008; Deng & Pence, 2009; Soares, 2009; Hong et al., 2009;

Deng & Pence, 2010; Joshi & Muliana, 2010; Cai et al., 2010; Nah et al., 2011; Johlitz

& Lion, 2012). Gandhi (1989) considered the problem of a cylindrical specimen of a

nonlinearly elastic solid and an ideal fluid medium subjected to combined finite axial ex-

tension and torsion. He discussed the general problem for the finite deformation of the

swollen cylinder in the context of Mixture Theory and presented the computational results
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for the variation of the radial and tangential stretch ratios and the distribution of the fluid

in the swollen deformed state. He found that the swollen volume of a cylinder reduces

with twisting when the axial extension ratio is held constant. Simulation agreed well with

experimental results.

Baek and Srinivasa (2004) modeled slow diffusion of a fluid into a swelling solid

undergoing large deformation and predicted the stress in the solid as well as the diffu-

sion rates. The approach is based on the balance laws of a single continuum with mass

diffusion, and overcame the difficulties inherent in the theory of mixtures in specifying

boundary conditions. The authors derived a "natural" boundary condition based on the

continuity of the chemical potential by the use of a variational approach, based on max-

imizing the rate of dissipation. They found that the differential equations resulting from

the use of mixture theory can be recast into a form that is identical to the equations ob-

tained in the absence of the initial effect and they successfully solved the boundary value

problem of the steady flow of a solvent through a gum rubber membrane.

Hong et al. (2008) formulated a theory of the coupled mass transport and large de-

formation. The free energy of the gel results from two molecular processes: stretching

the network and mixing the network with the small molecules. They assumed that both

the small molecules and the long polymers are incompressible, a constraint enforced by

using a Lagrange multiplier, which coincides with the osmosis pressure or the swelling

stress. The gel can undergo large deformation of two modes. The first mode results from

the fast process of local rearrangement of molecules, allowing the gel to change shape

but not volume. The second mode results from the slow process of long-range migration

of the small molecules, allowing the gel to change both shape and volume. They also as-

sumed that the local rearrangement is instantaneous, and model the long-range migration

by assuming that the small molecules diffuse inside the gel. The theory is illustrated with

a layer of a gel constrained in its plane and subject to a weight in the normal direction.

Soares (2009) described a single-constituent constitutive model for diffusion of flu-

ids in nonlinear elastic solids, originally presented by Baek and Srinivasa (2004) and

based on a variational method and on the assumption of continuity of chemical poten-

tial across the solid-fluid interface. The balance laws for a single continuum with mass

diffusion are cast in spherical coordinates, and suitable boundary conditions are posed to
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describe the radial diffusion of fluid through an elastic spherical shell with finite thickness.

They modeled its inner surface adjacent to a rigid wall, either impermeable or permeable,

while the outside surface is in contact with the fluid that swells the solid, diffuses through

it, and exerts a hydrostatic pressure on its surface.

Hong et al. (2009) investigated the effect of mechanical load and geometric con-

straint on the inhomogeneous swelling of a polymeric gel. When the network, solvent,

and mechanical load equilibrate, inside the gel the chemical potential of the solvent is

homogeneous, but the concentration of the solvent and the deformation of the network

can be inhomogeneous. They used the chemical potential of the solvent and the deforma-

tion gradient of the network as the independent variables of the free-energy function, and

concluded that the boundary value problem of the swollen gel is equivalent to that of a hy-

perelastic solid. They implemented the approach in a finite-element package, ABAQUS,

and analyzed examples of swelling-induced deformation, contact, and bifurcation.

Deng and Pence (2009) considered the connection between diffusion and large de-

formation in polymer and the broader hyperelastic theory that treats the effect of mechan-

ical loading in deforming the swollen polymer network. They pointed out that fluid loss

(swelling reduction) or fluid gain (swelling increase) occurred when there is a change in

mechanical loading. In such cases the gel reestablishes equilibrium only when the rela-

tive motion of the liquid through the polymer has ceased and processes have come to rest.

Such processes are inherently dissipative. Their study focused on reestablished equilib-

ria depending on mechanical load. They considered that the amount of available fluid is

limited for quasi-static loadings that give fluid gain. It is predicted that maximum fluid

gain in the gel system will be reached by increasing the quasi-static loading. The gel sys-

tem transitions from a saturated state to an unsaturated state. This quasi-static transition is

considered in the context of homogeneous deformation where an appropriate hyperelastic

analysis shows that the equilibrium mechanical response is inherently stiffer after loss of

saturation. They concluded from the study of inhomogeneous deformation of an everted

tube subject to an axial load and found that loss of saturation leads to an inherently stiffer

quasi-static response.

In addition, Deng and Pence (2010) discussed a continuum model for the absorp-

tion and redistribution of fluid in swollen elastomers due to mechanical loading for both
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saturated and unsaturated systems. They considered the effect of various boundary dis-

placement and traction in the problem of radial displacement combined with azimuthal

shear for an annular cylinder consisting of a fluid infused hyperelastic medium. The fluid

distribution is monitored through a numerical model. It is found that certain boundary

tractions generate overall volume increase after free swelling and the overall mechanical

response after loss of saturation is stiffer than the saturated system.

Cai et al. (2010) suggested that when an elastomer imbibes a solvent and swells, a

force is generated if the elastomer is constrained by a hard material. The magnitude of

the force depends on the geometry of the constraint, as well as on the chemistry of the

elastomer and solvent. They modeled an elastomer crosslinked on the exterior surface of

a metallic tubing. The elastomer then imbibes a solvent and swells. After the swollen

elastomer touches the wall of the borehole, a significant amount of time is needed for

the solvent in the elastomer to redistribute, building up the sealing pressure to the state of

equilibrium. They calculated the sealing pressure and the sealing time from the geometric

parameters (i.e., the thickness of the elastomer and the radii of the tubing and borehole),

the number of monomers along each polymer chain of the elastomer, and the affinity

between the elastomer and the solvent.

2.4 Biodiesel

2.4.1 What is biodiesel?

Biodiesel fuels are methyl ester based oxygenates derived from a wide range of re-

newable natural sources such as animal fats (beef tallow), vegetable oils (soybean oil,

cottonseed oil, canola oil), and recycled cooking grease or oils (e.g., yellow grease)

(Trakarnpruk & Porntangjitlikit, 2008). It is a diesel replacement fuel in a compression

ignition (CI) engine.

The biodiesel is manufactured through transesterification which can be illustrated in

Figure 2.16. The transesterification process converts oils and fats into chemicals called

long-chain mono alkyl esters, or biodiesel. These chemicals are better known as fatty

acid methyl esters (FAME) (Laboratory, 2009). From the schematic diagram, it is easy to

explain that the oil/fat are reacted with a short-chain alcohol (i.e. methanol) with the aid

of a catalyst (i.e. sodium hydroxide (NaOH) or potassium hydroxide (KOH)) to produce
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biodiesel and glycerin. Glycerin is a sugar alcohol that is formed as by-product in the

manufacturing process of biodiesel.

Figure 2.16: Basic transesterification process (Laboratory, 2009).

Biodiesel has been proven to be environmentally friendly and to provide properties

similar to that of conventional fuel. However, the biodiesel has a different composition

than conventional diesel. Indeed, while biodiesel consists of a mixture of fatty acid es-

ter, conventional fuel consists of a mixture of hydrocarbon (Haseeb et al., 2010). This

change of composition leads to difficulties in terms of material compatibility especially

in industrial applications involving elastomeric materials.

2.4.2 Effect of biodiesel on elastomers

Compatibility studies of several types of elastomers in diesel and palm biodiesel

have been conducted (Trakarnpruk & Porntangjitlikit, 2008; Haseeb et al., 2010, 2011).

However in these works, only physical degradation related to the swelling, hardness and

tensile strength of materials was studied.

The material compatibility has been studied by Trakarnpruk and Porntangjitlikit

(2008) who evaluated six types of elastomer (NBR, Hydrogenated Nitrile Butadiene Rub-

ber (HNBR), NBR/ Polyvinyl Chloride (PVC), acrylic rubber, co-polymer Fluorocarbon

rubbers (FKM), and terpolymer FKM) in B10 (10% palm biodiesel in diesel) after im-

mersion of 22, 670, and 1008 h at 100◦C. They found that NBR, NBR/PVC and acrylic

rubber were affected more than other elastomers due to the absorption and dissolving of
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biodiesel by rubber in these samples and concluded that Co-polymer FKM and terpolymer

FKM are more resistant in B10 biodiesel environment.

Haseeb et al. (2010) evaluated the degradation behaviour of NBR, CR, and fluoro-

viton A in B0 (diesel), B10, B100 (palm biodiesel) after 500 h immersion at (25◦C)

room temperature and 50◦C. The mass and volume change, hardness, tensile strength

and elongation were investigated. The exposed elastomer surface was studied by Scan-

ning Electron Microscope (SEM). Fourier Transform Infrared (FTIR) spectroscopy was

conducted to identify the chemical and structural changes. It is found that the physical

degradation was higher for both CR and NBR while fluoro-viton has good resistance in

biodiesel.

In addition, Haseeb et al. (2011) investigated the physical property degradation of

EPDM, Silicone Rubber (SR), Polytetrafluroethylene (PTFE) CR, and NBR upon ex-

posure to diesel and palm biodiesel. Static immersion tests in B0 (diesel), B10 (10%

biodiesel in diesel), B20, B50 and B100 (biodiesel) were carried out at (25◦C) room tem-

perature for 1000 h. They measured changes in weight and volume, hardness and tensile

strength at every 250 h of immersion time. Compositional changes in biodiesel due to

exposure of different elastomers were investigated by Gas Chromatography Mass Spec-

troscopy (GCMS). They concluded that the overall sequence of compatible elastomers in

palm biodiesel is found to be PTFE > SR > NBR > EPDM > CR.

Other than palm biodiesel, compatibility studies of rubber components in other types

of biodiesel are investigated (Maru et al., 2009; Berlanga-Labari et al., 2011). Maru et

al. (2009) analyzed the interaction between three fuels (petroleum diesel and two types

of biofuel: soybean and sunflower) and High Density Polyethylene (HDPE) after static

immersion of 75 and 125 days under constant temperature of 60◦C. A wide range of

characterization methods were used to evaluate the changes in both rubber materials and

the fuels: including weight change measurement, optical, scanning electron and Atomic

Force Microscopies (AFM), Raman and FTIR and differential scanning calorimetry. They

detected the maximum weight gain by fluid absorption in the polyethylene immersed in

petroleum diesel by the spectroscopic techniques. However, no significant differences in

the HDPE surface morphology after immersion in these fuel medias. They concluded that

ageing took place only in biodiesels, but this phenomenon did not cause degradation or
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corrosion of HDPE, since petroleum diesel did not age but exerted the most significant

material degradation.

On the other hand, Berlanga-Labari et al. (2011) also evaluated the compatibility of

the same material (HDPE) but in E5 (5% v/v bioethanol, 95% v/v gasoline) and E10 (10%

v/v bioethanol, 90% v/v gasoline) after static immersion of 2000 h at 45◦C. Different

mechanical and physical-chemical properties of HDPE have been assessed before and

after the execution of these tests. Additional information about biofuels-HDPE interaction

has been obtained by infrared spectroscopy and solubility tests. Although they observed a

slight variation of mechanical properties in HDPE, both studies concluded that no defects

on the chemical structure and physical properties of this polymer have been detected.

Moreover, there are collections of experimental studies on mechanical responses of

polymeric gels in solvents (Sasaki, 2004; Hirotsu, 2004; Valentín et al., 2010). Neverthe-

less, it is to note that the works focusing on the effect of palm biodiesel diffusion on the

macroscopic mechanical responses of the rubber components, in particular under cyclic

and fatigue loading conditions, are less common.
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CHAPTER 3

RESEARCH METHODOLOGY

The literature review has shown that very limited work has been done on studying the

mechanical responses, i.e. hysteresis, stress-softening, etc. of swollen rubber under cyclic

loading conditions. The present research is therefore carried out to establish a database

of swollen rubbers, namely NBR and CR using mechanical tests. The mechanical tests

involved are compressive cyclic test and compressive multiple relaxation test.

Experimental procedures to prepare swollen rubbers, including the design of the

uniaxial compression test specimen, the development of an original compression device

and details of the immersion test are described in this chapter. The swelling behaviours for

both stress-free and uniaxially-stressed rubber specimens are investigated. Subsequently,

the following mechanical responses are investigated: stress-softening and hysteresis from

compressive cyclic test and viscoelasticity from compressive multiple relaxation test.

Next, the stress-softening in swollen rubbers is modeled using an extended pseudo-

elastic model and an extended two-phase model. These are conducted as a first attempt

towards understanding and modeling of the stress-softening phenomenon in swollen rub-

bers.

The overall research work is described using flow chart in Figure 3.1.

Remark 1 It is to note that large parts of the content in this chapter and the following

chapters have been published (Chai et al., 2011; Andriyana et al., 2012; Chai, Andriyana,

et al., 2013; Chai, Verron, et al., 2013). The rest of the thesis is written based on the inspi-

ration from these papers, aiming at producing a well-organized and easy to understand

research output.
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Figure 3.1: General research methodology.
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3.1 Experimental program

3.1.1 Materials and specimen geometry

Commercial grade NBR and CR with 60 shore hardness are purchased from MAKA

Engineering Sdn. Bhd., Malaysia. The NBR and CR have a specific gravity of 1.4 ± 0.1

and 25 wt.% of carbon black. Due to confidentiality constraints, the detailed compound

ingredients are not provided here. For each type of rubber compound, the vulcanization

process is performed by compression molding process at 165 °C for 5 min under a pres-

sure of approximately 6.89 MPa from an electrical resistance heating press. The rubber

specimens for swelling and mechanical tests are annular cylindrical blocks. Note that no

standard is followed in the determination of specimen geometry. The wall thickness of

the specimen is optimized with the help of finite element simulation software to ensure

that equilibrium diffusion (swelling) in the rubber can be achieved within a reasonable

period of time and the wall thickness is able to sustain the compression load to prevent

buckling. It is found that the optimum height, outer diameter and wall thickness of the

specimen are respectively 10 mm, 50 mm and 6 mm.

Different biodiesel blends are prepared by blending palm biodiesel (provided by Am

Biofuels Sdn. Bhd., Malaysia) with diesel. Table 3.1 shows the analysis report of the

investigated palm biodiesel. The palm biodiesel blends prepared are B0 (100% diesel),

B25 (blend of 25% of biodiesel and 75% of diesel), B75 (blend of 75% of biodiesel and

25% of diesel) and B100 (100% biodiesel).

3.1.2 Experimental setup

3.1.2 (a) Swelling tests on stress-free specimens (free swelling)

The tests are conducted in diesel (B0) and biodiesel (B100) respectively at room

temperature for various immersion durations: 2, 5, 10, 20 and 30 days. Figure 3.2 shows

the simple immersion test where the specimens are hung and immersed in a stainless steel

container containing biodiesel. Each specimen is completely immersed in the tested fuel.

Thereby allowing stress-free swelling to occur in the rubber specimens.
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Table 3.1: Properties of B100 palm biodiesel.

Test Unit Methods Results

Ester content % (m/m) EN 14103 96.9

Density at 15◦C kg/m3 EN ISO 12185 875.9

Viscosity at 40◦C mm2/s EN ISO 3104 4.667
Flash point ◦C EN ISO 3679 168
Cetane number - EN ISO 5165 69.7
Water content mg/kg EN ISO 12937 155
Acid value mgKOH/g EN ISO 3679 0.38
Methanol content % (m/m) EN 14110 <0.01
Monoglyceride content % (m/m) EN 14105 0.67
Diglyceride content % (m/m) EN 14105 0.2
Triglyceride content % (m/m) EN 14105 0.2
Total glycerine % (m/m) EN 14105 0.25

Figure 3.2: Swelling test on stress-free specimens. Before (left) and after (right) immer-

sion in tested fuel (B100).

3.1.2 (b) Swelling tests on uniaxially-stressed specimens (constrained swelling)

The specially made rubber specimens are compressed to different degrees of com-

pressive strain by attaching them to a custom-made compression device prior to immer-

sion as shown in Figure 3.3. The compression device has special features as described

below:
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Figure 3.3: Compression device.

1. It consists of four rectangular stainless steel plates. Stainless steel plates are used

for corrosion resistance because the device is needed to be immersed into diesel

and biodiesel which are deemed to be corrosive.

2. The device is able to accommodate a total of 12 specimens arranged in 3 different

levels between two successive plates.

3. Each plate has 4 main holes to allow the liquid to flow and diffuse into the inner

surface of the rubber specimens. In this way, each rubber specimen is subjected

to diffusion of liquid from both inner and outer wall surfaces, i.e. diffusion along

radial direction only as illustrated in Figure 3.4.
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4. For each level between two successive plates, a compressive strain is applied to

the specimens located at the corresponding level: 20% for the level 1, 10% for the

level 2 and 2% for the level 3. Different height of spacers are used at each level

to limit the degree of compressive strains. Bolts and nuts located at each corner of

the plates are tightened until the compression plates are uniformly in contact with

the spacers. Additional ring spacers are placed around the bolt in the middle of the

plates to prevent bending of the plates.

5. In practice, the 2% strain is so small that its effect on the macroscopic mechanical

response is negligible. Nevertheless, this level of strain is retained to represent

initially stress-free condition while ensuring that the diffusion occurs only along

radial direction.

Figure 3.4: Diagram of radial diffusion for swelling under compressive strain.

3.1.2 (c) Swelling measurement

Free swelling When the stress-free samples reached the desired immersion duration,

they are removed from the container and dipped quickly into acetone to remove the oil

excess. The samples are then blotted dry with filter paper and the weight of stress-free

swollen rubber specimens in the air and in the distilled water are measured immediately.

The percentages of mass change and volume change are calculated using the follow-

ing relations (ASTM, 1957):

% Mass Change =
M2−M1

M1
×100 (3.1)

% Volume Change =
(M2−M4)− (M1−M3)

(M1−M3)
×100 (3.2)

43



where M1 and M2 are the mass in air (gram) before and after immersion while M3 and

M4 are mass in water (gram) before and after immersion. For each test, at least four

specimens are used to measure volume and mass changes.

Constrained swelling The test procedure for swelling measurement of uniaxially-stress

free swollen specimens is summarized as followed:

1. Before the immersion, the weight of the rubber specimen is measured in air and in

distilled water. The specimen is then quickly dipped into alcohol and blotted dry

with filter paper.

2. After weight measurement, the rubber specimens are placed in sequence on the

compression plates. Grease is applied on the surface of the specimens that are in

contact with the compression plate to avoid bulging and hence ensuring that the

specimens are in a simple uniaxial compressive stress state.

3. Bolts and nuts are used to tighten the compression device until the compression

plates are uniformly in contact with the spacers. The device containing rubber

specimens is subsequently immersed into different palm biodiesel blends for dif-

ferent durations. The detail of the immersion tests is given in Table 3.2. All the

tests are conducted at room temperature.

4. At the end of each immersion period, the specimens are removed from the compres-

sion device and quickly dipped into acetone; they are then cleaned with filter paper

to remove the excess oil. Specimens are left for 30 minutes to allow for recovery

before any measurement is made after immersion.

5. Step 1 is repeated to measure the weight of rubber specimen after immersion.

The percentages of mass change and volume change are calculated following Equa-

tions (3.1) and (3.2)
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Table 3.2: Immersion tests.

Biodiesel Blend Level of Compressive Strain (%) Immersion Duration (days)

B0 2/10/20 30/90

B25 2/10/20 30/90

B75 2/10/20 30/90

B100 2/10/20 30/90

3.1.2 (d) Mechanical tests

To gain insight in the effect of swelling due to solvent diffusion, on the mechanical

response of swollen rubber, mechanical tests on dry and swollen samples are carried out

using an Instron 5500 uniaxial test machine equipped with a 10 kN load cell at room

temperature. Circular compression plates are attached to the machine to ensure uniform

displacement control on the specimens. The experimental setup is connected to a com-

puter to record the experimental data. The tests are conducted at a constant displacement

rate of 0.1 mm/s to avoid excessive increase in the temperature of the specimens, i.e. tem-

perature effects are not considered in the present study. Figure 3.5 shows the experimental

setup of the compression test.

Figure 3.5: Experimental setup of the compression test.
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Two types of mechanical tests are conducted:

1. Cyclic compression test: This is conducted to observe the stress-softening and hys-

teresis behaviors of the rubber. The test is conducted at 0.01 s−1 strain rate using

displacement-controlled mode with two different maximum compressive strains,

30% and 40%, of 6 cycles each.

2. Multi-relaxation test: This test is conducted to observe the viscoelasticity of the

rubber. The test is conducted at 0.01 s−1 strain rate using displacement-controlled

mode initially with 6 cycles of maximum compressive strain of 40% to remove the

stress-softening effect. It is then followed by compressing the specimen to strain

levels of 10%, 20% and 30% and hold it for 30 minutes as illustrated in Figure 3.6.

The stress during the holding time is recorded for both loading and unloading of

the strain levels.

In order to ensure repeatability of the results, at least three specimens are used in

each test.

Figure 3.6: Multi-relaxation test.

3.1.2 (e) Microstructure observations

The dry and swollen specimens were cut with a sharp blade and the cross sectional

surface was observed with a low vacuum and low pressure scanning electron micro-

scope (FE1 Quanta FEG 250). The aim is to obtain information regarding microstructural

change due to oil penetration.
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3.2 Continuum mechanical modeling

As a first step to modeling the mechanical response of swollen rubber under cyclic

loading, only the Mullins effect is considered. Other inelastic phenomena such as per-

manent set, hysteresis, etc. will not be considered. For this purpose, data treatment is

required and will be discussed in Section 5.1 in Chapter 5.

The constitutive equations of swollen rubber experiencing irreversible softening (dam-

age) due to cyclic mechanical loading is addressed. For this purpose, we first layout the

chemical potential equation to obtain the Flory-Huggins interaction parameter for differ-

ent rubber-fuel combinations. These parameters are needed for continuum mechanical

modeling of the Mullins effect in swollen rubber. Next, the discussion is confined to the

hyperelasticity of swollen rubber with and without internal damage. The classical multi-

plicative decomposition of the deformation gradient tensor into swelling and mechanical

parts is adopted to replicate the experimental procedure whereby the rubber is first sub-

jected to isotropic swelling before undergoing mechanical loading. The stress response is

then derived by considering the second law of thermodynamics.

In order to capture the Mullins effect in swollen rubber, two models available in the

literature are considered: the pseudo-elastic model of Ogden and Roxburgh (1999) and

the two-phase model of Mullins and Tobin (1957) and Qi and Boyce (2004). These two

models are extended to account for the effect of swelling.

3.2.1 Determination of the Flory-Huggins interaction parameter, χ

The Flory-Huggins Interaction parameter χ , is the dimensionless interaction param-

eter describing the interaction between rubber and solvent, i.e. palm biodiesel and diesel.

Following the Flory-Huggins equation from Equation (2.25), these parameters can be

calculated at equilibrium swelling using the following chemical potential equation:

kT
νC0

[
ln
(

1− 1
Je

s

)
+

1
Je

s
+χ

1
(Je

s )
2

]
+(Je

s )
−1/3− (Je

s )
−1 = 0 (3.3)

where k is Boltzmann constant, T is temperature during swelling, ν is the molar volume

of the solvent molecules, Co is the dry shear modulus and Je
s is equilibrium degree of

swelling.
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3.2.2 Hyperelasticity of swollen rubber

3.2.2 (a) Description of the deformation

In the experimental procedure, stress-free dry rubber specimens are immersed in a

solvent to allow isotropic swelling to occur in the material. After a desired degree of

swelling is achieved, the resulting swollen specimens are subjected to various mechanical

loadings. The corresponding procedure is illustrated in Figure 3.7.

V0 Vs V =Vs- -
Fs Fm

(C0) (Cs)
(Ct)

6
F = FmFs

Figure 3.7: Illustration of experimental procedure.

Initially, the rubber specimen is in a dry state at C0 (unswollen-unstrained configura-

tion) having a volume of V0. It undergoes isotropic swelling characterized by the swelling

part of the total deformation gradient F, denoted Fs. Due to swelling, the specimen vol-

ume changes to Vs at Cs (swollen-unstrained configuration). The degree of swelling, Js, is

simply defined by the ratio between the volume of swollen specimen Vs and the volume

of dry specimen V0, i.e.

Js =
Vs

V0
. (3.4)

Consequently, Fs can be written as a function of Js as follow:

Fs = J1/3
s I (3.5)

where I is the identity tensor.

The next stage of deformation consists of imposing a mechanical loading on the

swollen specimen. The corresponding deformation is characterized by the mechanical

part of the deformation gradient tensor, denoted Fm. Here, it is assumed that the swollen
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rubber undergoes deformation at constant volume, i.e. swollen rubber is assumed to be

incompressible. Thus, the kinematic constraint to respect during this stage of deformation

is det Fm=1. In summary, the transformation of material from C0 to Ct (swollen-strained

configuration) can be described by:

F = FmFs = J1/3
s Fm. (3.6)

Noted that the above decomposition is originally proposed by Flory (1961). Thermal

expansion effects can be taking into accouny in a similar way.

3.2.2 (b) Constitutive equations

General stress response In order to describe the stress response, we postulate the exis-

tence of a strain energy function W , defined per unit of volume in C0, which depends on

the degree of swelling Js and on the mechanical part of deformation gradient tensor Fm

as follows:

W = W̃ (F) = Ŵ (Js,Fm) =Ws(Js)+ JsWm(Js,Fm). (3.7)

In this expression, Ws is the strain energy per unit of volume in C0 associated with

isotropic swelling while Wm is the strain energy associated with mechanical loading. It is

to note that Wm is defined per unit of volume in Cs. Moreover, the dependence of Wm on

Js is through material parameters which explicitly depend on the degree of swelling.

For a purely mechanical process, the second law of thermodynamics reduces to:

D = P : Ḟ−Ẇ ≥ 0 (3.8)

where D is the internal dissipation per unit of volume in C0, P is the 1st Piola-Kirchhoff

stress tensor relative to C0 (engineering stress with respect to unswollen-unstrained con-

figuration). For swollen rubber of a given degree of swelling (constant degree of swelling),

the rate of change of the strain energy Ẇ is given by:

Ẇ =
∂Ŵ
∂Js

∣∣∣
Fm

J̇s +
∂Ŵ
∂Fm

∣∣∣
Js

: Ḟm

=
∂Ŵ
∂Fm

∣∣∣
Js

: Ḟm (3.9)
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since J̇s = 0.

In view of Equation (3.6), Ḟm can be related to Ḟ through:

Ḟ =
˙

J1/3
s Fm =

1
3

J−2/3
s J̇sFm + J1/3

s Ḟm. (3.10)

Thus, the internal dissipation becomes:

D =

(
J1/3

s P− ∂Ŵ
∂Fm

∣∣∣
Js

)
: Ḟm = 0. (3.11)

which must be satisfied for all possible values of Ḟm respecting the incompressible con-

straint, i.e. (Holzapfel, 2000):

detFm = 1 ⇔ ˙detFm = 0 ⇔ F-T
m : Ḟm = 0. (3.12)

Considering Equation (3.11) and the right term of Equation (3.12), we deduce:

(
J1/3

s P− ∂Ŵ
∂Fm

∣∣∣
Js

)
= qF-T

m . (3.13)

where q is an arbitrary scalar (Lagrange multiplier) due to incompressibility assumption

which can be determined from the equilibrium equations and appropriate boundary con-

ditions. Hence, we obtain the stress response as follow:

P = qJ−1/3
s F-T

m + J−1/3
s

∂Ŵ
∂Fm

∣∣∣
Js
. (3.14)

Recalling Equation (3.7), the above equation can be recast to:

P = qJ−1/3
s F-T

m + J2/3
s

∂Wm

∂Fm
. (3.15)

The Cauchy stress tensor σ (defined in Ct) is simply given by:

σ = (detF)−1PFT = J−1
s

(
qJ−1/3

s F-T
m + J2/3

s
∂Wm

∂Fm

)
FT

= qJ−1
s I+

∂Wm

∂Fm
FT

m.
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Noting that (Holzapfel, 2000):

∂Wm

∂Fm
FT

m = Fm

(
∂Wm

∂Fm

)T

= 2Fm
∂Wm

∂Cm
FT

m. (3.16)

where Cm = FT
mFm, the Cauchy stress tensor becomes:

σ = qJ−1
s I+2Fm

∂Wm

∂Cm
FT

m. (3.17)

Assuming that swollen rubber is isotropic, we may express Wm(Js,Cm)=Ŵm(Js, I1m, I2m),

where:

I1m = trCm I2m =
1
2
(I1m− trC2

m). (3.18)

Using chain rules, the above expression can be recast to:

σ = qJ−1
s I+2

[(
∂Ŵm

∂ I1m
+ I1m

∂Ŵm

∂ I2m

)
Bm−

∂Ŵm

∂ I2m
B2

m

]
. (3.19)

where Bm = FmFT
m. The 1st Piola-Kirchhoff stress tensor relative to Cs (engineering

stress with respect to swollen-unstrained configuration), P̂, can be obtained from P̂ =

(detFm)σF-T
m , which yields:

P̂ = qJ−1
s F-T

m +2
[(

∂Ŵm

∂ I1m
+ I1m

∂Ŵm

∂ I2m

)
Fm−

∂Ŵm

∂ I2m
FmCm

]
. (3.20)

Finally, recalling that σ = (detF)−1PFT, the tensors P̂ and P are simply related through:

P = J2/3
s P̂. (3.21)

Special case of uniaxial extension Without loss of generality, we focus on the special

case when the swollen rubber is subjected to uniaxial extension along the e1 direction. In

this case, the tensors Fm and Bm are simply given by:

Fm = λm e1⊗e1+λ
−1/2
m (e2⊗ e2 + e3⊗ e3) Bm = λ

2
m e1⊗e1+λ

−1
m (e2⊗ e2 + e3⊗ e3)

(3.22)
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where λm is the mechanical extension ratio defined by the ratio between the length of

swollen-strained rubber with the one of swollen-unstrained rubber. Using boundary con-

dition σ22 = σ33 = 0 to determine q, it can be shown that the non-zero Cauchy stress σ11

reduces to:

σ11 = 2
(

∂Ŵm

∂ I1m
+

1
λm

∂Ŵm

∂ I2m

)(
λ

2
m−

1
λm

)
. (3.23)

Assuming that the swollen rubber obeys the neo-Hookean model, we have:

Ŵm(Js, I1m) =
µ(Js)

2
(I1m−3). (3.24)

where µ= µ(Js) is the shear modulus of swollen rubber. Note that its value explicitly

depends on the degree of swelling Js. In this case, the Cauchy stress becomes:

σ11 = µ(Js)

(
λ

2
m−

1
λm

)
. (3.25)

and the two engineering stresses are:

P11 = µ(Js)

(
λm−

1
λ 2

m

)
P̂11 = J−2/3

s µ(Js)

(
λm−

1
λ 2

m

)
. (3.26)

Remark 2 The dependence of shear modulus on the swelling can be described with a

power-law as follows:

µ(Js) = µ0J−n
s . (3.27)

where µ0 is the shear modulus of dry rubber and n > 0 is a material parameter. In the

case where n=1/3, we recover the classical swelling model of Treloar (1975) in Equation

(2.33). For elastomers swollen by palm biodiesel and conventional diesel fuel, n=2.5, is

experimentally obtained (Chai, Verron, et al., 2013).

Remark 3 For the non-Gaussian network model, Boyce and Arruda (2001) showed that

swelling affects both the shear modulus and the stretch of network chain.
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3.2.3 Hyperelasticity of swollen rubber with damage

3.2.3 (a) Description of the deformation

In this section, we consider the softening phenomenon (Mullins effect) observed in

swollen rubber under cyclic mechanical loading (Chai, Andriyana, et al., 2013). Here,

the softening is considered as irreversible isotropic damage which can be represented by

a scalar internal variable κ . In this case, the general multiplicative decomposition of the

deformation gradient tensor illustrated in Figure 3.7 remains applicable. Nevertheless,

the following points are worth noting:

1. During the transformation from C0 to Ct , rubber undergoes softening of two kinds:

(a) Softening due to isotropic expansion (swelling) of the polymeric network, i.e.

transition from C0 to Ct . This network expansion increases the chain separation

resulting in a reduction of the secondary intermolecular bonding forces. As a

consequence, the material becomes softer.

(b) Softening associated with the Mullins effect under cyclic mechanical loading.

This softening, which occurs during the transition from Cs to Ct , is often re-

garded as essentially being caused by the fillers in rubber matrix (Holzapfel,

2000).

2. Experiments showed that increasing the degree of swelling (i.e. increasing soften-

ing due to swelling) reduces the Mullins softening (Andriyana et al., 2012). While

the precise link between the above two kinds of softening remains unclear, it ap-

pears that swelling softening affects the material capacity to accommodate further

softening under mechanical loading.

3.2.3 (b) Constitutive equations

General stress response To describe the Mullins softening, the expression of strain

energy in Equation (3.7) is extended below:

W = W̃ (F) = Ŵ (Js,κ,Fm) =Ws(Js)+ JsWm(Js,κ,Fm). (3.28)
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Consequently, the internal dissipation in Equation (3.11) becomes:

D =

(
J1/3

s P− ∂Ŵ
∂Fm

∣∣∣
Js,κ

)
: Ḟm−

∂Ŵ
∂κ

∣∣∣
Js,Fm

κ̇ ≥ 0. (3.29)

for a given (constant) degree of swelling. The above inequality must be respected for all

values of Ḟm and κ̇ with a kinematic constraint of det Fm = 1, i.e. incompressibility of

swollen rubber. Following the arguments of (Coleman & Gurtin, 1967), we deduce the

following constitutive relation:

P = qJ−1/3
s F-T

m + J−1/3
s

ˆ∂W
∂Fm

∣∣∣
Js,κ

. (3.30)

which has a similar form as Equation (3.14). Hence, the tensors σ , P̂, P are respectively:

σ = qJ−1
s I+2

[(
∂Ŵm

∂ I1m
+ I1m

∂Ŵm

∂ I2m

)
Bm−

∂Ŵm

∂ I2m
B2

m

]
. (3.31)

P̂ = qJ−1
s F-T

m +2
[(

∂Ŵm

∂ I1m
+ I1m

∂Ŵm

∂ I2m

)
Fm−

∂Ŵm

∂ I2m
FmCm

]
. (3.32)

P = J2/3
s P̂. (3.33)

Remark 4 While Equations (3.31), (3.32) and (3.33) appear to be similar to their coun-

terparts in Equations (3.19), (3.20) and (3.21), it is to note that their final expressions are

actually different since Ŵm in Equations (3.31), (3.32) and (3.33) depends additionally on

the damage variable κ .

Evolution equation The constitutive relation in Equation (3.31) or (3.32) must be com-

plemented by a kinetic relation which describes the evolution of the involved internal vari-

able κ . The corresponding evolution equation has to be consistent with the non-negativity

of the internal dissipation. To this end, we consider now the remaining term in inequality
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(3.29) as follow:

D = Aκ κ̇ ≥ 0 where Aκ =−∂Ŵ
∂κ

∣∣∣
Js,Fm

=−Js
∂Ŵm

∂κ

∣∣∣
Js,Fm

. (3.34)

In the above expression, Aκ is the thermodynamic force associated with the damage vari-

able κ . Depending on the nature of the variable κ , different evolutions of κ̇ can be

adopted provided that they respect inequality (3.34). For instance, the simplest sufficient

condition to fulfil the above inequality is:

κ̇ =
1

τ(Js)
Aκ (3.35)

where τ = τ(Js)> 0 is a material parameter.

To propose any form of constitutive model for Mullins effect in swollen rubber, the

above inequality must be respected during deformation. Next, the form of strain energy

function Ŵm and how the evolution rule κ̇ describing the Mullins effect evolves in swollen

rubber are specified for the pseudo-elastic and two-phase models in Section 3.2.4 and

3.2.5 respectively.

3.2.4 Pseudo-elastic model for the Mullins effect

3.2.4 (a) Brief recall on the pseudo-elastic model for the Mullins effect in dry elastomers

The basic assumption used in the pseudo-elastic model is the description of the ma-

terials response by the introduction of an additional continuous scalar parameter κpe into

the classical hyperelastic strain energy function of a dry incompressible materials as fol-

lows (Ogden & Roxburgh, 1999):

Ŵ = Ŵ (I1, I2,κpe) . (3.36)

Due to the nature of κpe, the authors regarded Ŵ as the pseudo-energy function and the

ensuing constitutive theory as pseudo-elasticity.

In the context of rubber where the Mullins effect is considered as a damage phe-

nomenon, the parameter κpe can be related to the damage in the materials. The authors

assumed that during loading to a new maximum deformation state, the damage stays zero.
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In this case, κpe = 1 and the material response follows the classical undamaged (virgin)

hyperelastic response. During unloading and subsequent reloading to submaximal defor-

mation, κpe evolves and its value depends on the current deformation state. In this case,

the material response is described by another energy function as follows:

Ŵ = Ŵ (I1, I2,κpe (I1, I2)) = κpe (I1, I2) ·W (I1, I2) . (3.37)

Using W as a measure of deformation state, the authors showed that the parameter

κpe is given by:

κpe = 1−d where d =
1
r

erf
[

1
m
(Wmax−W (I1, I2))

]
. (3.38)

In the above expression, d is the damage function. r and m are material parameters. r

corresponds to a measure of the extent of the damage relative to the virgin state while m

controls the dependence of the damage on the extent of deformation. Wmax is the value

of W at the maximum deformation state ever experienced during the loading history. For

our purpose, which is detailed in Section 5.3.1 in Chapter 5, the role of parameters r and

m is investigated by plotting d for various values of r and m as depicted in Figures 3.8

and 3.9.
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Figure 3.8: Evolution of d as a function of Wmax−W for m = 1 and different values of r.

Figure 3.9: Evolution of d as a function of Wmax−W for r = 1 and different values of m.

It is observed that m dictates the initial slope of d while r simply scales the curve

vertically to higher or lower value. More precisely, the initial slope of d is an increasing
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function of 1
m (decreasing function of m) and the maximum value of d is an increasing

function of 1
r (decreasing function of r).

3.2.4 (b) Extension of the pseudo-elastic model to Mullins effect in swollen elastomers

In the case of swollen rubbers, the parameters r and m depend on the degree of

swelling Js and the nature of interaction between rubber and solvent χ . In order to in-

vestigate the dependence of r and m on the swelling using experimental data, the damage

function d in Equation (3.38) is phenomenologically modified and extended as follow:

d = d (Js,χ, I1m, max− I1m) =
1

r (Js,χ)
erf
[

1
m(Js,χ)

(I1m, max− I1m)

]
. (3.39)

In this expression, χ is the dimensionless interaction parameter describing the interaction

between rubber and solvents, i.e. palm biodiesel and diesel. Note that W has been re-

placed by I1m = trBm as the measure of deformation state where trBm = FmFT
m. I1m, max

is the value of I1m at the maximum deformation state ever experienced during the loading

history. In this framework, during unloading and subsequent reloading to submaximal

deformation, the Cauchy stress tensor in Equation (3.31) becomes:

σ = qJ−1
s I+2(1−d)

[(
∂Ŵm

∂ I1m
+ I1m

∂Ŵm

∂ I2m

)
Bm−

∂Ŵm

∂ I2m
B2

m

]
. (3.40)

where

Ŵm ≡ Ŵm-pe(Js,κpe, I1m, I2m). (3.41)

The choice of Ŵm and the proposed explicit forms of r (Js,χ) and m(Js,χ) are discussed

in Section 5.3.1 in Chapter 5.

3.2.4 (c) Special case of uniaxial compression

For our purpose, we focus attention on the case of swollen elastomers under uniaxial

compression. In this case, the deformation gradient tensor reduces to:

Fm = λm e1⊗ e1 +
1√
λm

(e2⊗ e2 + e3⊗ e3) (3.42)
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where λm is the stretch relative to the swollen-unstrained state of elastomeric specimens.

Applying boundary conditions σ22 = σ33 = 0 to determine q, the Cauchy stress along

direction of compression is given by:

σ11 = 2(1−d)

(
∂Ŵmpe

∂ I1m
+

1
λm

∂Ŵmpe

∂ I2m

)(
λ

2
m−

1
λm

)
. (3.43)

and the corresponding first Piola-Kirchhoff (engineering) stress relative to the swollen-

unstrained area is

P̂11 = 2(1−d)

(
∂Ŵmpe

∂ I1m
+

1
λm

∂Ŵmpe

∂ I2m

)(
λm−

1
λ 2

m

)
. (3.44)

3.2.5 Two-phase model for the Mullins effect

3.2.5 (a) Brief recall on the two-phase model for Mullins effect in dry elastomers

The two-phase model for Mullins effect in dry elastomer developed by Qi and Boyce

(2004) is based on the model using a strain amplification factor X proposed by Mullins

and Tobin (1957) for the uniaxial stress-strain response of elastomers to capture the effects

of rigid filler particles. Mullins and Tobin (1957) described filled-rubber as a two-phase

system containing a hard and a soft phase. The strain is sustained only by the soft phase of

which the percentage increases with the maximum stretch applied to the material. The au-

thors suggested that the irreversible conversion from hard phase to soft phase is the origin

of the softening observed in rubber under cyclic loading. Since the strain is sustained by

the soft phase, the local strain in the soft phase is amplified with the strain amplification

factor X , given as:

X =
λ̂ −1

ε
. (3.45)

where λ̂ is the amplified extension ratio of the rubber matrix while ε is the macroscopic

(average) strain. It is clearly shown in Equation (3.45) that in the Mullins-Tobin model,

the strain amplification factor amplifies the uniaxial stretch. This concept has been ex-

tended by Bergström and Boyce (1999) to amplify the first invariant of the stretch:

X =
Î1−3
I1−3

. (3.46)
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where Î1 is the amplified I1 in the rubber matrix, and I1 is the overall macroscopic I1 of

the material.

For incompressible isotropic dry rubber undergoing stress-softening due to the Mullins

effect, the strain energy function corresponding to the soft phase has the form:

W ≡ W̃ (Ī1, Ī2,X (υs) ,υs) =W (I1, I2,υs) . (3.47)

where υs is the effective volume fraction of the soft phase, Ī1 and Ī2 are the amplified first

and second invariants in the soft phase respectively. They are related to the macroscopic

(average) invariants I1 and I2 as follows (Bergström & Boyce, 1999):

Ī1 = X (I1−3)+3 Ī2 = X (I2−3)+3 (3.48)

where X is the amplification factor which depends on υs. Here, it is to note that the

amplification factor of I2 is assumed to be the same as that of I1.

Following Qi and Boyce (2004), the amplification factor, X is given in a general

polynomial form of:

X = 1+3.5υ f +18υ
2
f . (3.49)

where υ f is the volume fraction of hard phase in the two-phase model. Since υ f = 1−υs,

we have X = 1+3.5(1−υs)+18(1−υs)
2.

The Cauchy stress tensor in Equation (2.16) is now modified for the two-phase model

for Mullins effect in dry rubber as:

σ =−pI+2
[

∂W (I1, I2,υs)

∂ I1
+ I1

∂W (I1, I2,υs)

∂ I2

]
B−2

∂W (I1, I2,υs)

∂ I2
B2. (3.50)

and the dissipation due to irreversible conversion of hard phase to soft phase is:

−∂W
∂υs

υ̇s ≥ 0. (3.51)

Qi and Boyce (2004) assume that the rate change of the soft phase follow a modified

saturation law as follows:

υ̇s = A(υss−υs)λ̇
max
chain. (3.52)
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where A is a parameter that characterizes the evolution in υs with increasing λ̇ max
chain, the

maximum amplified local chain stretch in the deformation history and υss is the saturation

value of υs. To capture the observed dependence of softening rate on stretch, Equation

(3.52) is then modified:

υ̇s = A(υss−υs)

√
N−1(√

N−λ max
chain

)2 λ̇
max
chain (3.53a)

λ̇
max
chain =


0 if λch,sp < λ max

chain

λ̇ max
chain if λchain = λ max

chain.

(3.53b)

where
√

N is the locking stretch of a molecule chain.

3.2.5 (b) Extension of the two-phase model to Mullins effect in swollen elastomers

In the case of swollen rubbers, in addition to the dependence on the effective volume

fraction of soft phase υs, the strain energy density Ŵm also depends on the degree of

swelling Js. In this framework, during loading and unloading, the Cauchy stress tensor in

Equation (3.31) becomes:

σ = qJ−1
s I+2

[(
∂Ŵm

∂ I1m
+ I1m

∂Ŵm

∂ I2m

)
Bm−

∂Ŵm

∂ I2m
B2

m

]
. (3.54)

where

Ŵm ≡Wm-2p(Js,υs, I1m, I2m). (3.55)

and the remaining dissipation reduces to:

−
∂Ŵm-2p

∂υs

∣∣∣
Js,I1m,I2m

υ̇s ≥ 0. (3.56)

The choice of Ŵm and the evolution rule υ̇s describing the increase of soft phase with

deformation are specified in the Section 5.4.1.
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3.2.5 (c) Special case of uniaxial compression

For our purpose, we focus attention on the case of swollen elastomers under uniaxial

compression. In this case, the deformation gradient tensor reduces to:

Fm = λm e1⊗ e1 +
1√
λm

(e2⊗ e2 + e3⊗ e3) (3.57)

where λ is the stretch relative to the swollen-unstrained state of elastomeric specimens.

Applying boundary conditions σ22 = σ33 = 0 to determine p, the Cauchy stress along

direction of compression is given by:

σ11 = 2

(
∂Ŵm2p

∂ I1m
+

1
λm

∂Ŵm2p

∂ I2m

)(
λ

2
m−

1
λm

)
. (3.58)

and the corresponding first Piola-Kirchhoff (engineering) stress relative to the swollen-

unstrained area is

P̂11 = 2

(
∂Ŵm2p

∂ I1m
+

1
λm

∂Ŵm2p

∂ I2m

)(
λm−

1
λ 2

m

)
. (3.59)
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

This chapter presents the experimental results obtained from the experimental works dis-

cussed in the previous chapter. Discussions are drawn from the results obtained from both

the swelling test and mechanical test for the stress-free and uniaxially-stressed swollen

rubbers.

4.1 Results of swelling tests on stress-free specimens

4.1.1 Mass and volume changes

The variation of mass change and volume change of dry and swollen NBR and CR

as a function of immersion duration are shown in Figures 4.1 and 4.2.

Figure 4.1: Mass change exhibited by NBR and CR after stress-free immersion in diesel

and palm biodiesel at different immersion durations.
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Figure 4.2: Volume change exhibited by NBR and CR after stress-free immersion in

diesel and palm biodiesel at different immersion durations.

It can be seen that both graphs show similar trends. The swelling of NBR and CR

increases when the exposure time (immersion duration) is increased from 2 to 30 days.

For rubbers immersed in B0, it appears that equilibrium swelling has been achieved after

30 days of immersion. This is shown by relatively small increase in the mass and volume

change between 20 and 30 days of immersion. In general, the fuel uptake is relatively

fast at the initial stage, especially for rubber immersed in biodiesel due to great affinity

in rubber for oil uptake (Mostafa et al., 2009). The rate of swelling, either expressed in

terms of mass change or volume change, appears to be high at short exposure time before

decreasing at longer exposure time. Accelerated swelling is initiated with absorption of

liquids when the liquids dissolve on the surface layer of the rubber (adsorption) up to

a certain concentration. Subsequently, the liquids penetrate slowly into the rubber by

diffusion until the rubber specimen achieves equilibrium swelling (Gent, 1992).

From Figures 4.1 and 4.2, it is obvious that the swelling of CR is higher than NBR.

This is because CR is made from emulsion polymerization of 2-chloro-1, 3-butadiene

and NBR is emulsion copolymer of acrylonitrile and butadiene (Dick, 2001). The bulky

substituent in NBR increases the rigidity of the polymer backbone and decreases the
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free volume available for biodiesel diffusion (George & Thomas, 2001). In addition, the

swelling of rubber is by the principle of "like dissolve like" - polar solvent are more likely

to dissolve polar substances and non-polar substances are more likely to dissolve in non-

polar solvent (Zhang & Cloud, 2007). The high polarity of ester in palm biodiesel favors

the forming of polymer-solvent interaction in CR resulting in the increase of swelling in

CR (Pekcan & Uğur, 2002). Similar results were found by Haseeb et al. (2011).

4.1.2 Mechanical response

The stress-strain response of dry and swollen rubbers (after immersion in B0 and

B100 for the maximum immersion duration (30 days)) under cyclic compressive loading

is presented in Figures 4.3 and 4.4. Generally, it is observed that the nature of stress-strain

curves is preserved. However, for a given strain, lower stresses are recorded for swollen

rubbers. CR and NBR swollen by B100 show lower stress levels than the rubbers swollen

by B0. The significant decrease of stress in CR after immersion in B100 can be related

to the high swelling level due to the strong interaction of rubber-solvent matrix system

(George et al., 1999). Both dry and swollen rubbers exhibit inelastic responses such as

stress-softening and hysteresis. The stress-softening disappears after around five loading

cycles while the hysteresis stabilizes after five loading cycles. Moreover, it is to be noted

that for both NBR and CR, the inelastic responses appear to be significantly smaller in

the case of swollen rubbers.
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Figure 4.3: Stress-strain curves of NBR at dry (without immersion) and swollen states

(after 30 days immersion in B0 and B100). For immersed rubbers, the stress is expressed

with respect to the swollen-unstrained configuration (initial swollen cross section).

Figure 4.4: Stress-strain curves of CR at dry (without immersion) and swollen states (after

30 days immersion in B0 and B100). For immersed rubbers, the stress is expressed with

respect to the swollen-unstrained configuration (initial swollen cross section).
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To highlight the effect of degree of swelling resulting from different immersion du-

rations and different fuel, the mechanical response of NBR and CR specimens during the

first cyclic loading are depicted in Figures 4.5 to 4.8. In these figures, the stress is defined

with respect to the swollen-unstrained configuration (initial swollen cross section). For

each material and each tested fuel, stress-strain curves of dry rubber and swollen rubbers

(corresponding to 5, 10, 20 and 30 days immersion durations) are presented. The figure

suggests that generally, the inelastic responses in both NBR and CR, i.e. hysteresis, ap-

pears to be smaller when the degree of swelling is higher. In the next subsections, further

discussions on the nature of swelling and the inelastic responses such as stress-softening,

hysteresis and stress relaxation are presented.

Figure 4.5: Stress-strain curves of NBR at dry states (without immersion) and after 2, 5,

10, 20 and 30 days immersion in B0. For immersed rubbers, the stress is expressed with

respect to the swollen-unstrained configuration (initial swollen cross section).
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Figure 4.6: Stress-strain curves of CR at dry states (without immersion) and after 2, 5,

10, 20 and 30 days immersion in B0. For immersed rubbers, the stress is expressed with

respect to the swollen-unstrained configuration (initial swollen cross section).

Figure 4.7: Stress-strain curves of NBR at dry states (without immersion) and after 2, 5,

10, 20 and 30 days immersion in B100. For immersed rubbers, the stress is expressed

with respect to the swollen-unstrained configuration (initial swollen cross section).
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Figure 4.8: Stress-strain curves of CR at dry states (without immersion) and after 2, 5, 10,

20 and 30 days immersion in B100. For immersed rubbers, the stress is expressed with

respect to the swollen-unstrained configuration (initial swollen cross section).

4.1.2 (a) Nature of swelling

According to Treloar’s theory (Treloar, 1975), swelling in rubber is purely a mixing

or diffusion process with no chemical attraction between rubber and liquid molecules.

Furthermore, the only effect of swelling is to reduce the modulus in inverse proportion to

the cube root of the swelling ratio without changing the form of the stress-strain curves,

i.e.,
G
Go

= υ2
1/3 (4.1)

where G and Go are the shear modulus in swollen and dry state respectively, and υ2 is the

volume fraction of rubber in the mixture of rubber and liquid. It is related to the change

of volume in rubber, ∆V due to the presence of liquids via the following equation:

υ2 =
1

1+∆V
(4.2)

Next, the nature of swelling experienced by NBR and CR due to the presence of biodiesel

is investigated, i.e. we examine whether it follows swelling in the sense of Treloar (1975)
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mentioned previously. For this purpose, the values of G and Go are required. Unlike

rubber materials considered in Treloar (1975) which follow the neo-Hookean hyperelastic

response, our materials exhibit strong inelastic responses as clearly depicted in Figures

4.3 and 4.4. For this reason, the following methods are used for the determination of the

shear modulus ratio:

1. Method 1 (M-1): The shear modulus ratio is calculated via cube root of the swelling

ratio as predicted by Treloar (Eq. (4.1)).

2. Method 2 (M-2): G and Go are identified by fitting the first uploading stress re-

sponse of swollen and dry rubbers respectively. In both rubbers, the first uploading

stress response is assumed to follow a simple neo-Hookean hyperelastic model.

3. Method 3 (M-3): The shear modulus ratio is calculated by dividing the first upload-

ing stress response of swollen rubber with the one that corresponds to dry rubber.

Thereby allowing the observation of possible strain-dependent shear modulus ratio.

4. Method 4 (M-4): G and Go are identified by fitting the estimated equilibrium stress

response of swollen and dry rubbers respectively. Following Bergström and Boyce

(1998), the equilibrium stress response is given by the imaginary curve lines be-

tween the uploading and unloading of the sixth cycle, i.e. after the stress-softening

effect is removed. Here, the equilibrium response is also assumed to follow a sim-

ple neo-Hookean hyperelastic model.

5. Method 5 (M-5): The shear modulus ratio is calculated by dividing the estimated

equilibrium stress response of swollen rubber with the one that corresponds to dry

rubber. Similarly to M-3, this method also allows the observation of possible strain-

dependent shear modulus ratio.

The five methods above are compared. In Figures 4.9 to 4.12, shear modulus ratio

obtained using M-1, M-2 and M-3 methods are plotted as a function of applied compres-

sive strain for NBR and CR immersed in B0 and B100 respectively. In each graph, results

that correspond to 2, 10 and 30 days of stress-free immersion are presented. Similarly, in

Figures 4.13 to 4.16, shear modulus ratios are plotted, but this time using M-1, M-4 and

M-5 methods.
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Figure 4.9: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for NBR after immersion in B0. Results correspond to 2,

10 and 30 days of stress-free immersion.

Figure 4.10: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for CR after immersion in B0. Results correspond to 2, 10

and 30 days of stress-free immersion.
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Figure 4.11: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for NBR after immersion in B100. Results correspond to 2,

10 and 30 days of stress-free immersion.

Figure 4.12: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for CR after immersion in B100. Results correspond to 2,

10 and 30 days of stress-free immersion.
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Figure 4.13: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for NBR after immersion in B0. Results correspond to 2,

10 and 30 days of stress-free immersion.

Figure 4.14: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for CR after immersion in B0. Results correspond to 2, 10

and 30 days of stress-free immersion.
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Figure 4.15: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for NBR after immersion in B100. Results correspond to 2,

10 and 30 days of stress-free immersion.

Figure 4.16: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for CR after immersion in B100. Results correspond to 2,

10 and 30 days of stress-free immersion.
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In general, as depicted in Figures 4.9 to 4.16, it is found that the shear modulus ra-

tio deviates from the cube root of the swelling ratio as predicted by Treloar, i.e. results

obtained using M-2, M-3, M-4 and M-5 methods are different from those issued from

M-1. Regardless of the type of rubber and the method considered, the deviation from

Treloar theory in the shear modulus ratio resulting from immersion in B100 is systemati-

cally larger than the one resulting from immersion in B0. This observation suggests that

a stronger interaction occurs between rubbers and B100 than between rubbers and B0.

Increasing the duration of immersion from 2 to 30 days also increases the corresponding

deviation. Finally, it is found that the shear modulus ratios calculated using the estimated

equilibrium stress response, i.e. M-4 and M-5, appear to give closer values to the one

predicted by Treloar than using the first uploading stress response, i.e. M-2 and M-3.

The deviation from Treloar theory can be attributed to the fact that Treloar assumes

rubber networks to follow a hyperelastic Gaussian statistical model. In our case, as clearly

shown in Figures 4.3 and 4.4, our materials exhibit a strong inelastic response. Hence, the

use of the hyperelastic assumption becomes questionable. Furthermore, unlike the Treloar

theory, the swelling phenomenon in NBR and CR due to the presence of biodiesel might

also involve a strong chemical interaction between rubbers and biodiesel (Haseeb et al.,

2011). However, this statement cannot be fully verified in the present study.

4.1.2 (b) Stress drop and stress-softening

It is observed that swollen elastomers exhibit stress-softening which disappears after

around five cycles of loading (see Figures 4.3 and 4.4). In the following, only stress-

softening occurring between the first uploading and second uploading is considered.

Before proceeding further with the evolution of stress-softening in swollen rubbers

under cyclic loading, it is important to recall the difference between the stress decrease

associated with the decrease in strength of rubber with that associated with the stress-

softening. In the former, the idea is to compare the stress level during the first uploading

between dry rubber and swollen rubber while the latter compares the stress level during

the first uploading and the second uploading in one rubber (either dry or swollen). To

characterize the former and the latter, we use the terms stress drop and stress-softening

respectively defined by (see Figure 4.17):
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Figure 4.17: Illustration of two first cycles stress-strain curve of previously non immersed

(dry) and immersed (swollen) rubbers under cyclic loading.

Stress drop =
Pup

d1 −Pup
s1

Pup
d1

(4.3)

Stress softening (dry) =
Pup

d1 −Pup
d2

Pup
d1

; Stress softening (swollen) =
Pup

s1 −Pup
s2

Pup
s1

(4.4)

where Pup
d1 is the stress in dry rubber during uploading of the first cycle, Pup

d2 is the stress in

dry rubber during uploading of the second cycle, Pup
s1 is the stress in swollen rubber during

uploading of the first cycle and Pup
s2 is the stress in swollen rubber during uploading of the

second cycle. In the next paragraph, the effect of swelling on the evolution of stress drop

and stress-softening is discussed.

Remark 5 It is important to remember that for the calculation of "stress drop", the

stresses Pup
d1 and Pup

s1 have to be defined in the same configuration, e.g. unswollen-

unstrained configuration.

The stress drops exhibited by NBR and CR after immersion in B0 and B100, respec-

tively, for 2, 5, 10, 20 and 30 days are shown in Figures 4.18 - 4.21. Note that, the stress

drop in dry (non-immersed) rubbers is zero by definition.
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Figure 4.18: Stress drop in NBR previously immersed in B0. Results correspond to 2, 5,

10, 20 and 30 days of immersion duration.

Figure 4.19: Stress drop in CR previously immersed in B0. Results correspond to 2, 5,

10, 20 and 30 days of immersion duration.
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Figure 4.20: Stress drop in NBR previously immersed in B100. Results correspond to 2,

5, 10, 20 and 30 days of immersion duration.

Figure 4.21: Stress drop in CR previously immersed in B100. Results correspond to 2, 5,

10, 20 and 30 days of immersion duration.
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As depicted in these figures, both NBR and CR experience stress drop in the presence

of liquid, either in diesel (B0) or biodiesel (B100). The stress drop appears to decrease

linearly with the applied compressive strain in the range of 10% - 40% for NBR and CR

immersed in B0 and 5% - 40% for NBR and CR immersed in B100 respectively. For given

immersion duration, stress drop in CR after immersion (either in B0 or B100) is higher

than that in NBR. As underlined by George et al. (1999), the high degree of swelling

experienced by CR as shown in Figures 4.1 and 4.2 appears to contribute significantly to

the decrease of its strength.

Concerning the stress-softening, it is observed that the stress-softening decreases

as the strain level approaches the maximum strain previously endured by the material

as classically observed in rubber under cyclic loading conditions (Diani et al., 2009).

Unlike the stress drop, an opposite trend is found in stress-softening, i.e. the presence

of liquids (swelling) decreases the stress-softening as can be seen in Figures 4.22 - 4.25.

While in the case of NBR after immersion in B0 and B100, this trend is easily observed,

in the case of CR it is less noticeable. Indeed, for relatively low compressive strains,

discrepancies are found in CR previously immersed in B100 during 5, 10 and 20 days.

While the exact reason of these discrepancies is not known, it could be attributed to the

fact that at low compressive strain, the stress Pup
s1 is so small that the corresponding level

of stress-softening cannot be correctly described by Equation (4.4)2.

79



Figure 4.22: Stress-softening in NBR previously immersed in B0. Results correspond to

2, 5, 10, 20 and 30 days of immersion duration.

Figure 4.23: Stress-softening in CR previously immersed in B0. Results correspond to 2,

5, 10, 20 and 30 days of immersion duration.
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Figure 4.24: Stress-softening in NBR previously immersed in B100. Results correspond

to 2, 5, 10, 20 and 30 days of immersion duration.

Figure 4.25: Stress-softening in CR previously immersed in B100. Results correspond to

2, 5, 10, 20 and 30 days of immersion duration.
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4.1.2 (c) Hysteresis

The hysteresis in our materials is found to stabilize after five cycles of loading (see

Figures 4.3 and 4.4). In order to investigate the effect of swelling on hysteresis of elas-

tomers, the amount of hysteresis loss ratio at different immersion durations and different

tested fuel is investigated.

Following Bergström and Boyce (1998), the hysteresis loss ratio is calculated from

the stabilized hysteresis (after the fifth cycle). In the following, the hysteresis loss ratio is

defined by:

Hysteresis loss ratio =
H5

Es
(4.5)

where H5 is the amount of hysteresis (dissipated energy, given by the difference of the area

under the uploading and the unloading path of stress-strain curve) and Es is the supplied

energy during uploading (given by the area under the uploading path of the stress-strain

curve) as depicted in Figure 4.26.

Figure 4.26: Definition of hysteresis loss ratio.

Figure 4.27 depicts the hysteresis loss ratio in NBR and CR after immersion in B0

and B100 for different immersion durations. The plot clearly indicates that for both NBR
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and CR the hysteresis loss ratio decreases when the immersion duration increases, i.e.

when swelling increases. The change in hysteresis loss ratio is the least in NBR swollen

by B0, only decreased by 16% after 30 days immersion. Initially at dry state, CR has

higher hysteresis loss ratio. As swelling occurs, the hysteresis loss ratio in CR decreases

significantly and becomes consistently lower than that of NBR. Indeed, when the immer-

sion duration is increased to 30 days, the hysteresis loss ratio in CR swollen by B100

decreases by 84% from 0.278 (dry state) to as low as to 0.045 (swollen state). In the

case of NBR in B100, the hysteresis loss ratio decreases by 66% from 0.236 (dry state) to

0.081 (swollen state). These results highlight the decrease of viscous effect in elastomers

as degree of swelling increases. Note that in the context of fatigue, Cho et al. (2000)

attributes the increase of fatigue crack growth in swollen rubbers (decrease in fatigue life)

to the decrease of hysteresis.

Figure 4.27: Hysteresis loss ratio in NBR and CR under cyclic compressive loading at

40% maximum strain. Results correspond to 2, 5, 10, 20 and 30 days of immersion

duration in B0 and B100 respectively.
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4.1.2 (d) Stress-relaxation

The effect of the biodiesel diffusion on the time-dependent behavior of the elas-

tomeric materials can be probed with experiments illustrated in the inset of Figure 4.28.

Figure 4.28: Engineering stress-strain response of dry NBR under multi step relaxation

test at 0.1 mms−1 displacement rate.

In this experiment, after the specimen was pre-conditioned with six cycles of com-

pressive loading to a maximum compressive strain level of 40%, the multi-relaxation tests

at strain levels of 10, 20 and 30% were conducted during the uploading and unloading.

Similar tests were conducted for dry elastomers by Lion (1997) and Bergström and Boyce

(1998) among others. It is observed that the compressive stress decreases during the relax-

ations in the uploading and increases during the relaxations in the unloading approaching

what appears to be an equilibrium state (Bergström & Boyce, 1998) as depicted in Figure

4.28.

Further investigation of the stress relaxation is presented in Figures 4.29 to 4.32

where the normalized stress is plotted as a function of relaxation duration for different

immersion durations.
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Figure 4.29: Stress relaxation of NBR under compressive strain levels of 30% during

1800 s. Results correspond to 2, 5, 10, 20 and 30 days of immersion in B0.

Figure 4.30: Stress relaxation CR under compressive strain levels of 30% during 1800 s.

Results correspond to 2, 5, 10, 20 and 30 days of immersion in B0.
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Figure 4.31: Stress relaxation of NBR under compressive strain levels of 30% during

1800 s. Results correspond to 2, 5, 10, 20 and 30 days of immersion in B100.

Figure 4.32: Stress relaxation of CR under compressive strain levels of 30% during 1800

s. Results correspond to 2, 5, 10, 20 and 30 days of immersion in B100.
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In these figures, the normalized stress is defined by the ratio between the value of

stress during relaxation at specific time, σ(t) and the maximum stress achieved at the be-

ginning of the corresponding relaxation, σo. Only stress relaxation at strain level of 30%

during uploading is presented, since the stress relaxation at other strain levels give quali-

tatively similar results. As clearly shown, the graphs in Figures 4.29 to 4.32 show similar

trends. The presence of liquids (swelling) appears to render the material under loading

to become closer to the equilibrium state, i.e. the viscous (time-dependent) contribution

to the macroscopic mechanical response of material becomes smaller which is consistent

with the results of the hysteresis discussed in the previous subsection. Indeed, after 1800

s of relaxation, the stress decreases by the amount of 16% for dry NBR and by 6% when

the specimen is immersed in B100 for 30 days. While for CR, the stress only decreases

by 3% after immersion for 30 days whereas the stress in dry CR decreased by 17% after

1800 s of relaxation. In the case of NBR after 30 days of immersion in B0, the stress de-

cays the most, to 11% showing that the viscous effect in the rubber is still preserved. As

emphasized by Radhakrishnan Nair (1997); Wypych (2004), the palm biodiesel appears

to act as lubricant facilitating movement of the polymer chain segments. The distances

between the molecules become lesser (physical bonds become weaker).

4.1.3 SEM results

Figure 4.33 shows the micrographs of the cross sectional surface of the dry and

swollen elastomers after immersion in B0 and B100 for 5 days and 30 days, respectively.

The cross sectional surface of swollen CR shows larger voids than swollen NBR and dry

CR and NBR.

NBR in diesel shows an insignificant effect compared to those in B100. Larger voids

were found in NBR and CR after swollen in biodiesel. As pointed out by Ismail, Nordin,

and Noor (2002), weak filler-matrix interaction is indicated by the presence of many

holes or loose fillers on the cross-sectional surface as shown by swollen CR in B100.

On the other hand, the void formation could be the result of the introduction of polar

oxygen groups into elastomers or cross-linking or macromolecule chain scission (Haseeb

et al., 2010). The microstructural changes can be attributed to the increasing surface

energy, subsequently leading to localized decreases or increases in density, which will
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cause the creation of voids, cracks or pits. In addition, freezing a large amount of stress

energy in the polymer can cause crack formation in the rubber (Miller-Chou & Koenig,

2003). According to Ueberreiter (1968), elastomer can be dissolved in solvent either by

exhibiting a thick swollen layer or by undergoing extensive cracking, depending on the

osmotic pressure stress release rate that builds up in the polymer matrix. In other words,

elastomers that exhibit more swelling or cracking tend to dissolve during immersion.

Therefore, nitrile rubber and polychloroprene show more cracks and voids in B100 than

in B0 due to higher solubility in palm biodiesel.
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Figure 4.33: SEM images of the cross sectional surface of the dry and swollen elastomers

after immersed in B0 and B100 for 5 and 30 days respectively, X500.
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4.2 Results of swelling tests on uniaxially-stressed specimens

4.2.1 Mass and volume changes

To determine the effect of static mechanical loading on swelling behavior of NBR

and CR specimens, the swelling test is conducted by initially constrained the specimens

at different compressive strains using a compression device and subsequently immersing

into different biodiesel blends for 30 and 90 days. Figures 4.34 to 4.41 show the per-

centage of mass change and volume change of NBR and CR with different compressive

strains (2%, 10% and 20%) after immersion in different biodiesel blends (B0, B25, B75

and B100) for 30 and 90 days respectively.

Figure 4.34: Mass change of NBR at different compressive strains after 30 days immer-

sion in different percentage of biodiesel blends.
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Figure 4.35: Volume change of NBR at different compressive strains after 30 days im-

mersion in different percentage of biodiesel blends.

Figure 4.36: Mass change of NBR at different compressive strains after 90 days immer-

sion in different percentage of biodiesel blends.
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Figure 4.37: Volume change of NBR at different compressive strains after 90 days im-

mersion in different percentage of biodiesel blends.

Figure 4.38: Mass change of CR at different compressive strains after 30 days immersion

in different percentage of biodiesel blends.
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Figure 4.39: Volume change of CR at different compressive strains after 30 days immer-

sion in different percentage of biodiesel blends.

Figure 4.40: Mass change of CR at different compressive strains after 90 days immersion

in different percentage of biodiesel blends.
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Figure 4.41: Volume change of CR at different compressive strains after 90 days immer-

sion in different percentage of biodiesel blends.

All the plots show similar patterns. Both NBR and CR show increases in mass and

volume change when the exposure time is increased from 30 to 90 days. The percentage

of fuel uptake is increasing with the increase of palm biodiesel content. It is clear that for

low biodiesel content (B0 and B25) no significant fuel uptake (less than 10% mass and

volume change) is recorded for NBR. At higher percentage of biodiesel content (B100),

both NBR and CR show significant mass and volume change. The corresponding trend

can be attributed to the segmental mobility of the polymer and free volume of the polymer

(George & Thomas, 2001).

Generally, it is also observed that the fuel uptake is affected by the level of pre-

compression. The increase of pre-compressive strain has restricted the fuel uptake into

the elastomeric material, i.e. the compressive stress appears to reduce the amount of

swelling compared to that for stress-free rubber. As the compressive strain increases, the

effective area for diffusion to occur along the radial direction in hollow cylindrical rubber

specimens becomes smaller. Hence, the resulting swelling is lower. Furthermore, the

reduction in swelling of rubber is affected by the hydrostatic component of the applied

94



stress (Treloar, 1975; Fukumori et al., 1990). According to the authors, a compressive

stress, for which the hydrostatic components is positive, leads to a decrease in the swelling

of rubber. In the next subsection, only results that correspond to 2% pre-compressive

strain are presented since the pre-compressive strain of 2% yields the highest degree of

swelling.

4.2.2 Mechanical response

The stress-strain curves of dry and swollen NBR and CR under cyclic compressive

loading at two different maximum compressive strains are illustrated in Figures 4.42 and

4.43. For each maximum compressive strain, the specimen experiences six cycles of

loading. It is shown that there is not much difference in the nature of stress-strain behav-

ior after immersion. However, lower stress is recorded for CR after 90 days immersion

given the same pre-compressive strain. The corresponding behavior can be related to the

swelling in the CR which decreases its strength due to strong interaction of rubber-solvent

matrix system (George et al., 1999).

Under cyclic loading conditions, both dry NBR and CR exhibit significant inelastic

responses, i.e. mechanical hysteresis and stress-softening. Though a number of works

are devoted to the understanding of this stress-softening, no general agreement has been

reached either on the physical source or on the mechanical modeling of this softening

at the microscopic or meso-scopic scales (Diani et al., 2009). Similar to the observa-

tion from stress-free swollen specimens, when uniaxially-stressed NBR and CR are in

swollen state, the above inelastic responses decrease significantly, i.e. smaller hysteresis

and stress-softening are observed. The following paragraphs focus only on stress re-

sponses that correspond to maximum cyclic compressive strain of 30% since the data at

larger strain shows similar trend.
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Figure 4.42: Stress-strain curves of NBR at dry states (without immersion) and after 30

days (1M) and 90 days (3M) immersion in B100. Results correspond to pre-compressive

strain of 2%. For immersed rubbers, the stress is expressed with respect to the swollen-

unstrained configuration (initial swollen cross section).

Figure 4.43: Stress-strain curves of CR at dry states (without immersion) and after 30

days (1M) and 90 days (3M) immersion in B100. Results correspond to pre-compressive

strain of 2%. For immersed rubbers, the stress is expressed with respect to the swollen-

unstrained configuration (initial swollen cross section).
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4.2.2 (a) Nature of swelling

Following the methods used to evaluate the nature of swelling of stress-free spec-

imens proposed in Section 4.1.2 (a), the five methods are compared using stress-strain

data obtained from uniaxially-stressed swollen rubbers. In Figures 4.44 to 4.47, the shear

modulus ratios obtained using M-1, M-2 and M-3 methods are plotted as a function of

applied compressive strain for NBR and CR immersed in B0 and B100 respectively. In

each graph, results that correspond to 30 days (1M) and 90 days (3M) immersion are pre-

sented. Similarly, in Figures 4.48 to 4.51, shear modulus ratios are plotted, but this time

using M-1, M-4 and M-5 methods.

Figure 4.44: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for NBR after immersion in B0. Results correspond to 2%

pre-compressive strain.
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Figure 4.45: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for CR after immersion in B0. Results correspond to 2%

pre-compressive strain.

Figure 4.46: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for NBR after immersion in B100. Results correspond to

2% pre-compressive strain.
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Figure 4.47: Shear modulus ratio obtained using M-1, M-2 and M-3 methods as a function

of applied compressive strain for CR after immersion in B100. Results correspond to 2%

pre-compressive strain.

Figure 4.48: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for NBR after immersion in B0. Results correspond to 2%

pre-compressive strain.
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Figure 4.49: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for CR after immersion in B0. Results correspond to 2%

pre-compressive strain.

Figure 4.50: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for NBR after immersion in B100. Results correspond to

2% pre-compressive strain.
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Figure 4.51: Shear modulus ratio obtained using M-1, M-4 and M-5 methods as a function

of applied compressive strain for CR after immersion in B100. Results correspond to 2%

pre-compressive strain.

Similar to the results obtained from the stress-free swollen rubbers, as depicted in

Figures 4.44 to 4.51, it is found that the shear modulus ratio deviates from the cube root

of the swelling ratio as predicted by Treloar, i.e. results obtained using M-2, M-3, M-4

and M-5 methods are different from those obtained from M-1. Regardless of the type

of rubber and the method considered, qualitatively similar results are obtained from the

uniaxially-stressed swollen rubbers:

1. The deviation from Treloar theory in the shear modulus ratio resulting from im-

mersion in B100 is systematically larger than the one resulting from immersion in

B0.

2. Increasing the duration of immersion from 1 month to 3 months increases the cor-

responding deviation.

3. The shear modulus ratios calculated using the estimated equilibrium stress response,

i.e. M-4 and M-5, appear to give closer values to the one predicted by Treloar than

using the first uploading stress response, i.e. M-2 and M-3.
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4.2.2 (b) Stress drop

Using Equation 4.3, the stress drops for the uniaxially-stressed specimens is calcu-

lated. Figures 4.52 to 4.55 show the stress drop exhibited by NBR and CR after immersion

in various biodiesel blends for 1 month (1M) and 3 months (3M).

Figure 4.52: Stress drop in NBR previously immersed in various biodiesels for 1 month

(1M). Results correspond to pre-compressive strain of 2%.
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Figure 4.53: Stress drop in NBR previously immersed in various biodiesels for 3 months

(3M). Results correspond to pre-compressive strain of 2%.

Figure 4.54: Stress drop in CR previously immersed in various biodiesels for 1 month

(1M). Results correspond to pre-compressive strain of 2%.
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Figure 4.55: Stress drop in CR previously immersed in various biodiesels for 3 months

(3M). Results correspond to pre-compressive strain of 2%.

As depicted in these figures, both NBR and CR experience a stress drop in the pres-

ence of biodiesels. Moreover, in the range of 5 - 30% strain, the stress drop appears

to be decreasing slightly with the applied strain. However, the corresponding drop in-

creases with the biodiesel content and duration of immersion, i.e. the strength of rubber

decreases further with the increase of biodiesel content and duration of immersion. For a

given biodiesel content and duration of immersion, CR exhibits a larger stress drop than

NBR. The high degree of swelling experienced by CR as shown in Figures 4.38 to 4.41

contributes significantly to the decrease of its strength.

4.2.2 (c) Stress-softening

Using Equation 4.4, the stress-softenings for the uniaxially-stressed specimens is

calculated. Figures 4.56 to 4.65 show the stress-softening in NBR and CR previously

immersed in various biodiesel blends for two different immersion durations: 1 month

(1M) and 3 months (3M). Initially, at dry state, CR exhibits slightly more stress-softening

than NBR as depicted in Figures 4.56 and 4.57.
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Figure 4.56: Stress-softening in NBR and CR previously immersed in B0 for two different

durations of immersion: 1 month (1M) and 3 months (3M). Results correspond to pre-

compressive strain of 2%.

Figure 4.57: Stress-softening in NBR and CR previously immersed in B100 for two dif-

ferent durations of immersion: 1 month (1M) and 3 months (3M). Results correspond to

pre-compressive strain of 2%.
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Nevertheless, as the material is immersed for 1 month in either B0 or B100, the

stress-softening decreases significantly in CR and becomes lower than that of NBR. In

NBR, for a compressive strain of 10%, the amount of stress-softening drops from 20% at

dry state to 18% and 15% at swollen state (immersed in B0 and B100 respectively for 1

month) as presented in Figures 4.58 and 4.59.

Figure 4.58: Stress-softening in NBR previously immersed in B0 for two different du-

rations of immersion: 1 month (1M) and 3 months (3M). Results correspond to pre-

compressive strain of 2%.

106



Figure 4.59: Stress-softening in NBR previously immersed in B100 for two different

durations of immersion: 1 month (1M) and 3 months (3M). Results correspond to pre-

compressive strain of 2%.

Increasing the duration of immersion from 1 to 3 months yields a further decrease of

stress-softening to around 15% and 12% in B0 and B100 respectively. Referring to Fig-

ures 4.35 and 4.37, this corresponds to the volume change of 11% and 18% respectively.

In the case of CR, at an applied compressive strain of 10%, the amount of stress-

softening changes from 28% for dry state to only 12% and 8% when it is immersed

respectively in B0 and B100 for 1 month as shown in Figures 4.60 and 4.61. Note that in

the latter condition, the volume change exhibited by the material is around 18% and 64%

respectively (see Figures 4.39 and 4.41).
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Figure 4.60: Stress-softening in CR previously immersed in B0 for two different durations

of immersion: 1 month (1M) and 3 months (3M). Results correspond to pre-compressive

strain of 2%.

Figure 4.61: Stress-softening in CR previously immersed in B100 (right) for two different

durations of immersion: 1 month (1M) and 3 months (3M). Results correspond to pre-

compressive strain of 2%.
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Increasing the duration of immersion from 1 to 3 months yields a significant increase

in the volume change to around 24% and 90% in B0 and B100 respectively. However, the

level of stress-softening appears to be unaffected by the corresponding further increase

in swelling. Finally, the effect of biodiesel content on stress-softening in NBR and CR is

presented in Figures 4.62 to 4.65. In these figures, it is found that for both materials, the

increase in the content of biodiesel decreases the level of stress-softening.

Figure 4.62: Stress-softening in NBR previously immersed in various biodiesels for 1

month (1M). Results correspond to pre-compressive strain of 2%.
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Figure 4.63: Stress-softening in NBR previously immersed in various biodiesels for 3

months (3M). Results correspond to pre-compressive strain of 2%.

Figure 4.64: Stress-softening in CR previously immersed in various biodiesels for 1

month. Results correspond to pre-compressive strain of 2%.
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Figure 4.65: Stress-softening in CR previously immersed in various biodiesels for 3

months (3M). Results correspond to pre-compressive strain of 2%.

4.2.2 (d) Hysteresis

Following Equation (4.5), the hysteresis behavior after stabilization for the uniaxially-

stressed swollen rubbers is characterized. Figures 4.66 to 4.69 show the hysteresis loss

ratio of different elastomers (NBR and CR) under various initial compressive strains (2%,

10% and 30%) after immersion of 30 days in various biodiesel blends. It is shown that

for low degree of swelling as exhibited by NBR after 30 days of immersion in different

biodiesel blends (see Figure 4.66), the hysteresis loss ratio does not evolve significantly

which suggested that the viscoelastic characteristic of the material remains essentially

unchanged. However, the hysteresis loss ratio for higher degree of swelling (see Figures

4.67 to 4.69) decrease significantly. In this case, the high degrees of swelling are obtained

either by long duration of immersion (90 days) or by increasing biodiesel content. Fur-

thermore, it is to noted that the pre-compressive strains appeared to restrict the decrease

of hysteresis loss ratio in the highly swollen rubbers, e.g. CR after immersion in B75 and

B100.
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Figure 4.66: Hysteresis loss ratio in NBR under cyclic compression loading at 0.01 s−1

strain rate. Results correspond to 30 days of immersion duration in various biodiesel

blends.

Figure 4.67: Hysteresis loss ratio in NBR under cyclic compression loading at 0.01 s−1

strain rate. Results correspond to 90 days of immersion duration in various biodiesel

blends.
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Figure 4.68: Hysteresis loss ratio in CR under cyclic compression loading at 0.01 s−1

strain rate. Results correspond to 30 days of immersion duration in various biodiesel

blends.

Figure 4.69: Hysteresis loss ratio in CR under cyclic compression loading at 0.01 s−1

strain rate. Results correspond to 90 days of immersion duration in various biodiesel

blends.
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4.2.2 (e) Stress Relaxation

Following the description in Section 4.1.2 (d) in Chapter 4, the stress relaxation for

NBR and CR in different biodiesel blends at 30% compressive strain during uploading

is reported in Figures 4.70 to 4.73. The curves reveal that the stress relaxation occurs

rapidly during the first 200 seconds but subsequently becomes slower as indicated by the

near-horizontal curve. Moreover, one can notice that stress relaxation is reducing with

the increase of biodiesel content. This suggests that the biodiesel content has a significant

influence on the viscoelastic response.

To close the discussion, note that all inelastic phenomena, e.g. stress-softening and

mechanical hysteresis, in rubbers resulting from cyclic loading conditions appear to di-

minish significantly due to the presence of liquids, i.e. the macroscopic mechanical re-

sponse of swollen rubbers approaches the response of hyperelastic materials. Neverthe-

less, the physical mechanism by which the presence of liquids modify the mechanical

response under the above loading condition remains unknown.

Figure 4.70: Stress relaxation of NBR under compressive strain levels of 30% during

1800 s. Results correspond to 2% pre-compressive strain and 30 days of immersion in

various biodiesel blends.
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Figure 4.71: Stress relaxation of NBR under compressive strain levels of 30% during

1800 s. Results correspond to 2% pre-compressive strain and 90 days of immersion in

various biodiesel blends.

Figure 4.72: Stress relaxation of CR under compressive strain levels of 30% during 1800

s. Results correspond to 2% pre-compressive strain and 30 days of immersion in various

biodiesel blends.
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Figure 4.73: Stress relaxation of CR under compressive strain levels of 30% during 1800

s. Results correspond to 2% pre-compressive strain and 90 days of immersion in various

biodiesel blends.

4.3 Comparison between experimental results of swelling tests on stress-free and
uniaxially-stressed specimens

Comparing the swelling results between the stress-free and uniaxially stressed spec-

imens, it is found that the pre-compressive strains restrict the swelling in the uniaxially-

stressed specimens. Although the immersion durations varied between these two tests,

the swelling results are qualitatively similar. Concerning the mechanical responses, the

effect of pre-compressive strain during immersion on the resulting mechanical responses

is not significant. This could be due to the fact that the swelling between the three pre-

compressive strains (2%, 10% and 30%) imposed is not significant to cause the degree

of swelling to vary significantly. As such, comparing the mechanical responses, i.e. the

stress-softening, hysteresis, stress-relaxation between the stress-free swollen rubbers with

the highest degree of swelling in the uniaxially stressed swollen rubbers, relatively sim-

ilar results are obtained. We can conclude here that the higher the degree of swelling,

whether it is due to higher biodiesel content, longer immersion duration, or lower level

of pre-compressive strain, the more the inelastic responses, i.e. the stress-softening, hys-

teresis, stress-relaxation are reduced.
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CHAPTER 5

MODELING RESULTS AND DISCUSSION

As we have seen in Chapter 4, the mechanical responses of swollen rubber are complex,

and include the responses of stress-softening, hysteresis, stress-relaxation, etc. To simu-

late the real engineering components in the swollen state, an efficient model taking into

account all the observed inelastic responses is required. The development of such model

is complex. As a first attempt, only the modeling of the Mullins effect is considered. This

chapter presents the modeling results and compares them with the experimental results

for stress-softening in swollen rubbers. Furthermore, the three-dimensional nature of the

model in capturing the effect of swelling on the stress-softening due to Mullins effect is

illustrated in simulations of uniaxial tension, pure shear and equibiaxial tension.

5.1 Data treatment

Since the Mullins effect is the only inelastic response addressed in the continuum

mechanical modeling, the results in Figures 4.3 and 4.4 have to be treated. More pre-

cisely, only the Mullins effect which occurs between the first and second loading cycles

is considered. For this purpose, the data treatment proposed by Chagnon et al. (2004)

is considered: (i) the reloading path of the second cycle is assumed to coincide with the

downloading path of the first cycle, (ii) the unloading data are horizontally shifted such

that they start from zero strain and (iii) the unloading data are extended to rejoin the pri-

mary loading path. An example of the comparison between original and corrected data in

CR is depicted in Figures 5.1 and 5.2.
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Figure 5.1: Experimental results for dry CR under cyclic compressive test.

Figure 5.2: Modified data for dry CR under cyclic compressive test.
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5.2 Flory-Huggins interaction parameters, χ

To obtain the parameter χ for different rubber-solvent combinations, we first need to

determine the volume of the solvent molecules, ν .

The volume of the solvent molecules ν is given by:

ν =
Mw

ρAv
(5.1)

where,

Mw is the molecular weight of the solvent,

ρ is the density of the solvent,

Av is the Avogadro number, which is equal to 6.022.1023 /mol.

The molecular weight of the diesel is obtained from the bibliography. While the

molecular weight of the palm biodiesel is approximated from the chemical content of the

biodiesel. Detailed calculation is shown in Table 5.1

Table 5.1: Biodiesel molecular weight calculation.

Chemicals Molecules C H O Molecular weight % in biodiesel

Methyl Laurate CH3(CH2)10COOCH3 12 26 2 214 1.066 2.281

Methyl Myristate CH3(CH2)12COOCH3 15 30 2 242 3.700 8.954

Methyl Palmitate CH3(CH2)14COOCH3 17 34 2 270 44.272 119.534

Methyl Palmitoleate CH3(CH2)5CHCH(CH2)7COOCH3 17 30 2 266 0.497 1.322

Methyl Stearate CH3(CH2)16COOCH3 19 38 2 298 4.128 12.301

Methyl Oleate CH3(CH2)7CHCH(CH2)7COOCH3 19 36 2 296 35.934 106.365

Methyl Arachisate CH3(CH2)18COOCH3 21 42 2 326 0.236 0.769

Total chemical content 89.833 % 251.527

Estimated Molecular weight 100 % 280

The volume of the B0 and B100 molecules is then determined using Equation 5.1.

The calculation is shown in Table 5.2
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Table 5.2: The volume of the B0 and B100 molecules.

B0 B100

Molecular weight (g/mol) 280 198.4

Density (g/m3) 875900 878800

Avogadro number 6.02x1023 6.02x1023

The volume of the solvent molecules (m3) 5.31x10−28 3.75x10−28

Assuming equilibrium swelling occurred after 30 days of immersion for NBR and

CR in B0 and B100 and recalling Equation (3.3), the Flory-Huggins Interaction parame-

ter, χ is then calculated using Matlab. The results are shown in Table 5.3.

Table 5.3: Flory-Huggins interaction parameter χ of each rubber-fuel system.

χCR−B100 0.311

χCR−B0 1.356

χNBR−B100 1.285

χNBR−B0 1.767

5.3 Extended pseudo-elastic model

5.3.1 Form of material functions

In order to describe the general response of swollen rubbers, a simple neo-Hookean

hyperelastic strain energy density is retained:

Ŵm(Js, I1m) =
µ(Js)

2
(I1m−3) (5.2)

where µ(Js) is the shear modulus of swollen rubber. According to Treloar (1975), swelling

in rubber is a purely mixing or interdiffusion process with no chemical attraction between

rubber and liquid molecules. Furthermore, the only effect of swelling is to reduce the

modulus in inverse proportion to the cube root of the degree of swelling without chang-

ing the form of the stress-strain curves. Generalizing this idea, the shear modulus of the
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swollen rubber µ(Js) is assumed to be related to that of dry rubber µd through:

µ(Js) = J−n
s µd (5.3)

It follows that the strain energy function of the swollen rubber becomes

Ŵm(Js, I1m) = J−n
s

µd

2
(I1m−3) (5.4)

where n is a parameter to be determined from all sets of experimental data. In this case,

the engineering stress in Eq. (3.44) reduces to:

P̂11 = J−n
s µd (1−d)

(
λm−

1
λ 2

m

)
(5.5)

where d is given in Eq. (3.39).

In order to determine the explicit forms of r (Js,χ) and m(Js,χ), the experimental

data as shown in Figure 5.2 are considered. More precisely, the experimental values of

damage d are plotted as a function of I1m,max− I1m. The results for CR swollen by B0 and

B100 are depicted in Figures 5.3 and 5.4 .
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Figure 5.3: Evolution of d in CR swollen by B0. Results correspond to 2, 5, 10, 20 and

30 days of immersion duration. The short and long curves correspond to the maximum

compressive strains of 30% (λ = 0.7) and 40% (λ = 0.6) respectively.

Figure 5.4: Evolution of d in CR swollen by B100. Results correspond to 2, 5, 10, 20 and

30 days of immersion duration. The short and long curves correspond to the maximum

compressive strains of 30% (λ = 0.7) and 40% (λ = 0.6) respectively.
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Note that the corresponding results for NBR swollen by B0 and B100 are not shown

since they are qualitatively similar. In the Figures 5.3 and 5.4, d is obtained from the

following expressions:

d(dry) =
Pup

d1 −Pun
d1

Pup
d1

d(swollen) =
Pup

s1 −Pun
s1

Pup
s1

(5.6)

where Pup
d1 is the stress in dry rubber during uploading of the first cycle, Pun

d1 is the stress

in dry rubber during unloading of the first cycle, Pup
s1 is the stress in swollen rubber dur-

ing uploading of the first cycle and Pun
s1 is the stress in swollen rubber during unloading

of the first cycle. It is generally observed that the damage is strongly affected by the

degree of swelling and the type of rubber-solvent, i.e. interaction between rubber and

biodiesel/diesel. More precisely, the Mullins effect appears to decrease with the increase

of degree of swelling.

By considering the initial slope and the maximum value of d in Figures 5.3 and 5.4,

and recalling the discussion on the last paragraph of Section 3.2.4 (a), it is possible to plot

the evolution of both m and r as a function of χ (Js−1) as shown in Figures 5.5 and 5.6.

Figure 5.5: Evolution of r as a function of χ (Js−1). Results correspond to the maximum

compressive strain of 40%.
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Figure 5.6: Evolution of m as a function of χ (Js−1). Results correspond to the maxi-

mum compressive strain of 40%.

In general, it is observed that both r and m are increasing functions of χ (Js−1).

Motivated by this finding, and for the sake of simplicity, the parameters r and m are

assumed to evolve in a simple linear way as follow:

r = rd +∆r ·χ (Js−1) m = md +∆m ·χ (Js−1) . (5.7)

where rd and md are the values of r and m for dry rubbers. ∆r and ∆m are additional

material constants. Finally, the damage function d in Eq. (3.39) becomes:

d =
1

rd +∆r ·χ (Js−1)
erf
[

1
md +∆m ·χ (Js−1)

(I1m,max− I1m)

]
. (5.8)

To summarize, the following parameters in Table 5.4 have to be identified:

124



Table 5.4: Summary of material parameters required in the proposed model.

Hyperelasticity (neo-Hookean) µd

Mullins-effect rd md

Swelling n ∆r ∆m

5.3.2 Identification of material parameters

In the following, methods to estimate the material parameters of the model are dis-

cussed. The parameter µd can be obtained by fitting the primary curve of dry rubber using

the Neo-Hookean hyperelastic strain energy while rd and md can be identified from the

set of secondary curves (downloading) of dry rubber. The power law parameter n, can

be estimated by considering the primary curve of dry rubber and primary curves of cor-

responding swollen rubbers having different degrees of swelling. The parameters ∆r and

∆m can be estimated by considering the slope of the data in Figures 5.5 and 5.6 respec-

tively. Since the slopes of r and m do not vary significantly for different rubber-solvent

combinations, the values of ∆r and ∆m are assumed to be independent of the types of

rubber and solvent and their estimated values are illustrated by dashed lines in Figures

5.5 and 5.6 respectively. Finally, the estimated parameters are summarized in Table 5.5:

Table 5.5: Values of material parameters used in model.

NBR CR

µd (MPa) 1.7786 1.9102

rd 4.4340 3.4182

md 0.2720 0.1683

n 2.5

∆r 4.2

∆m 0.8

5.3.3 Comparison between model and experiment

The ability of the proposed model to describe Mullins effect in swollen rubbers under

cyclic compressive loading conditions is presented in Figures 5.7-5.28. For comparison,
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the results related to the dry rubber are also shown in the figure.

In general, it is observed that the proposed model is qualitatively in good agreement

with experiments. The primary curves of dry and swollen rubbers are well-described.

Moreover, the effects of swelling on the stress-softening due to Mullins effect are well-

predicted. Some discrepancies between model and experiments are found for swollen

rubbers having relatively high degree of swelling. Indeed, as shown in Figures 5.13 to

5.23, the model appears to slightly underestimate the stress level in highly swollen rub-

bers. Furthermore, for the case of CR swollen by B100, the stress level and Mullins effect

predicted by the model are significantly smaller than the ones obtained from the exper-

iments as presented in Figures 5.24 to 5.28 . The corresponding discrepancies could be

attributed to the value of parameters ∆r and ∆m used in the present model. Indeed, for

the sake of simplicity, they are chosen to be independent of the rubber type and rubber-

solvent combination. Furthermore, it was also assumed that Treloar’s theory holds for all

swollen rubbers (Treloar, 1975), i.e. there is no chemical attraction between rubber and

solvent molecules in swollen rubbers. While this assumption appears to be acceptable for

relatively low degree of swelling, its validity in the case of highly swollen rubber such as

CR in B100 becomes questionable. Indeed, as discussed in Haseeb et al. (2011), chemical

reaction and interaction occurs between the B100 molecules and CR backbone resulting

to the degradation of its mechanical properties.
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Figure 5.7: Comparison between pseudo-elastic model and experiment for dry NBR.

Figure 5.8: Comparison between pseudo-elastic model and experiment for NBR swollen

by B0 after 2 days immersion (χ = 1.7669).
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Figure 5.9: Comparison between pseudo-elastic model and experiment for NBR swollen

by B0 after 5 days immersion (χ = 1.7669).

Figure 5.10: Comparison between pseudo-elastic model and experiment for NBR swollen

by B0 after 10 days immersion (χ = 1.7669).
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Figure 5.11: Comparison between pseudo-elastic model and experiment for NBR swollen

by B0 after 20 days immersion (χ = 1.7669).

Figure 5.12: Comparison between pseudo-elastic model and experiment for NBR swollen

by B0 after 30 days immersion (χ = 1.7669).
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Figure 5.13: Comparison between pseudo-elastic model and experiment for NBR swollen

by B100 after 2 days immersion (χ = 1.2855).

Figure 5.14: Comparison between pseudo-elastic model and experiment for NBR swollen

by B100 after 5 days immersion (χ = 1.2855).
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Figure 5.15: Comparison between pseudo-elastic model and experiment for NBR swollen

by B100 after 10 days immersion (χ = 1.2855).

Figure 5.16: Comparison between pseudo-elastic model and experiment for NBR swollen

by B100 after 20 days immersion (χ = 1.2855).
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Figure 5.17: Comparison between pseudo-elastic model and experiment for NBR swollen

by B100 after 30 days immersion (χ = 1.2855).

Figure 5.18: Comparison between pseudo-elastic model and experiment for dry CR.
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Figure 5.19: Comparison between pseudo-elastic model and experiment for CR swollen

by B0 after 2 days immersion (χ = 1.3561).

Figure 5.20: Comparison between pseudo-elastic model and experiment for CR swollen

by B0 after 5 days immersion (χ = 1.3561).
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Figure 5.21: Comparison between pseudo-elastic model and experiment for CR swollen

by B0 after 10 days immersion (χ = 1.3561).

Figure 5.22: Comparison between pseudo-elastic model and experiment for CR swollen

by B0 after 20 days immersion (χ = 1.3561).
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Figure 5.23: Comparison between pseudo-elastic model and experiment for CR swollen

by B0 after 30 days immersion (χ = 1.3561).

Figure 5.24: Comparison between pseudo-elastic model and experiment for CR swollen

by B100 after 2 days immersion (χ = 0.3113).
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Figure 5.25: Comparison between pseudo-elastic model and experiment for CR swollen

by B100 after 5 days immersion (χ = 0.3113).

Figure 5.26: Comparison between pseudo-elastic model and experiment for CR swollen

by B100 after 10 days immersion (χ = 0.3113).
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Figure 5.27: Comparison between pseudo-elastic model and experiment for CR swollen

by B100 after 20 days immersion (χ = 0.3113).

Figure 5.28: Comparison between pseudo-elastic model and experiment for CR swollen

by B100 after 30 days immersion (χ = 0.3113).
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5.3.4 Simulation for other deformation modes

To simulate the response of the extended pseudo-elastic model under multiaxial load-

ing conditions, deformation modes of uniaxial extension, pure shear and equibiaxial ex-

tension are considered in the following. The material is simulated to undergo cyclic load-

ing to two maximum strain levels: ε=0.25 and 0.50. Using the material parameters fitted

from the extended pseudo-elastic model under uniaxial compression test results, different

degrees of swelling are considered in the simulation. For illustration purpose, only NBR

swollen in B0 and B100 for 10 and 20 days and CR swollen in B0 and B100 for 5 and 10

days are simulated.

5.3.4 (a) Uniaxial extension

Simulation of uniaxial extension loading-unloading curves For uniaxial extension,

the governing equation needed is given by:

P̂11 = J−n
s µd (1−d)

(
λm−

1
λ 2

m

)
(5.9)

where λm is the uniaxial extension stretch. The uniaxial extension loading-unloading

curves simulated with extended pseudo-elastic model are illustrated in Figures 5.29 to

5.38.

From these figures, it is clearly shown that the proposed extended pseudo-elastic

model well predicts that the uniaxial extension loading-unloading curves are affected by

the degree of swelling, i.e. lower stress level is produced for rubbers experiencing higher

degree of swelling. Furthermore, smaller stress-softening is well predicted when the de-

gree of swelling increases.
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Figure 5.29: Pseudo-elastic model response under uniaxial extension for dry NBR.

Figure 5.30: Pseudo-elastic model response under uniaxial extension for NBR swollen

by B0 after 10 days immersion.
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Figure 5.31: Pseudo-elastic model response under uniaxial extension for NBR swollen

by B0 after 20 days immersion.

Figure 5.32: Pseudo-elastic model response under uniaxial extension for NBR swollen

by B100 after 10 days immersion.
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Figure 5.33: Pseudo-elastic model response under uniaxial extension for NBR swollen

by B100 after 20 days immersion.

Figure 5.34: Pseudo-elastic model response under uniaxial extension for dry CR.
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Figure 5.35: Pseudo-elastic model response under uniaxial extension for CR swollen by

B0 after 5 days immersion.

Figure 5.36: Pseudo-elastic model response under uniaxial extension for CR swollen by

B0 after 10 days immersion.
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Figure 5.37: Pseudo-elastic model response under uniaxial extension for CR swollen by

B100 after 5 days immersion.

Figure 5.38: Pseudo-elastic model response under uniaxial extension for CR swollen by

B100 after 10 days immersion.
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Evolution of damage d The evolution of damage d as a function of I1m,max− I1m in the

uniaxial extension tests during loading to ε = 0.5 for NBR and CR swollen by B100 are

depicted in Figures 5.39 and 5.40. It is generally observed that the damage is strongly

affected by the degree of swelling and the type of rubber-solvent, i.e. interaction between

rubber and biodiesel. More precisely, the Mullins effect appears to decrease with the

increase of degree of swelling.

Figure 5.39: Evolution of d under uniaxial extension deformation for NBR swollen by

B100. Results correspond to 10 and 20 days of immersion duration.
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Figure 5.40: Evolution of d under uniaxial extension deformation for CR swollen by

B100. Results correspond to 5 and 10 days of immersion duration.

5.3.4 (b) Pure shear

Simulation of pure shear loading-unloading curves For pure shear, the governing

equation needed is given by:

P̂11 = J−n
s µd (1−d)

(
λm−

1
λ 3

m

)
(5.10)

where λm is the pure shear stretch. The pure shear loading-unloading curves simulated

with extended pseudo-elastic model are illustrated in Figures 5.41 to 5.50. From these

figures, it is shown that the materials exhibit a slightly more stiff response during unload-

ing/reloading in pure shear than in uniaxial extension. This is because in pure shear the

material is subjected to a slightly higher molecular chain stretch than in uniaxial extension

at a given strain level. Thus, higher softening is observed in pure shear.
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Figure 5.41: Pseudo-elastic model response under pure shear for dry NBR.

Figure 5.42: Pseudo-elastic model response under pure shear for NBR swollen by B0

after 10 days immersion.
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Figure 5.43: Pseudo-elastic model response under pure shear for NBR swollen by B0

after 20 days immersion.

Figure 5.44: Pseudo-elastic model response under pure shear for NBR swollen by B100

after 10 days immersion.
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Figure 5.45: Pseudo-elastic model response under pure shear for NBR swollen by B100

after 20 days immersion.

Figure 5.46: Pseudo-elastic model response under pure shear for dry CR.
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Figure 5.47: Pseudo-elastic model response under pure shear for CR swollen by B0 after

5 days immersion.

Figure 5.48: Pseudo-elastic model response under pure shear for CR swollen by B0 after

10 days immersion.
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Figure 5.49: Pseudo-elastic model response under pure shear for CR swollen by B100

after 5 days immersion.

Figure 5.50: Pseudo-elastic model response under pure shear for CR swollen by B100

after 10 days immersion.
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Evolution of damage d The evolution of damage d as a function of I1m,max− I1m in the

pure shear tests during loading to ε = 0.5 for NBR and CR swollen by B100 are depicted

in Figures 5.51 and 5.52. The evolution of damage in pure shear is similar to the case of

uniaxial extension as shown in Figures 5.39 and 5.40.

Figure 5.51: Evolution of d under pure shear deformation for NBR swollen by B100.

Results correspond to 10 and 20 days of immersion duration.
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Figure 5.52: Evolution of d under pure shear deformation for CR swollen by B100. Re-

sults correspond to 5 and 10 days of immersion duration.

5.3.4 (c) Equibiaxial extension

Simulation of equibiaxial extension loading-unloading curves For equibiaxial exten-

sion, the governing equation needed is given by:

P̂11 = J−n
s µd (1−d)

(
λm−

1
λ 5

m

)
(5.11)

where λm is the equibiaxial extension stretch. The equibiaxial extension loading-unloading

curves simulated with extended pseudo-elastic model are illustrated in Figures 5.53 to

5.62. From these figures, it is demonstrated that the materials show a greater amount of

softening (a more compliant response) during reloading in equibiaxial extension than in

uniaxial extension. This is because in equibiaxial extension the material is subjected to a

higher molecular chain stretch than when in uniaxial extension at a given strain level.
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Figure 5.53: Pseudo-elastic model response under equibiaxial extension for dry NBR.

Figure 5.54: Pseudo-elastic model response under equibiaxial extension for NBR swollen

by B0 after 10 days immersion.
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Figure 5.55: Pseudo-elastic model response under equibiaxial extension for NBR swollen

by B0 after 20 days immersion.

Figure 5.56: Pseudo-elastic model response under equibiaxial extension for NBR swollen

by B100 after 10 days immersion.
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Figure 5.57: Pseudo-elastic model response under equibiaxial extension for NBR swollen

by B100 after 20 days immersion.

Figure 5.58: Pseudo-elastic model response under equibiaxial extension for dry CR.
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Figure 5.59: Pseudo-elamstic model response under equibiaxial extension for CR swollen

by B0 after 5 days immersion.

Figure 5.60: Pseudo-elastic model response under equibiaxial extension for CR swollen

by B0 after 10 days immersion.

156



Figure 5.61: Pseudo-elastic model response under equibiaxial extension for CR swollen

by B100 after 5 days immersion.

Figure 5.62: Pseudo-elastic model response under equibiaxial extension for CR swollen

by B100 after 10 days immersion.
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Evolution of damage d The evolution of damage d as a function of I1m,max− I1m in

the equibiaxial extension tests during loading to ε = 0.5 for NBR and CR swollen by

B100 are depicted in Figures 5.63 and 5.64. For a given degree of swelling, it is clearly

shown that damage at any given strain is the largest in the case of equibiaxial extension,

compared to uniaxial extension and pure shear conditions. Moreover, higher degree of

swelling reduces the damage due to Mullins effect

Figure 5.63: Evolution of d under equibiaxial extension deformation for NBR swollen by

B100. Results correspond to 10 and 20 days of immersion duration.
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Figure 5.64: Evolution of d under equibiaxial extension deformation for CR swollen by

B100. Results correspond to 5 and 10 days of immersion duration.

5.4 Extended two-phase model

5.4.1 Form of material functions

In order to describe the general response of swollen rubbers, Yeoh’s hyperelastic

strain energy density is specified to describe the mechanical response of dry rubber in the

large strain domain:

Ŵ =C10(I1m−3)+C20(I1m−3)2 +C30(I1m−3)3. (5.12)

where C10, C20 and C30 are the material constants. Generalizing the idea of Treloar (1975)

and following Equation (5.3), it follows that the strain energy function of the soft phase

of swollen rubber is given by:

Ŵm-2p = υsJ−n
s µd (5.13)

where explicit expression of µd from Yeoh’s model is given by (Holzapfel, 2000):

µd = 2C10 +4C20(I1−3)+6C30(I1−3)2. (5.14)
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In this case, the engineering stress in Eq. (3.59) reduces to:

P̂11 = J−n
s 2υs

(
λm−

1

λm
2

)
(XC10 +2X2C20(I1m−3)+3X3C30(I1m−3)2) (5.15)

This constitutive equation must be complemented by an evolution equation describing

the change in the internal variable υs consistent with the second law of thermodynamics.

Here, we choose to replace λ̇ max
chain in Equation (3.52) by İmax

1m for the sake of simplicity.

Thus, Equation (3.52) becomes:

υ̇s = A(υss−υs)İmax
1m . (5.16)

where İmax
1m is the amplified maximum first invariant of the corresponding stretch.

To summarize, the following parameters in Table 5.6 have to be identified:

Table 5.6: Summary of material parameters required in the proposed model.

Hyperelasticity (Yeoh) C10 C20 C30

Mullins-effect υs υss A

Swelling n

5.4.2 Identification of material parameters

In the following, the methods to estimate material parameters of the proposed model

are discussed. First of all, the material parameters corresponding to dry rubber are deter-

mined. The properties of the soft domain in dry rubber can be obtained by considering

the last unloading curve (see Figure 5.2 for example). The volume fraction of soft domain

at this point (εmax = 0.4) is first estimated to be υs ≈ 0.80 for both CR and NBR. Using

this value, the parameters C10, C20 and C30 are determined by fitting the same curve using

the Yeoh hyperelastic strain energy. Next, the initial soft phase fraction of dry rubber,

υso,d , υss and A can be identified by fitting simultaneously the primary curve and all the

unloading curves of the dry rubber.

For swollen rubbers, the power law parameter n and the initial soft phase fraction of

swollen rubber υso,s are estimated by fitting simultaneously the primary curve and all the

unloading curves of the swollen rubbers. To study the effect of swelling on the soften-
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ing, the dependence of the initial volume fraction of the soft phase υso on the degree of

swelling Js need to be examined. For the sake of simplicity, it is assumed that swelling

only affects the υso in the swollen rubber, but not υss and A. More precisely, swelling in-

creases υso available in swollen rubber during deformation. This assumption is motivated

by the discussion provided in Section 3.2.3 (a). The estimated parameters are summarized

in the Table 5.7 to 5.9.

Table 5.7: Values of material parameters used in model.

NBR CR

C10 0.27 0.27

C20 -0.01 -0.01

C30 0.01 0.025

υso,d 0.38

υss 0.9

A 0.5 0.79

n 2.5

Table 5.8: υso,s for swollen NBR.

B0 2D B0 5D B0 10D B0 20D B0 30D B100 2D B100 5D B100 10D B100 20D B100 30D

υso,s 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.42 0.42 0.42

Table 5.9: υso,s for swollen CR.

B0 2D B0 5D B0 10D B0 20D B0 30D B100 2D B100 5D B100 10D B100 20D B100 30D

υso,s 0.38 0.42 0.42 0.42 0.42 0.48 0.48 0.48 0.48 0.48

Referring to Table 5.8 and 5.9, it is observed that the initial volume fraction of the

soft phase in swollen rubber υso,s increases with degree of swelling Js. Figure 5.65 depicts

the plot of υso,s as a function of Js. It appears that the dependence of initial effective

volume fraction of soft domain in swollen rubber υso,s on degree of swelling Js can be
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approximately described by:

υso,s = υso,d +

[
υso,m−υso,d

2

]
+

[
υso,m−υso,d

2

]
[tanh(22Js−26)] (5.17)

where υso,m = 0.48 is the maximum initial soft phase fraction of the swollen rubber and

υso,d is the initial soft phase fraction of the dry rubber as given in Table 5.7.

Figure 5.65: Initial effective volume fraction of soft domain as a function of degree of

swelling .

5.4.3 Comparison between model and experiment

The ability of the proposed model to describe the Mullins effect in swollen rubbers

under cyclic compressive loading conditions is presented in Figures 5.66-5.87. For com-

parison, results related to the dry rubber are also shown.

In general, it is observed that the proposed model shows good agreement with experi-

mental data. The primary curves of dry and swollen rubbers are well-captured. Moreover,

the effects of swelling on the stress-softening due to Mullins effect are well-predicted.

However, some discrepancies between model and experiments are found for swollen rub-

bers having relatively high degree of swelling (i.e. CR swollen in B100). The proposed
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model predicted smaller stress-softening, i.e. the simulated unloading curves are closer

to the primary curve. This could be attributed to some simplifying assumptions in the

model: only n and υso,s are assumed to be affected by the degree of swelling, the depen-

dence of υss and A on the degree of swelling are not considered in the model. Further

more, the discrepancies explanation (deviation from Treloar’s theory) given in Section

5.3.3 holds true for extended two-phase model.

Figure 5.66: Comparison between two-phase model and experiment for dry NBR.

163



Figure 5.67: Comparison between two-phase model and experiment for NBR swollen by

B0 after 2 days immersion.

Figure 5.68: Comparison between two-phase model and experiment for NBR swollen by

B0 after 5 days immersion.
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Figure 5.69: Comparison between two-phase model and experiment for NBR swollen by

B0 after 10 days immersion.

Figure 5.70: Comparison between two-phase model and experiment for NBR swollen by

B0 after 20 days immersion.
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Figure 5.71: Comparison between two-phase model and experiment for NBR swollen by

B0 after 30 days immersion.

Figure 5.72: Comparison between two-phase model and experiment for NBR swollen by

B100 after 2 days immersion.
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Figure 5.73: Comparison between two-phase model and experiment for NBR swollen by

B100 after 5 days immersion.

Figure 5.74: Comparison between two-phase model and experiment for NBR swollen by

B100 after 10 days immersion.
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Figure 5.75: Comparison between two-phase model and experiment for NBR swollen by

B100 after 20 days immersion.

Figure 5.76: Comparison between two-phase model and experiment for NBR swollen by

B100 after 30 days immersion.
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Figure 5.77: Comparison between two-phase model and experiment for dry CR.

Figure 5.78: Comparison between two-phase model and experiment for CR swollen by

B0 after 2 days immersion.
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Figure 5.79: Comparison between two-phase model and experiment for CR swollen by

B0 after 5 days immersion.

Figure 5.80: Comparison between two-phase model and experiment for CR swollen by

B0 after 10 days immersion.
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Figure 5.81: Comparison between two-phase model and experiment for CR swollen by

B0 after 20 days immersion.

Figure 5.82: Comparison between two-phase model and experiment for CR swollen by

B0 after 30 days immersion.
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Figure 5.83: Comparison between two-phase model and experiment for CR swollen by

B100 after 2 days immersion.

Figure 5.84: Comparison between two-phase model and experiment for CR swollen by

B100 after 5 days immersion.
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Figure 5.85: Comparison between two-phase model and experiment for CR swollen by

B100 after 10 days immersion.

Figure 5.86: Comparison between two-phase model and experiment for CR swollen by

B100 after 20 days immersion.
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Figure 5.87: Comparison between two-phase model and experiment for CR swollen by

B100 after 30 days immersion.

5.4.4 Simulation for other deformation modes

In order to simulate the response of the extended two-phase model under multiaxial

loading conditions, deformation modes of uniaxial extension, pure shear and equibiaxial

extension are considered in the following. Similar to simulation for other deformation

modes using extended pseudo-elastic model, the material is simulated to undergo cyclic

loading to two maximum strain levels: ε=0.25 and 0.50. Using the material parameters

fitted from the extended two-phase model under uniaxial compression test results, differ-

ent degrees of swelling are considered in the simulation. Only NBR swollen in B0 and

B100 for 10 and 20 days and CR swollen in B0 and B100 for 5 and 10 days are simulated

for illustration purpose.

5.4.4 (a) Uniaxial extension
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Simulation of uniaxial extension loading-unloading curves For uniaxial extension,

the governing equation needed is given by:

P̂11 = J−n
s 2υs

(
λm−

1

λm
2

)
(XC10 +2X2C20(I1m−3)+3X3C30(I1m−3)2) (5.18)

where λm is the uniaxial extension stretch and I1m = λ 2
m− 2

λm
. The uniaxial extension

loading-unloading curves simulated with the extended two-phase model are illustrated in

Figures 5.88 to 5.97.

From these figures, it becomes clearly that the proposed extended two-phase model

well predicts that the uniaxial extension loading-unloading curves are affected by the de-

gree of swelling, i.e. a lower stress level is produced for rubbers experiencing higher

degree of swelling. Furthermore, smaller stress-softening is well predicted when the de-

gree of swelling increases.

Figure 5.88: Two-phase model response under uniaxial extension for dry NBR.
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Figure 5.89: Two-phase model response under uniaxial extension for NBR swollen by B0

after 10 days immersion.

Figure 5.90: Two-phase model response under uniaxial extension for NBR swollen by B0

after 20 days immersion.
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Figure 5.91: Two-phase model response under uniaxial extension for NBR swollen by

B100 after 10 days immersion.

Figure 5.92: Two-phase model response under uniaxial extension for NBR swollen by

B100 after 20 days immersion.
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Figure 5.93: Two-phase model response under uniaxial extension for dry CR.

Figure 5.94: Two-phase model response under uniaxial extension for CR swollen by B0

after 5 days immersion.
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Figure 5.95: Two-phase model response under uniaxial extension for CR swollen by B0

after 10 days immersion.

Figure 5.96: Two-phase model response under uniaxial extension for CR swollen by B100

after 5 days immersion.
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Figure 5.97: Two-phase model response under uniaxial extension for CR swollen by B100

after 10 days immersion.

Evolution of effective volume fraction of soft phase The evolution of the effective

volume fraction of the soft phase υs for dry and swollen NBR and CR in the uniaxial

extension tests during the first virgin material loading to ε = 0.5 are shown in Figures

5.98 and 5.99. It is found that the evolution curve of υs for NBR swollen in B100 for 10

days coincides with the one swollen in B100 for 20 days (similar to CR swollen in B100

for 5 days which coincide with the one swollen in B100 for 10 days). This is due to the

fact that the values of the parameter υso,s for these materials are the same in swollen state,

independent of the immersion duration as given in Table 5.8 and 5.9. Furthermore, the

evolution rule given in Equation (5.16) is not depending on the degree of swelling Js.
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Figure 5.98: Evolution of effective volume fraction of soft phase under uniaxial exten-

sion deformation for NBR swollen by B100. Results correspond to 10 and 20 days of

immersion duration.

Figure 5.99: Evolution of effective volume fraction of soft phase under uniaxial extension

deformation for CR swollen by B100. Results correspond to 5 and 10 days of immersion

duration.
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5.4.4 (b) Pure shear

Simulation of pure shear loading-unloading curves For pure shear, the governing

equation needed is given by:

P̂11 = J−n
s 2υs

(
λm−

1

λm
3

)
(XC10 +2X2C20(I1m−3)+3X3C30(I1m−3)2) (5.19)

where λm is the pure shear stretch and I1m = λ 2
m − 1

λ 2
m
+ 1. The pure shear loading-

unloading curves simulated with extended two-phase model are illustrated in Figures

5.100 to 5.109. From these figures, it is shown that the materials exhibit a slightly more

stiff response during unloading/reloading in pure shear than in uniaxial extension. This is

because in pure shear the material is subjected to a slightly higher molecular chain stretch

than in uniaxial extension at a given strain level. Thus, higher softening is predicted in

pure shear.

Figure 5.100: Two-phase model response under pure shear for dry NBR.
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Figure 5.101: Two-phase model response under pure shear for NBR swollen by B0 after

10 days immersion.

Figure 5.102: Two-phase model response under pure shear for NBR swollen by B0 after

20 days immersion.
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Figure 5.103: Two-phase model response under pure shear for NBR swollen by B100

after 10 days immersion.

Figure 5.104: Two-phase model response under pure shear for NBR swollen by B100

after 20 days immersion.
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Figure 5.105: Two-phase model response under pure shear for dry CR.

Figure 5.106: Two-phase model response under pure shear for CR swollen by B0 after 5

days immersion.
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Figure 5.107: Two-phase model response under pure shear for CR swollen by B0 after 10

days immersion.

Figure 5.108: Two-phase model response under pure shear for CR swollen by B100 after

5 days immersion.
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Figure 5.109: Two-phase model response under pure shear for CR swollen by B100 after

10 days immersion.

Evolution of effective volume fraction of soft phase The evolution of the effective

volume fraction of the soft phase υs for dry and swollen NBR and CR in the pure shear

tests during the first loading of the virgin material to ε = 0.5 are shown in Figures 5.110

and 5.111. The dependence of the υs on the deformation mode is clearly shown in these

two figures when compared to the case of uniaxial extension as shown in Figures 5.98

and 5.99.
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Figure 5.110: Evolution of effective volume fraction of soft phase under pure shear de-

formation for NBR swollen by B100. Results correspond to 10 and 20 days of immersion

duration.

Figure 5.111: Evolution of effective volume fraction of soft phase under pure shear de-

formation for CR swollen by B100. Results correspond to 5 and 10 days of immersion

duration.
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5.4.4 (c) Equibiaxial extension

Simulation of equibiaxial extension loading-unloading curves For equibiaxial exten-

sion, the governing equation needed is given by:

P̂11 = J−n
s 2υs

(
λm−

1

λm
5

)
(XC10 +2X2C20(I1m−3)+3X3C30(I1m−3)2) (5.20)

where λm is the equibiaxial extension stretch and I1m = 2λ 2
m− 1

λ 4
m

. The equibiaxial exten-

sion loading-unloading curves simulated with extended two-phase model are illustrated

in Figures 5.112 to 5.121. These figures demonstrate that the materials show a greater

amount of softening (a more compliant response) during reloading in equibiaxial exten-

sion than in uniaxial extension. This is because in equibiaxial extension the material is

subjected to a higher molecular chain stretch than when in uniaxial extension at a given

strain level.

Figure 5.112: Two-phase model response under equibiaxial extension for dry NBR.
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Figure 5.113: Two-phase model response under equibiaxial extension for NBR swollen

by B0 after 10 days immersion.

Figure 5.114: Two-phase model response under equibiaxial extension for NBR swollen

by B0 after 20 days immersion.
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Figure 5.115: Two-phase model response under equibiaxial extension for NBR swollen

by B100 after 10 days immersion.

Figure 5.116: Two-phases model response under equibiaxial extension for NBR swollen

by B100 after 20 days immersion.

191



Figure 5.117: Two-phase model response under equibiaxial extension for dry CR.

Figure 5.118: Two-phase model response under equibiaxial extension for CR swollen by

B0 after 5 days immersion.
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Figure 5.119: Two-phase model response under equibiaxial extension for CR swollen by

B0 after 10 days immersion.

Figure 5.120: Two-phase model response under equibiaxial extension for CR swollen by

B100 after 5 days immersion.
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Figure 5.121: Two-phase model response under equibiaxial extension for CR swollen by

B100 after 10 days immersion.

Evolution of effective volume fraction of soft phase The evolution of the effective

volume fraction of the soft phase for dry and swollen NBR and CR in the equibiaxial

extension tests during the first virgin material loading to ε = 0.5 are shown in Figures

5.122 and 5.123. For a given degree of swelling, it is clearly shown that the amount

of volume fraction of the soft domain at any given strain is the largest in the case of

equibiaxial extension, compared to uniaxial extension and pure shear conditions.
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Figure 5.122: Evolution of effective volume fraction of soft phase under equibiaxial ex-

tension deformation for NBR swollen by B100. Results correspond to 10 and 20 days of

immersion duration.

Figure 5.123: Evolution of effective volume fraction of soft phase under equibiaxial ex-

tension deformation for CR swollen by B100. Results correspond to 5 and 10 days of

immersion duration.
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5.5 Comparison between modeling results of extended pseudo-elastic model and
two-phase model

Comparing the modeling results of the extended pseudo-elastic model and the ex-

tended two-phase model, it is found that the extended pseudo-elastic model is limited to

model the stress-softening response of elastomers with low degree of swelling. For high

degree of swelling, i.e. CR after immersed in B100 for 30 days, the simulated curve devi-

ates from the experimental curve. The corresponding discrepancies between experiment

and model can be attributed to the choice of parameters ∆m and ∆r which are assumed to

be independent of the interaction parameter χ . Obviously, as clearly illustrated in Figures

5.5 and 5.6, better performance of the model can be obtained if we include the depen-

dence on the interaction parameter χ in the expression of ∆m and ∆r. In spite of these

discrepancies, the extended pseudo-elastic model appears to have advantage of being ease

to use because of its simplicity. Indeed, it is found that using simple Neo-Hookean strain

energy function which required only a single material parameter, the model is capable to

capture general feature of Mullins effect in swollen elastomers.

The extended two-phase model appears to capture well the stress-softening response

in the swollen elastomers for a wide range of degree of swelling. However, it requires

larger number of material parameters than those needed in extended pseudo-elastic model.

Moreover, the procedure required for the identification of material parameters is relatively

more complex.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

In order to conclude, all research objectives stated in Chapter 1 have been achieved.

They are detailed in the following:

1. Investigation of the swelling of elastomer in solvent:

An experimental setup was developed to investigate the swelling of elastomers in

biodiesel. Different levels of swelling resulting from different immersion durations

of stress-free elastomeric specimens were considered. It was found that the rate of

swelling is relatively high at short immersion times and becomes lower at longer

immersion duration. For given immersion duration, the swelling in CR was sys-

tematically higher than in NBR.

2. Investigation of the effect of the presence of static mechanical loading on the swelling

of elastomer:

An original test device for the analysis of the interaction between the diffusion of

biodiesel and large deformation in rubber was developed. The test conducted is the

first of its kind in investigating the effect of the presence of static mechanical load-

ing on the biodiesel diffusion in rubber. The specially designed compression device

consists of four stainless steel plates with spacer bars in between. The presence of

spacer bars allows the application of pre-compressive strain while simultaneously

exposing the rubber specimens to biodiesel. It was found that the swelling in rub-

bers increases with the increase of palm biodiesel content and decreases with the

increase of pre-compressive strain.

3. Investigation of the effect of swelling on the mechanical response of elastomers

under cyclic loading condition:
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The diffusion of biodiesel into rubber appeared to reduce its strength. Under cyclic

loading conditions, both swollen NBR and swollen CR exhibited inelastic responses,

i.e. stress-softening, hysteresis and stress relaxation. However, the amount of these

inelastic responses in swollen rubbers was significantly lower than that found in

dry rubbers. The evolution of shear modulus ratio of swollen and dry rubbers as a

function of applied compressive stress was investigated. It was found that this ratio

deviates from the one predicted by Treloar.

4. Development of a continuum mechanical model for the Mullins effect in swollen

rubber:

An original approach in modeling the Mullins effect taking into account swelling

was proposed. Extensions of the pseudo-elastic model of Ogden and Roxburgh

(1999) and the two-phases model of Mullins and Tobin (1957) and Qi and Boyce

(2004) were developed to describe the Mullins effect in swollen rubber. The mod-

els were considered and modified in order to account for the degree of swelling.

Results showed that in general the proposed models were qualitatively in good

agreement with experimental observations.

6.2 Suggestions for future works

Based on the experimental results, it is suggested that further investigations of the

influence of multiaxial stress states on the swelling and the resulting mechanical response

are needed. The suggested test will aid in understanding the fatigue failure of elastomers

in hostile environment. This can be done by designing special multiaxial test equipment

and redesigning the test specimens such that the testing time can be reduced. A fur-

ther suggestion on the experimental work to conduct swelling tests with a wide range of

biodiesel to understand the swelling behavior of elastomers.

On the continuum mechanical modeling, the proposed models for the Mullins effect

in swollen rubbers are based on the existing pseudo-elastic model due to Ogden and

Roxburgh (1999) and two-phases model due to Mullins and Tobin (1957) and Qi and

Boyce (2004). Further development and validation of the proposed model are needed.

The models could be improved by considering other material parameters to be dependent

on the swelling of elastomers, i.e. υss and A in the extended two-phases model. Other
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inelastic responses such as permanent set and hysteresis in swollen rubber can also be

included in the model. The next step would be implementing the developed models into

finite element code to simulate the response of industrial rubber components.
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