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Effect of multiaxial mechanical loading on the swelling of rubber in biodiesel

The lifetime of rubber components depends on their service loading and environment. In the case of hostile environments such as oil rich medium, the exposure of this aggressive solvent to rubber components can lead to materials degradation in the form of swelling. The corresponding level of swelling is generally affected by the rubber-solvent combination and the presence of mechanical loading. When the rubber is concurrently subjected to uniaxial stress state, it is established that the compressive stress decreases swelling while opposite trend is observed for tensile stress. However, its generalization to the case of multiaxial stress state is not fully established. The present work investigates the effect of multiaxial mechanical loading on the swelling of rubber in palm biodiesel. For this purpose, specially design specimen and device are developed. The device enables the immersion tests to be conducted while the rubber specimens are concurrently subjected to multiaxial mechanical loading. The elastomer considered is Chloroprene Rubber (CR). Results show that the swelling level is significantly affected by mechanical loading.

Rethwisch 2007). In fact in most of the engineering applications, interaction with solvents is one of the factors which contribute to the failure of elastomers [START_REF] Mars | Multiaxial fatigue of rubber[END_REF].

A number of works investigating the interaction between diffusion of solvents in stress-free elastomers [START_REF] Flory | Principles of polymer chemistry[END_REF][START_REF] Treloar | The physics of rubber elasticity[END_REF]) and uniaxial large deformation in elastomers [START_REF] Fukumori | Swelling behaviour of rubber vulcanizates: 2. effects of tensile strain on swelling[END_REF][START_REF] Mostafa | Effect of carbon black loading on the swelling and compression set behavior of sbr and nbr rubber compounds[END_REF][START_REF] Jerabek | Uniaxial compression testing of polymeric materials[END_REF][START_REF] Chai | Development of a compression device for investigating interaction between diffusion of biodiesel and large deformation in rubber[END_REF]) had been extensively studied. In general it was found that in the case of uniaxially stressed elastomer, tensile stress increases swelling while compressive stress restricts swelling [START_REF] Chai | Development of a compression device for investigating interaction between diffusion of biodiesel and large deformation in rubber[END_REF]. Although the effect of uniaxial mechanical loading to swelling is well established, there are no general agreement on the effects of multiaxial mechanical loading on swelling [START_REF] Mars | Factors that affect the fatigue life of rubber: A literature survey[END_REF] due to the difficulty in setting up the experimental works. Thus, specially designed specimen and device need to be developed for this purpose. The present work can be regarded a first attempt to investigate the interaction between diffusion of solvents and multiaxial mechanical loading.

This paper is organized as follows. Experimental works including materials, experimental device

INTRODUCTION

Elastomers serve as a popular choice in many applications due to its interesting mechanical properties. One of the unique properties is its ability to exhibit high elasticity where it can return rapidly to approximately its initial dimensions and shape after large deformation upon release of the applied stress. Typical industrial usages of elastomers include flexible pipes, tires, bearing, seals, o-rings, gasket, lining, etc.

The lifetime of an elastomers is greatly determined by the service environment conditions and the nature of their applications. During their service, they are often subjected to fluctuating mechanical loading in addition to exposure to potentially hostile environments such as oil rich medium or chemical solvents. Prolonged exposure to aggressive liquids will lead to the degradation of the elastomer. Degradation of elastomers can be expressed as swelling which is measured in the form of mass or volume change (Abu-Abdeen and Elamer 2010). The diffusion of fuels into the elastomers network weakens their strength and alters their mechanical characteristics (Callister and and testing 

Experimental device and specimen

Specially-designed specimen and device are developed to investigate the diffusion of palm biodiesel into elastomers. The complete device consists of a hollow cylindrical elastomeric specimen equipped with circular metallic grips and plates as shown in Figure 1. The device has the features described below:

1. The device consists of four identical metallic grips and two metallic plates which are screwed together at both ends of the elastomeric specimen. 2. The top and bottom part of the elastomeric specimen are gripped tightly by the metallic grips and plates to allow axial extension/contraction or multiaxial mechanical loading to be imposed to the specimen. 3. Each metallic grip consists of two sets of five holes separated at 10 . Different twist can be applied to the specimen by twisting the upper part while fixing the lower part of the grip. 4. Diffusion of biodiesel takes place from the inner and outer wall surfaces of the hollow cylindrical shape specimen to achieve equilibrium swelling within a reasonable period of time.

Immersion tests and swelling measurement

In this study, three different mechanical loading conditions are considered. The details of these conditions are given in Table 1. The specimens are immersed completely in palm biodiesel for the duration of 1, 3, 5 and 7 days respectively at room temperature. The procedures to measure the swelling level are 1. Before immersion, the mass of dry specimen is measured in air and in water. 2. The specimens are then attached into the experimental device and different twist angles are imposed. 3. The experimental devices are subsequently immersed into palm biodiesel. 4. After immersion, the specimens are dismantled from the device and the mass in air and water are measured again. 5. The percentage of mass, volume and density change are calculated using the following relations:
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where M 1 and M 2 are the masses in air while M 3 and M 4 are the masses in water of the specimen before and after immersion. (1975). In the following section, the hydrostatic pressure is derived for our loading conditions.

Hydrostatic stress

As proposed by [START_REF] Treloar | The physics of rubber elasticity[END_REF], the resulting swelling level of the specimen after the immersion is mainly governed by the hydrostatic part of the Cauchy stress (hydrostatic stress). A tensile stress which leads to negative hydrostatic stress favors the diffusion process and thus increases the swelling level. Conversely a compressive stress will generates positive hydrostatic stress and thus restricts swelling. Since our study relates to complex multiaxial mechanical loading, the hydrostatic stress in the specimen under different loading conditions need to be calculated. The calculation of the hydrostatic stress requires the analytical solution of hyperelastic hollow cylinder under corresponding mechanical loading conditions.

During the static immersion conducted in this study, the resulting stress in the elastomers decreases with time due to viscous effects. The elastomers experience stress relaxation during the immersion and consequently the hydrostatic part of stress also decreases. Since we have no access to the precise kinetic of stress relaxation, i.e. the stress level in the elastomers at any particular time is not known, the discussion in this study only focuses on the initial hydrostatic stress in the dry elastomers at the beginning of immersion test.

The complete derivation of the governing equations for an isotropic incompressible hyperelastic tube under different mechanical loading conditions can be found for example in [START_REF] Green | Large elastic deformations[END_REF]. More recent notations on this can be found in Verron and Andriyana works [START_REF] Verron | Definition of a new predictor for multiaxial fatigue crack nucleation in rubber[END_REF][START_REF] Andriyana | Configurational mechanics and critical plane approach: Concept and application to fatigue failure analysis of rubberlike materials[END_REF]. Using cylindrical coordinates system, for the neo-Hookean constitutive equation the resulting stress 
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where (e e e r z e , e e θ θ ) represent the three unit vectors along radial, circumferential and axial directions respectively in the deformed configuration. γ is the twist per unit length and the values for each loading condition are tabulated in Table 1. R is the radial position of any particular point in the undeformed configuration while R o R is the initial outer radius of the cylinder. C is the material parameter which value for CR is 0.594 MPa. The hydrostatic stress is obtained by taking the trace of the Cauchy stress tensor:

p tr 1 3 ( ) ) ) (5)
Combining Equation 4and 5 leads to
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The initial hydrostatic stress of the specimen at various radial position R from inner radius R mm i R R 38 to outer radius R mm o R 43 is calculated and depicted in Figure 3. From this figure, it is shown clearly the hydrostatic stress decreases with the increase of radial position under the presence of twist, i.e. the strain field generated is not uniform. Furthermore, the non-uniformity in stress field increases when the twist increases. From this figure, note that the entire specimen experiences negative hydrostatic stress whenever a twist is introduced. Thus, the entire specimen is under tensile stress state and is expected to increase swelling as compared to initially stress-free specimen.

Since the strain and stress are non uniform throughout the radial position, the average value of initial hydrostatic stress need to be calculated. Figure 4 presents the average hydrostatic stress calculated using the following equation:

p R R pdr d d o i R R R R R i R o R = ∫ R 1 (7)
As shown in Figure 4 the average value of hydrostatic stress becomes more negative when the twist increases. As argued by [START_REF] Treloar | The physics of rubber elasticity[END_REF], negative hydrostatic stress facilitates the liquid uptake and thus increases the swelling level. However, our observation is in contrast to the experimental observation of [START_REF] Loke | Swelling of a rubber cylinder in torsion: Part 2. experimental[END_REF][START_REF] Treloar | Swelling of a rubber cylinder in torsion: Part 1. theory[END_REF]. In their works, they observed that swelling decreases with twist angle. In our opinion, the corresponding discrepancy could be attributed to the geometry of the specimen. Indeed, while hollow cylindrical specimen is considered in our study, Loke and Treloar used a solid cylindrical specimen. Our previous work observed that under torsion, the exists a particular plane along which the hydrostatic stress is zero and is located at criti-

cal radius R R c o R R 0 6
which is independent of the applied twist. Between the inner surface and the particular plane, i.e. R R R

i c R R R < R R
, the hydrostatic stress is positive (in compression state) while between the particular plane and the outer surface of the cylinder, i.e. R R c R , the hydrostatic stress is negative (in tension state).

Based on the observations, it is suggested that the effect of torsion on swelling is dictated by the specimen geometry. In the case of solid cylinder, the resulting average hydrostatic stress is positive, i.e. swelling is restricted. Thus, lower swelling is expected to occur than the one in stress-free cylinder. However, when a hollow cylinder having inner radius larger than the critical radius is used, i.e. with R R i c R R R , the resulting average hydrostatic stress is negative and significantly higher swelling is expected to occur than the one in stressfree cylinder. For the specimen used in this paper, R m m c R . 33 31 and R mm

i R R 38 . Hence the criteria R R i c
R R R is followed and enable us to clear influence of torsion on the swelling level.

To gain an insight view on the effect of hydrostatic stress on the swelling level, the percentage of mass, volume and density change are plotted against the average hydrostatic stress for different mechanical loading at different immersion duration. Generally, the same trend is observed for mass and volume change where the change percentage increases when the average hydrostatic stress decreases. This observation is similar to the prediction of [START_REF] Treloar | The physics of rubber elasticity[END_REF]. The mass and volume change also increase with the immersion period. The lowest mass and volume change correspond to 1 day immersion with twist angle while the highest mass and volume change correspond to 7 days immersion with 20 twist angle. Meanwhile, opposite trend is observed for density change as it decreases with the decrease in average hydrostatic stress.

CONCLUSIONS

An experimental device and specially designed specimen have been designed to investigate swelling of rubber in the presence of multiaxial mechanical loading. It is found that swelling in elastomer is significantly affected by the presence of mechanical loading. Generally, the swelling level increases with twist angle. The observation can be explained in terms of hydrostatic part of Cauchy stress tensor, as proposed by [START_REF] Treloar | The physics of rubber elasticity[END_REF]. For our specimen, the hydrostatic stress become more negative when the twist angle increases and thus swelling increases. To close this paper, it is to note that the geometry of specimen is very important to determine the effect of multiaxial mechanical loading on swelling level. 
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 1 Figure 1. Specially designed specimen and device for the observation of multiaxial mechanical loading.

Figure 2

 2 Figure2shows the mass, volume and density change of CR under different twist angles in palm biodiesel for immersion duration of 1 day, 3 days, 5 days and 7 days respectively. Both plots for mass and volume change show similar trend. Generally it is observed that the mass and volume change increase with the increase of twist angle while the opposite phenomena is observed for density change. Moreover, the mass and volume change for all mechanical loading conditions increase with the immersion duration. The mass change ranges from 3-11% while the resulting volume change ranges from 5-20%. On the other hand, the density change ranges from -2.3--. 7% Our interest is to determine the mechanical quantity which affects the swelling level in the elastomers. The mechanical quantity should be closely related and affected by the types of mechanical loading condition. One of the possible mechanical quantity affecting swelling is the hydrostatic part of the Cauchy stress which is proposed by[START_REF] Treloar | The physics of rubber elasticity[END_REF]. In the following section, the hydrostatic pressure is derived for our loading conditions.
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 2 Figure 2. (a) Mass, (b) volume and (c) density change of CR at different twist angles after immersion in palm biodiesel for different durations.
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Figure 3 .

 3 Figure 3. Initial hydrostatic part of Cauchy stress at different radial position for different twist angle.

Figure 4 .

 4 Figure 4. Average initial hydrostatic part of Cauchy stress at different twist angle.

Figure 5 .

 5 Figure 5. (a) Mass, (b) volume and (c) density change as a function of average initial hydrostatic stress for different durations.

  procedures are discussed in Section 2. Experimental results are presented in Section 3 while concluding remarks are given in Section 4.
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