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Petroleum-based fuel is facing significant depletion issue due to its limited reserves and increasing demand from various industries. Thus, various considerations from economical, environmental and political concerns have motivated researchers to develop alternative energy sources such as biofuel to decrease dependence on petroleum-based fuel. However, the changes in the fuel composition of biofuel affect the material compatibility. In engineering applications where elastomeric components are exposed to hostile environment such as palm biodiesel medium, at least two aspects contribute to the degradation of the materials during the service: diffusion of the liquids leading to swelling and fluctuating multiaxial mechanical loading leading to fatigue failure. Therefore, it is of utmost importance to study the mechanical responses of elastomers under this coupled diffusion-mechanical loading in order to predict accurately their fatigue failure. The present work investigates the swelling of elastomers under simultaneous diffusion of palm biodiesel and multiaxial large deformations.

Introduction

The overwhelming global population growth and rapid industrialization have drastically increased the demand for petroleum-based fuel. However, considerations from environmental, political and economic factors motivate researchers to develop novel and renewable energy sources [1]. In this context, biofuel is gaining popularity but the particular chemical composition of biofuel affects significantly the performance of engineering components in particularly elastomeric parts such as seals, gaskets, pipes and O-rings. In engineering applications involving the contamination of potentially aggressive liquids such as palm biodiesel into elastomeric components, there are at least two important aspects which contribute to the degradation of the materials in service: diffusion of aggressive liquids leading to swelling and fluctuating multiaxial mechanical loading leading to fatigue failure. Indeed, the presence of solvent in the rubber matrix weakens the matrix and decreases its resistance to failure [2]. Hence, the understanding of interactions between the two phenomena is an essential pre-requisite for the durability analysis of such components.

Diffusion in elastomers had been extensively studied by Flory [START_REF] Flory | Principles of polymer chemistry[END_REF] and Treloar [START_REF] Treloar | The physics of rubber elasticity[END_REF] who investigated the swelling instress-free rubber in solvents. Following these works, a number of studies are available in the literature dealing with the diffusion of liquids in elastomers undergoing uniaxial loading [START_REF] Baek | [END_REF][6][7][8][9][10][11][12] and generally it was found that tensile stress increases swelling while opposite phenomenon is observed for compressive stress [6,13,14]. Treloar [START_REF] Treloar | The physics of rubber elasticity[END_REF] attributed these phenomena to the hydrostatic part of the Cauchy stress in the materials. The author provided the same argument for the decrease in swelling of rubber cylinder undergoing simple torsion. It is important to highlight that in these works, the authors considered the diffusion for small strain problems only. The effect of large multiaxial deformation on the diffusion in elastomers is not established.

The objective of the present work is to investigate the diffusion in elastomers under multiaxial large strain. For this purpose, simple experimental specimen and device are developed such that immersion tests can be conducted while the specimens are simultaneously subjected to various mechanical loadings: simple tension, simple torsion and combined tension-torsion.

Experimental Program

Materials. Specially designed elastomers are purchased from MAKA Engineering Sdn. Bhd., Malaysia. The as-received elastomeric specimens investigated in this paper are commercial grades of NBR and CR with 60 shore hardness and 25 wt% of carbon black content. Palm biodiesel is provided by Mission Biotechnologies Sdn. Bhd.All immersion tests are conducted in 100% palm biodiesel at room temperature.

Experimental Device and Specimen. In order to investigate the diffusion of palm biodiesel into elastomers undergoing multiaxial large strain, specially-designed specimen and device are developed. They consist of a hollow diabolo elastomeric specimen equipped with circular metallic grips and plates as shown in Fig. 1. Immersion Testing and Swelling Measurement. In the present study, eight different mechanical loading conditions are investigated. The details of these conditions are given in Table 1. The specimens are immersed in B100 for the duration of 1 week. To determine the swelling effect, the mass change of the specimens is measured after the immersion. The percentage of mass change is calculated using the following relation:

% 100 (1) 
where and are the mass before and after immersion. 

Results and Discussion

Swelling. Fig. 2 shows the percentage of mass change of NBR and CR immersed for one week in palm biodiesel under different loading conditions. For NBR, in the absence of tensile strain, the percentage of mass change varies from 1.4% to 1.9%. Meanwhile, in the presence of tensile strain, the percentage of mass change ranges from 2.1% to 2.6%. The percentage of mass change in CR ranges from 4.5% to 6.0% in the absence of tensile strain and from 7.0% to 7.8% in the presence of tensile strain. The effect of mechanical loading, in particularly tensile strain, on the amount of swelling is clearly shown in this Figure . It is observed that the application of 20% tensile strain to the rubber specimen increases the amount of liquid uptake by as much as 50% regardless the amount of applied twist. In contrast, the effect of twist on the swelling level appears to be not as significant as the effect of tensile strain. Mechanical Quantity Affecting Swelling Level. According to Treloar [START_REF] Treloar | The physics of rubber elasticity[END_REF], the reduction or increase in the swelling is mainly governed by the hydrostatic part of the Cauchy stress. A tensile stress, for which the corresponding hydrostatic part is negative, leads to an increase in the swelling level and the opposite phenomenon is predicted for compressive stress. In the present study, complex mechanical loading conditions such as combined tension-torsion are addressed. Hence, the determination of the hydrostatic part of the Cauchy stress requires the analytical solution of hyperelastic hollow cylinder under corresponding mechanical loading conditions.
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The complete derivation of the governing equations for an isotropic incompressible hyperelastic tube under combined tension-torsion can be found for example in Green and Adkins [START_REF] Green | Large elastic deformations[END_REF], and with the present notations in [START_REF] Andriyana | [END_REF] and [17].Using cylindrical coordinates system where (e r ,e θ ,e z ) represent the three unit vectors along radial, circumferential and axial directions respectively in the deformed configuration, for neo-Hookean constitutive equation, the resulting Cauchy stress tensor at any particular point of the undeformed configuration is given by: -
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where λ is the stretch ratio and is the twist per unit length. For each loading condition, their values are tabulated in Table 1.R is the radial position of any particular point in the undeformed configuration while R o is the initial outer radius of the cylinder. C is the material parameter, identified from the first uploading stress response of the dry rubber. The hydrostatic stress is obtained by taking the trace of the Cauchy stress tensor [START_REF] Holzapfel | Nonlinear solid mechanics: a continuum approach for engineering[END_REF]: 0 -1 23

(3) For each loading condition, the initial hydrostatic stress in the middle part of the specimen at various radial positions R is calculated and depicted in Fig. 3 for both NBR and CR. For a given twist, it is observed that the hydrostatic stress decreases with the increase of radial position. More precisely, under torsion the elastomeric cylinder experiences compressive stress at the inner surface and tensile stress at the outer surface. There exists a particular plane along which the hydrostatic stress is zero. This particular plane is located at the critical radius 4 √0. 6 • and its location is independent of the applied twist. Between the inner surface and the particular plane, i.e. 9 < < 4 , the hydrostatic stress is positive (in compression state) while between the particular plane and the outer surface of the cylinder, i.e. > 4 , the hydrostatic stress is negative (in tension state). Since the strain and stress are non-uniform in the rubber specimen, the average value of hydrostatic stress has to be calculated. Fig. 4 presents the average hydrostatic stress for different loading conditions. As shown in Fig. 4, the average value of hydrostatic stress does not change significantly with the increase of twist. Indeed, for the case of simple torsion, the average hydrostatic stresses in both NBR and CR are close to zero regardless the amount of twist. These results can be helpful in understanding why the swelling levels in our materials are not greatly affected by the amount of twist. In Fig. 5, the percentage of mass change is plotted against the average hydrostatic stress for different loading conditions. When twist is applied, it is found that the resulting swelling level is systematically higher than the swelling in stress-free specimens as shown in Figs. 5(a) and 9(c). The increase of swelling due to the application of twist is in contrast to the prediction of Treloar [14,[START_REF] Treloar | [END_REF]. The corresponding discrepancy could be attributed to the geometry of the specimen. Indeed, while hollow cylindrical specimen is considered in the present study, Treloar used a solid cylindrical specimen. For a given twist, the zone of the cylinder experiencing compressive hydrostatic stress will be larger in the case of solid cylinder than that in the case of hollow cylinder. Since the zone having compressive hydrostatic stress is larger in the solid cylinder, the resulting average hydrostatic stress becomes higher. Thus, under a given twist, the resulting swelling in solid cylinder is lower than that in the hollow cylinder. Finally, the above observations suggest that the effect of torsion on swelling is dictated by the specimen geometry. For our purpose, a thin-walled cylinder with the above ratio would be preferable than the solid one since certain level of swelling can be reached within a relatively shorter period of time. Moreover, the resulting stress and strain fields will be relatively more uniform. Thus, in order to fully establish the effect of multiaxial loading on the swelling of elastomers, further works and validations using improved specimens with the condition 9 > 4 , which equivalent with the ratio < = > < 0.259, where2 = -9 is the wall thickness and A = + 9 is the mean radius of the cylinder are required in the future.

Conclusion

The levels of swelling experienced by both NBR and CR are found to be significantly affected by the presence of mechanical loading. More precisely, the effect of tensile strain appeared to be more significant than that of torsion. It was found that the swelling level increases significantly when a tensile strain is introduced. Moreover, slight increase in swelling is observed when a twist is applied. The increase of swelling due to the application of torsion is in contrast to the observation of Treloar [14,[START_REF] Treloar | [END_REF]. Our results suggest that the corresponding discrepancy could be attributed to the specimen geometry.
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 1 Fig. 1. Exploded view of the experimental device and specimen.
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 2 Fig. 2. Mass change of (a) NBR and (b) CR after 1 week immersion in palm biodiesel.
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 3 Fig. 3. Initial hydrostatic part of Cauchy stress at different radial position for (a) NBR and (b) CR.
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 4 Fig. 4. Average initial hydrostatic part of Cauchy stress for (a) NBR and (b) CR.

Fig. 5 .

 5 Fig. 5. Mass change as a function of average hydrostatic component of stress for (a) NBR without tensile strain, (b) NBR with tensile strain, (c) CR without tensile strain and (d) CR with tensile strain.

Table 1

 1 Mechanical loading conditions.

			Applied Load	
		Tensile Load	Torsional Load
	Specimen S0 T0	Axial extension ∆L (mm) 0	Resulting stretch ratio λ= / 1	Twist angle (°) 0	Resulting twist per unit length (rad/mm) 0
	S0 T30	0	1	30	0.02094
	S0 T60	0	1	60	0.04189
	S0 T90	0	1	90	0.06283
	S20T0	5	1.2	0	0
	S20T30	5	1.2	30	0.01745
	S20T60	5	1.2	60	0.03491
	S20T90	5	1.2	90	0.05236
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