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Abstract

Elastomers are used in numerous engineering applications such as sealing components, it is
therefore important to devise a method that can accurately predict elastomers’ response to load.
Many applications that employ the use of these materials subject them to a nonlinear large strain;
therefore the simple Hooke’s law is not sufficient to describe their material behaviour. This paper
presents an approach to obtain material properties of elastomer under compression loading,
based on hyperelastic strain formulation, through experimental test and finite element modelling.
The paper focuses on the isotropic incompressible behaviour exhibited by elastomers, and obtains
strain energy functions that satisfy the characteristic properties of a hyperelastic model. Data ob-
tained from compression test on a nitrile rubber (NBR) specimen were used as material input into
ABAQUS®—a finite element analysis software. A least square fitting technique was used to deter-
mine the coefficients of various stable hyperelastic models, based on Drucker’s stability criteria
within the software. The strain energy functions obtained concentrate on material parameters
which are related to physical quantities of the material molecular network they are subjected to in
practical application. The approach benefits from mathematical simplicity, and possesses the
property of the deformation mode dependency. Furthermore, a model validation procedure using
a step-by-step method for parameters estimation is explained. The work herein is a nonlinear fi-
nite element modelling process that leads to an optimal solution and can be employed not only for
elastomeric seals, but also for similar engineering assets.
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1. Introduction
Elastomers are very unique visco-hyperelastic materials capable of accommodating large deformation and can
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recover completely when the load is removed. They possess damping characteristics (ability to dissipate en-
ergy), high strength especially under shear and compressive deformation, making them suitable for use in design
of mechanical components associated with dynamic loading such as elastomeric lip seals.

Elastomeric seals are important machine components found in mechanical systems. There are currently hun-
dreds of patented designs for elastomeric seals, it would be fair to say that practically all of them fall under the
two categories of seals namely: static seal such as O-rings and dynamic seal e.g. radial lip seal. One of the ap-
plication examples of the former is in hydraulic cylinder piston, where it is usually compressed to a desired level
to achieve sealing as depicted in Figure 1 [1]-[3]. The latter on the other hand is illustrated in Figure 2, usually
found in wind energy turbines, marine propulsion components etc. to provide an effective means of sealing a
rotating shaft unit by preventing leakage of lubricant that inhibits excessive wear and to avoid penetration of ex-
ternal contaminants into the sealed fluid system [4] [5]. The important property which maintains an elastomeric
seal for sealing applications is the resilience in an elastomer which provides a measure of speed of recovery
when stress is released from the elastomer [6] [7]. The resilience therefore gives an indication of the ability of
the seal to respond to dynamic movement.

The general concern in elastomeric seal design comes from how to understand the material properties, be-
cause this would be a useful tool from the view of safety and profitability to industries. One critical aspect of
good design is appropriate material selection. This cannot be done without a comprehensive knowledge on how
the material will behave when subjected to mechanical loads. Authors in [8]-[11] performed an evaluation of
structural mechanics analysis in builtup stresses and deformations on the elastomeric seal profile using finite
element analysis and modelling. Stress field, frictional wear and the contact pressure distribution were explored
in their work.

The analysis and modelling of the dynamic response of an elastomeric component under compressive loading
are essential and will facilitate the use of computer simulation for designing products that incorporate elastomers
subjected to this type of load. However, the accuracy of such results will largely depend on the material property
supplied for the analysis, considering that elastomers exhibit an incompressible behaviour with Poisson’s ratio
value very close to 0.5, further compounded by a nonlinear stress-strain curve. Elastomers have a low modulus
of elasticity (E) ranging from 10 MPa to 4 GPa (E-value for most metals is in the 50 - 400 GPa range), but
very high elongation reaching up to 1000% (elongation for metals is always less than 100%) [12]. Being a
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Figure 2. Radial lip seal running on shaft (a) cut-section (b) axisymmetric section.
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visco-hyperelastic material, it comprises two components: the first corresponds to hyperelasticity based on a
strain energy density function expressed in polynomial form to characterize quasi-static nonlinear response,
while the second incorporates a relaxation-time function to capture rate sensitivity and strain history depend-
ence. For an elastomer in compression without undergoing a cyclic loading, the viscous components can be ig-
nored. However, FEA results can only be assumed reliable if there is a reasonable level of verification, most
importantly in the Hyperelastic material parameter used.

This paper presents a methodology for evaluating the material property of an elastomer subjected to compres-
sion loads used in design of mechanical components, with a special interest in elastomeric seals.

Firstly the mechanics of linear elastic and hyperelastic materials is visited followed by experimental tests car-
ried out on a lip seal elastomeric material (Acrylonitrile-butadiene rubber, NBR); the experimental test estab-
lished the material property of the in-test specimen which can serve as design guide and validation. Data ob-
tained from the experiment were then used to evaluate various hyperelastic models using commercial FEA
package ABAQUS® to verify stability/suitability of the models while putting into consideration the elastomer’s
material behaviour. A finite element model of the test specimen was reproduced and assigned the material pa-
rameters obtained from one of the suitable models while replicating an actual experimental condition. Results
from the analysis were compared with the experimental tests and conclusions drawn.

2. Hyperelasticity

The stress-strain behaviour of elastomer remains elastic up to large strain (values often well over 300%) hence
termed “hyperelastic material”. Elastomers exhibit a nonlinear elastic behaviour, which implies that its deforma-
tion is not directly proportional to the applied load. They however exhibit a Cauchy-elastic material behaviour
like other simple elastic material which means that the stress at each point is determined only by the current state
of deformation with respect to an arbitrary reference configuration and not the path or history of deformation
[13]. The primary difference between a linear elastic material and a nonlinear hyperelastic material with respect
to stress-strain relationship is that the latter derives its own from a strain energy density function whereas the
former is derived from a constant factor [14]. Figure 3 depicts the stress-strain curve of a linear elastic material
and a hyperelastic material.

The strain energy density W for hyperelastic material is way more complex to relate due to the complexity of
rubber materials. An important approach in nonlinear elasticity theory for analysis of rubber-like materials is to
derive a reasonable and applicable elastic law, which can form a key to the development of reliable analysis tool
[13].

There are several laws for strain energy potentials for hyperelastic materials; they define the strain energy
stored in the material per unit of reference volume as a function of the strain energy at that point in the material
based on the functions of the stretch invariants, W = f (1,,1,,1;) or stretch ratios W = f (4, 4,,4;) as in

Figure 4.
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Figure 4. Pure homogenous strain (a) unstrained state (b) strained state.
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Hyperelastic Constitutive Model

The available phenomenological models of strain energy potentials for hyperelastic materials usually take a
polynomial form. Thus

W= 3Gy (1-3)' (1,-3) + 23 - ©) 115

where,

W = Strain energy potential,

J = Elastic volume ratio,

I1, I, = Stretch invariants,

N, Ci;, Di = Material constants to be evaluated from tests data.

N.B. the material constants C;, and D; describe the shear behaviour and compressibility of the material re-
spectively.

J =1, for complete incompressibility.

Some of the several forms of strain energy potentials available as seen in (Ghoreishy, 2012) are:
e Mooney-Rivlin

The earliest and one of the significant phenomenological theories of hyperelasticity was proposed by Mooney
later in conjunction with Rivlin. The model expresses strain energy as a function of elastic constant and first and
second stretch invariants

1
W:Clo(ll—3)+C01(I2—3)+E(J—1)2. @
1
e Neo-Hooke
The model is a special case of the Mooney-Rivlin form. If the material in the Mooney-Rivlin model has it
value of Cy; to be equal to zero, such material obeys Neo-Hookean model law:
W =Cy (I, —3)+Di(3 -1y

1

®)

e QOgden
Ogden’s proposed strain energy density function can be described directly in terms of principal stretch ratios

O,
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2 ai ai ai 1 i
W= X (A A -3+ Bl (3 -1 ©
e Yeoh
This is a special form of the reduced polynomial models. It is expressed as
W =Cy (I, ~3)+ Cyy (1, ~3)7 +Cap (1, ~3)° +—=(J —1) +-=-(3 —1)" +— (3 -1)°. (10)
Dl D2 D3

e Marlow

The Marlow model does not contain any explicit relation between strain energy density and/or invariants or
stretch ratios. It is assumed that the strain energy density is only a function of the first invariant of the strain
tensor

W=W(l,). (11)
Since for incompressible materials, 1, =0 thus I, can be written as
L =A7+A ! 12
1 =h A +E- (12)

e Arruda Boyce
This model has a slightly different form, it is not a phenomenological, but a micromechanical model, and it
can be related thus

1,— 1 - 11 - 19 - 519 -
W =y{5<|1—3)+m(lf —9)+ —— (17 - 27)+ ——— (I, —81)+W(|15 —243)}

+i[ﬂ_|naj
D\ 2

where, u represents the initial shear modulus, 1 is the stretch ratio, D represents the incompressibility parameter.

(13)

3. Experimental Test

To obtain the material properties of elastomer under compressive loading, a compression experimental test was
adopted. In this study, an NBR (nitrile rubber) sample is used. NBR is the most widely used elastomers in in-
dustries as seal due to its moderate cost, excellent resistance to oils, fuels and grease over a wide range of tem-
perature, possessing a good resistance to swelling by aliphatic hydrocarbons and ease of processing [6]. The test
specimen is shown in Figure 5.

ASTM standard test method (ASTM: D575) was adopted. The test was performed on an INSTRON 3369
testing machine, a type of laser scanning extensometer which enables a non-contact strain measurement within
the specimen during loading. The machine was set to operate in compression mode, using a 50-kN load cell. The
overall test rig is presented in Figure 6.

A fixed flat plate is placed at the bottom of the test specimen whilst the plunger applies a compressive load on
it. The NBR sample was allowed to deform freely, to mimic an in-process service of an elastomer seal in order
to obtain its stress-strain plot. The experimental test result is provided in Figure 7.

4. Hyperelastic Material Parameters Evaluation

The test data obtained from stress strain curves of Figure 8 were used evaluate the suitability of four hyperelas-
tic material models (Arruda-Boyce, Neo-Hooke, Ogden, and Yeoh) within Abaqus® software. A negative sign
convention (-) was used to indicate in the data supplied, that the load was in compression and also the displace-
ment of the specimen. The nonlinear curve fitting algorithm implemented in the software was used for this pur-
pose. Figures 8-11 show the experimental Stress-Strain curves with their corresponding predicted characteristics

for each hyperelastic models.
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Figure 5. Compression test specimen (a) physical model, (b) CAD model (in mm), (c) plunger.

Figure 6. Experimental setup for compression test (a) test machine (b) compressed specimen.

Figure 7. Stress-strain curve of NBR test specimen under compression load.
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As it can be seen, the models closely fit the experimental data. They give reasonable degree of agreements
between real and computed data. The degree of fitting for the Yeoh model even though appears satisfactory
from the plot, is however not recommendable for further use due to its unstable computed data as indicated from
the evaluation report in Abaqus shown in Figures 12-15. To verify this, the stability of the selected material
models was taken into consideration. ABAQUS makes this check using the Drucker Stability Postulate that im-

plies the incremental internal energy of a material can only increase i.e.

O,
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Figure 8. Arruda-Boyce model vs. experiment.
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Figure 9. Neo-Hooke model vs. experiment.

do:de>0. (14)

This means that the tangential stiffness matrix must be positive definite. Further evaluation indicated that Ar-
ruda-Boyce, Neo-Hooke and Ogden models were stable at all values of the strain supplied to it, while the Yeoh
model was conditionally stable as indicated in Figure 15. The limiting strain in compression from the experi-
mental test is 0.45 and for the Yeoh model falls out of this range. This implies that the use of this model will
gives rise to unstable results even within the specified range. However, it is obvious that the limiting values for
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Figure 11. Yeoh model vs. experiment.

the other models were not only within the experimental values, but also within the values found in elastomeric
seal applications as reported in [16]. For this reason, any of the stable models can be used for further modelling
of an NBR elastomerseal within this strain range. The computed parameters for various stable model and unsta-
ble Yeoh model obtained from ABAQUS is shown in Table 1.

5. Finite Element Model

The extent to which a material model can work within a finite element analysis programme can be determined

©
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HYPERELASTICITY - ARRUDA-BOYCE STRAIN ENERGY FUNCTION

MU MU 0 LAMBDA M D
2152222.92 2174923.96 7.60452078 0.00000000

STABILITY LIMIT INFORMATION

UNIAXIAL TENSION: STABLE FOR ALL STRAINS
UNIAXIAL COMPRESSION: STABLE FOR ALL STRAINS
BIAXIAL TENSION: STABLE FOR ALL STRAINS
BIAXTAL COMPRESSION: STABLE FOR ALL STRAINS
PLANAR TENSION: STABLE FOR ALL STRAINS
PLANAR COMPRESSION: STABLE FOR ALL STRAINS
VOLUMETRIC TENSION: STABLE FOR ALL VOLUME RATIOS

VOLUMETRIC COMPRESSION:  STABLE FOR ALL VOLUME RATIOS

Figure 12. Evaluated compression test data for stability check; Arruda Boyce model.

HYPERELASTICITY - NEO-HOOKEAN STRAIN ENERGY

D1 C10 C01

0.00000000 1090961.04 0.00000000

STABILITY LIMIT INFORMATION

UNIAXIAL TENSION: STABLE FOR ALL STRAINS
UNIAXIAL COMPRESSION: STABLE FOR ALL STRAINS
BIAXIAL TENSION: STABLE FOR ALL STRAINS
BIAXIAL COMPRESSION: STABLE FOR ALL STRAINS
PLANAR TENSION: STABLE FOR ALL STRAINS
PLANAR COMPRESSION: STABLE FOR ALL STRAINS
VOLUMETRIC TENSION: STABLE FOR ALL VOLUME RATIOS
VOLUMETRIC COMPRESSION: STABLE FOR ALL VOLUME RATIOS

Figure 13. Evaluated compression test data for stability check; Neo Hooke model.

HYPERELASTICITY - OGDEN STRAIN ENERGY FUNCTION WITH N = 1

I MU I ALPHA 1 DI

1 2146719.92 1.56251983 0.00000000

STABILITY LIMIT INFORMATION

UNIAXIAL TENSION: STABLE FOR ALL STRAINS
UNIAXIAL COMPRESSION: STABLE FOR ALL STRAINS
BIAXIAL TENSION: STABLE FOR ALL STRAINS
BIAXIAL COMPRESSION: STABLE FOR ALL STRAINS
PLANAR TENSION: STABLE FOR ALL STRAINS
PLANAR COMPRESSION: STABLE FOR ALL STRAINS
VOLUMETRIC TENSION: STABLE FOR ALL VOLUME RATIOS

VOLUMETRIC COMPRESSION: STABLE FOR ALL VOLUME RATIOS

Figure 14. Evaluated compression test data for stability check; Ogden model.
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HYPERELASTICITY - POLYNOMIAL STRAIN ENERGY FUNCTION WITH N =2

D1 C10 Co1

D2 C20 Cl11 Co02
0.00000000 -8844627.34 9379770.06
0.00000000 -26189571.7 25702598.0 -7443496.45

STABILITY LIMIT INFORMATION

(WARNING: UNSTABLE HYPERELASTIC MATERIAL

UNIAXIAL TENSION: UNSTABLE AT A NOMINAL STRAIN LARGER THAN 0.0300
UNIAXIAL COMPRESSION: UNSTABLE AT A NOMINAL STRAIN LESS THAN -0.0388
BIAXIAL TENSION: UNSTABLE AT A NOMINAL STRAIN LARGER THAN 0.0200
BIAXIAL COMPRESSION: UNSTABLE AT A NOMINAL STRAIN LESS THAN -0.0147
PLANAR TENSION: UNSTABLE AT A NOMINAL STRAIN LARGER THAN 0.0300
PLANAR COMPRESSION: UNSTABLE AT A NOMINAL STRAIN LESS THAN -0.0291
VOLUMETRIC TENSION: STABLE FOR ALL VOLUME RATIOS

VOLUMETRIC COMPRESSION: STABLE FOR ALL VOLUME RATIOS

Figure 15. Evaluated compression test data for stability check; Yeoh model.

Table 1. ABAQUS evaluated hyperelastic material parameters.

Ogden (Stable) Neo-Hooke (Stable) Arruda Boyce (Stable) Yeoh (Unstable)
Mu_l = 2.15 MPa C_01=0.00 Mu = 2.15 MPa C_01=9.38 MPa C_11=-25.70 MPa
Alpha_1 =156 C_10 =1.09 MPa Lamda = 7.60 C_10=-8.84 MPa C_20=-26.18
D = 0.00 (Pa”-1) D = 0.00 (Pa”-1) D = 0.00 (Pa”-1) D_1=0.00 D_2=0.00
1=1 Mu_0=2.17 MPa C_02 =-7.44 MPa

by modelling test specimen used to generate the experimental data. It is necessary to validate the hyperelastic
parameters obtained in order to have confidence in modelling the elastomeric component through finite element
analysis. Since Neo-Hooke, Ogden and Arruda Boyce model are stable in this study; these stable models were
employed to validate the parameters obtained they also provide a good fit for compression mode of deformation
[17]. For this reason, finite element modelling is carried out using Neo-Hooke, Ogden and Arruda Boyce mate-
rial parameters to compare the analytical result with the test result in order to validate the models.

The test sample was modelled in ABAQUS® under the same uniaxial compression the sample experienced
during the compression test. It is not necessary to model the whole component since both the geometry of the
structure and the loading are axisymmetric. Therefore, it is only needed to model a plane through the compo-
nent: each element represents a complete 360° ring. By adopting this approach, computational cost is well re-
duced in terms of possibility to use reduced number of elements for the analysis, reduced number of degrees of
freedom, reduced run time and storage requirements for the analysis and allows the use of a more refined mesh.

For an incompressible material like elastomer, the volume cannot change under this loading. Therefore, the
pressure stress cannot be computed from the displacements of the nodes; and, thus a pure displacement formula-
tion is inadequate for an element with incompressible material behaviour. To take care of the incompressibility
behaviour of elastomer, the Hybrid elements are used within Abaqus® in lieu of regular element because the
pressure stress in the element is indeterminate.

Figure 16 shows the model of the analysis with the applied boundary conditions. Figure 17(a) shows the
contour plot of the deformed specimen modelled. Table 2 presents a comparison of result obtained from the
modelling and the corresponding experimental values.

The displacement at the metal base is zero, whereas, the deformable elastomeric component appears to dis-
place downwards as depicted in Figure 17(b). The resultant displacement of the test specimen is presented in

Figure 18.
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Figure 16. Finite element modelling of compression test sample.
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Figure 17. (a) Contour plot of the compressed NBR sample under a load of 423.40 KPa; (b) Nodal
displacement plot.
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Figure 18. Resultant displacement of test sample.
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Table 2. FEA vs. Experimental result.

Simulation Predicted Strain (%)

Compression (mm) Strain from Experiment (%)

Neo-Hooke Arruda-Boyce Ogden
1.58 15.04 16.15 17.77 17.57
2.26 21.53 22.47 24.26 23.74
2.65 25.26 26.28 27.59 26.61
3.01 28.76 29.42 30.60 30.00
3.52 33.55 34.20 37.26 35.91
371 35.38 36.11 38.42 38.15

Table 2 demonstrates favourable agreement between the stable hyperelastic models and test data that can be
used for further analysis, therefore indicating the potential of the models to describe behaviour of the elastomer
over a prescribed strain.

6. Conclusions

In this work, a procedure for elastomer material parameter characterisation has been conducted through com-
pression test and finite element modelling. The compression test is necessary in elastomer seal design study be-
cause it provides adequate information of an elastomer component in an in-service. In addition, the finite ele-
ment modelling in this work puts into consideration material nonlinearity in lieu of the Hookean approximate.
Experimental data from the tests were used to evaluate suitable hyperelastic constitutive models, and to obtain a
set of material parameters that fits stress-strain response in a compression state. The Ogden, Neo-Hooke and
Arruda Boyce models were found to be stable within the established strain boundary. They give a good descrip-
tion of the material with respect to the compressive loading imposed on the specimen. Furthermore, the imple-
mentation of stable models (Neo-Hooke, Arruda-Boyce and Ogden) into Abaqus® as an illustration to further
model the test material shows good agreement between simulation and experimentation and thus can be used for
design study of an elastomeric component in compression

In terms of future work, the hyperelastic model parameters obtained in this work will be implemented into an
FEA, for the evaluation of structural mechanics analysis in built-up stresses and deformations on elastomeric
rotary lip seal profile using finite element analysis. Stress field, frictional wear and the contact pressure distribu-
tion in an elastomeric will also be visited in future studies.
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