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Abstract 

This work consist of an experimental and numerical study of the mechanical behaviour of 

particle-filled HNBR and FKM elastomers subjected to various loading modes at a range of 

temperatures. The thesis is organized as a synopsis, providing the motivation, the objectives, 

the theoretical background, and a summary of the work, while the main body is a collection of 

three journal articles providing the scientific contribution. In the appendix, two conference 

papers are included. 

Paper I deals with the tension behaviour of three different commercial elastomeric materials, 

being two HNBR and one FKM compound, at temperatures ranging from �20 to 150 
o

C. A 

cyclic deformation history was applied to quantify viscoelastic and history dependent effects, 

and optical techniques were used to measure the local deformations of the samples. The level 

of viscous behaviour was seen to increase as the temperature was lowered. A dip of the stress-

strain behaviour was seen for one of the HNBR compounds tested at low temperatures, and a 

theory of matrix-particle debonding was proposed to explain this dip. Unit cell simulations 

suggested that the observed stress dip might be caused by a reduction of the fracture energy of 

matrix-particle cohesive zones at low temperatures. For the test at higher temperatures, the 

samples were found to display premature material failure during the deformation cycles.  

Paper II illuminates the difference in volumetric behaviour obtained in uniaxial tension and 

confined axial compression experiments on HNBR and FKM elastomers. While a stiff and 

fully elastic volumetric response was obtained for both materials in confined axial 

compression, with a volume reduction of about 6 % for a hydrostatic stress level of 140 MPa, 

a relatively compliant and viscous volume behaviour was found in uniaxial tension, with 

nearly 20 % volume increase at a hydrostatic stress of about 6 MPa found for the FKM 

compound. This difference has severe implications for the constitutive modelling of 

elastomeric materials. To increase the understanding of the micromechanical mechanisms 

causing the large difference in volume behaviour between the loading modes, an in situ 

scanning electron microscopy study was performed to examine if matrix-particle decohesion 

can occur during uniaxial tension. It was found that ZnO particles tend to debond from the 

matrix material during tension. Using finite element simulations of a unit cell configuration it 

was shown that such debonding could explain the volume response in uniaxial tension and 

confined axial compression in a qualitative manner.  
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Paper III pays attention to the volume growth accompanying uniaxial tension at temperatures 

from 23 to �18 
o

C. A new experimental set-up, building on the experience made in Paper I, is 

outlined to measure volume growth accompanying uniaxial tension at low temperatures. A 

significant increase in the volume growth accompanying tension was found for all materials 

as the testing temperature was reduced. To incorporate the large volume changes in finite 

element simulations, a new constitutive model outlined in the framework of finite strains 

continuum mechanics is presented. The model alters the well-known visco-hyperelastic 

Bergström-Boyce model by use of a Gurson viscous flow potential to account for the matrix-

particle decohesion observed in Paper II. The temperature dependence of the material 

parameters is included thorough the use of a simple mathematical relation and the model is 

shown to yield a good prediction of the experimental results. 
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1 INTRODUCTION  

Particle-filled elastomeric compounds are widely used in engineering applications, examples 

being pneumatic tyres, seals, and vibration dampers. While such components often are 

relatively cheap to produce, the design process to obtain the optimal combination of geometry 

and material properties can be a costly affair. An example of such is the use of elastomeric 

seals in subsea trees.  

Subsea trees are placed on top of seabed wellheads and used to control the flow of oil and gas 

from an oil well. To avoid leakages in a subsea tree, sealing technology is of crucial 

importance, with sealing solutions made of both metallic and polymeric materials being used. 

An illustration of such a tree, indicating some of its seals, can be seen in Figure 1. For the use 

of elastomeric materials for sealing applications, a new sealing design must pass strict 

qualification testing prior to installation [1]. These testing routines include variations in both 

temperature, between �20 and 150 
o

C, and pressure, from ambient to 140 MPa. Since post-

testing inspection of seal designs failing the qualification routine seldom discloses any 

obvious reason for the leakage, a large portion of trial and error is included in the design of 

new sealing solutions. This search for a combination of sealing material and geometry that 

satisfies the qualification standard can thereby be very expensive, both in the sense of lead-

time and man-hours. An alternative approach would be to introduce computer-aided design in 

the process, where numerical methods like finite element analyses can be used to predict the 

performance of a vast number of different designs. However, for such methods to be 

predictive of the sealing performance and thereby reducing the cost of qualification testing, 

they require constitutive models that capture the essential physics of the materials, in addition 

to representative input data. Today, the accuracy of such models are not sufficient to predict 

the performance of new sealing designs, therefore, increased knowledge on the behaviour and 

modelling of elastomeric materials exposed to a wide range of pressures and temperatures is 

needed. 

Seals are exposed to multiple loading conditions, with tension, shear, and compression 

deformation dominating the installation process, while volumetric compression deformation 

govern when pressurized. In addition, thermal loadings can introduce volumetric expansion. 

A simple case study for a sealing application, see Appendix A.1, showed that the deviatoric 

behaviour of the sealing material was dominant for the response of the seal during 
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installation, while the hydrostatic compression response was the most important to predict the 

behaviour of a fully pressurized seal. Thereby, knowledge on the mechanical behaviour of 

elastomeric materials in various loading situations is needed to predict sealing behaviour.  

In the oil and gas industry, the Hydrogenated Nitrile Butadiene Rubber (HNBR) material is 

known as the workhorse for sealing applications. The advantage of HNBR is its chemical and 

thermal stability, making it rather resistant to the severe subsea environment. An alternative 

for the more challenging service conditions is fluoroelastomer (FKM) materials. These 

compounds are generally more expensive than HNBR compounds, but are known to have 

increased temperature capabilities and improved compatibility with certain fluids. This study 

will focus on the behaviour and modelling of commercial HNBR and FKM compounds 

commonly applied for sealing applications in the oil and gas industry.  

 

Figure 1: Example of sealing in a subsea tree.  

This thesis consists of two main parts; in the first part, a synopsis containing the objectives 

and scope of the work, the theoretical background for the thesis, the materials tested and the 

research methods, a summary of the scientific contributions, and some suggestions for further 

work is given. Thereafter, the three articles providing the scientific contributions are 

presented in the second part. In the appendix, two conference contributions are included. 
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2 OBJECTIVES AND SCOPE 

2.1 Objectives 

The objective of this work is to improve the predictive capabilities of constitutive models for 

commercial elastomeric materials deformed at various temperatures. This is done through 

experimental tests, micromechanical investigations, and the proposal of a new constitutive 

model. A special focus is on the volumetric response of particle-filled materials. The objective 

of the thesis can be summarized as:  

• To define and carry out experimental tests that examine the behaviour of commercial 

elastomers under different temperatures and loading modes  

 

• To identify and investigate micromechanical mechanisms relevant for the mechanical 

response of commercial elastomer compounds 

 

• To explore the capabilities and limitations of existing constitutive models 

 

• To obtain a new constitutive model for elastomers, capturing the response observed in 

the experimental tests 

2.2 Scope 

The experimental part of the project is limited to two distinct types of elastomeric particle-

filled polymers, being HNBR and FKM, while multiple compounds within each category is 

tested. Testing is performed on commercial materials; putting deep analysis of the materials 

chemical composition out of scope, as such knowledge could interfere with the suppliers’ 

intellectual property. The temperature level of interest is aligned with the standard for 

qualification testing of elastomeric seals, being �20 to 150 
o

C [1]. The tests were performed at 

a low deformation rate such that isothermal conditions could be assumed, putting deformation 

induced temperature increase out of scope; the validity of this assumption is verified in Paper 

III.  

The focus of the study is put on the behaviour of the materials in their first deformation cycle, 

although some effects of cyclic loading is included in Paper I. In addition, limited attention is 

payed to the strain rate dependence of the materials, yet viscous effects are discussed due to 

their presence in loading – unloading deformation cycles. Due to limited availability of 

specimen geometries and testing facilities specific for sealing applications, the thesis aims its 
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attention on generic research on the mechanical behaviour of elastomeric materials typically 

used in sealing applications, and is not limited to topics relevant for sealing applications only. 

Frankly, topics like swelling, chemical ageing, fatigue, and rapid gas decompression are 

considered outside the scope of this thesis, although highly relevant for sealing applications. 
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3 THEORETICAL BACKGROUND AND PREVIOUS WORK 

This section presents a theoretical background for the scientific work in the appended papers. 

It gives a brief introduction on particle-filled elastomeric compounds, the mechanical 

properties of elastomers, and the continuum mechanical constitutive modelling of elastomeric 

materials.   

3.1 Elastomeric compounds 

The attractive mechanical properties of elastomeric materials are caused by their particular 

microstructural composition. Elastomers are polymeric materials, meaning that their basic 

molecule consists of a large number of repeated units, where the simplest repeated structure is 

called a monomer. As an example of a monomer, the chemical structure of HNBR is 

illustrated in Figure 2. In a blend of elastomeric polymer chains, only weak inter-molecular 

forces are initially present between the chains, and elastomers would have been soft and 

plastically deforming without the vulcanization technology. During vulcanization, a process 

that involves high temperatures and pressures, the elastomer chains become interconnected at 

multiple locations through the formation of new covalent bonds. These strong bonds ensure 

that the polymer chains are fixed relative to each other at the cross-linked sites, and thereby 

restrict permanent relative deformation between the chains. The difference between an 

unvulcanized and a vulcanized elastomer blend is illustrated in Figure 3, where the four cross 

linking sites are used to transform four separate polymer chains (a) into one large molecule 

(b). Traditionally, sulphur is added to the material for the vulcanization process, while for 

modern HNBR and FKM elastomers peroxide curing is normally used [2].  

 

Figure 2: HNBR chemical composition 

In addition to the vulcanized elastomer gum, different ingredients like carbon-black fillers, 

co-agents, desiccants and so on, are added to the blend to create an industrially applicable 

elastomer compound [3]. It should be noted that in modern synthetic elastomer materials, 

these additives could take up a considerable amount of the total volume compared with the 

vulcanized polymer chains [2]. Some of these ingredients can act as stiff inclusions in the 

elastomer matrix, as illustrated by the scanning electron microscope (SEM) image of an 

HNBR compound shown in Figure 4, where multiple high-contrast particles can be seen. 
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These observed particles, constituting of ZnO, will act as relatively stiff inclusions in the 

elastomer matrix, altering the mechanical behaviour compared with a pure elastomer gum. 

  

a) Unvulcanized elastomer gum b) Vulcanized elastomer gum 

Figure 3: Unvulcanized vs vulcanized elastomergum  

 

 

Figure 4: SEM image showing high-contrast particles in an HNBR elastomer compound 

3.2 Mechanical behaviour of elastomers 

3.2.1 Elasticity 

Due to the cross-links between the polymer chains, elastomeric materials will return to its 

original configuration after the removal of a deforming load, even after large deformations. 

This large deformation elasticity is normally the desired feature when elastomers are used in 

industrial applications, and is in contrast to other engineering materials like metals and 

plastics, which would experience permanent deformations after small to moderate strains. In 

addition, the mechanism of the elasticity itself is different in elastomers compared with 

metallic materials. While the elastic deformation in metals is caused by inter-atomic 

displacements increasing the internal energy of the material, i.e. energetic elasticity, the 

elastic deformation of an elastomer gum is caused by rotation and stretching of the polymer 

chains between the cross-linking locations, reducing the entropy of the chain, i.e. entropic 
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elasticity. Unloading a stretched elastomer, the deformed chains would contract and reduced 

their end-to-end distances due to Brownian motions, increasing their entropy in the process. 

3.2.2 Rate-dependence 

The mechanical behaviour of elastomeric compounds is not purely elastic, as their mechanical 

response is also dependent on the loading rate, putting them in a class of viscoelastic 

materials. This time-dependence is important to include in constitutive models for elastomeric 

materials since it causes effects like stress relaxation, deformation creep, strain-rate 

dependency, and hysteresis loops in cyclic deformation. Although there is no consensus for 

the physical explanation of the viscous effects in elastomers, multiple theories based on 

micromechanical assumptions have been proposed.  

The reptation-type tube theory by De Gennes [4] and Doi and Edwards [5] suggests that the 

micro-mechanical explanation of the viscous effects is Brownian motion of dangling chains. 

Figure 5 yields an illustration of this mechanism. In Figure 5a), three dangling chains can be 

seen in an unloaded cross-linked polymer network, while in Figure 5b) the same network is 

seen after being deformed to a stretched configuration. The dangling chains, first being 

deformed more or less affine with the rest of the network due to the entanglement of the 

chains, would gradually relax by the their Brownian motions. Due to the constraint of the 

chains in the compound being perpendicular to the shown cross-section of the network 

structure (indicated by dots in Figure 5), the configuration of the dangling chains is confined 

by a tube-like region. In the illustration of the loaded configuration, two chains are still 

entangled to the network and would contribute to the stiffness of the compound; for the third 

chain on the other hand, one end has disentangled from the network, removing the chain’s 

contribution to the total stress-state. This mechanism could explain the strain-rate dependence, 

as a higher strain rate would allow for less Brownian motion in the chains during deformation 

and thereby a higher force level. In addition, a network deformed to a given strain level would 

experience stress relaxation as the dangling chains would relax and eventually slip out of the 

entanglement with the cross-linked network. However, Santagelo and Roland [6] showed that 

elastomers prepared to minimize the number of dangling chains still showed significant stress 

relaxation, and this theory is therefore unlikely to be the full explanation for the observed 

rate-dependent effects.  

An alternative micromechanical explanation for the viscous effects is the transient network 

theory proposed by Green and Tobolsky [7]. The fundamental concept of the theory is that 
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chains are steadily breaking and reforming. As an example, the failure of short chains and the 

reforming of longer chains could give rise to stress relaxation effects in a tensioned network.  

3.2.3 Volumetric behaviour 

Compared with the number of studies dealing with the elastic and time-dependent behaviour 

of elastomeric materials, the volumetric response has gained limited attention. Frankly, the 

volumetric deformation of elastomeric materials is normally neglected, assuming the 

materials to behave isochoric, i.e. without any volume change during deformation. This 

classical assumption is based on comparisons between the typical shear modulus of 

elastomers [8] and their bulk modulus [9–11], showing that the bulk modulus found from 

hydrostatic compression tests are multiple orders of magnitude larger than the shear modulus 

found from simple shear or uniaxial tension tests. During loading of a material, the 

deformation mode will conform to that of the lowest possible strain energy. Due to the large 

ratio between bulk and shear modulus, an elastomeric material would therefore be expected to 

deform nearly isochoric during unconfined deformation. 

However, these theories are based on observations of raw gum elastomers, which have limited 

industrial application. For all industrially applied materials, filler particles are added to the 

blend [3]. These fillers can improve mechanical properties like stiffness and strength, but may 

also alter the volumetric behaviour of the compound. Gent and Park [12] and Cho et al. [13] 

studied the effect of stiff particles in elastomers by adding glass inclusions with spherical or 

cylindrical shapes in a transparent matrix and testing samples in uniaxial tension. In both 

studies, matrix-particle decohesion was observed, leading to a volume increase of the test 

samples. They differentiated between two failure mechanisms; cavitation, i.e. the occurrence 

  

a) Unloaded network with dangling chains b) Tensioned network with dangling chains 

Figure 5: Micromechanical reasoning behind the reptation-type tube theory for viscous effects in elastomers, 

dots indicate chains perpendicular to the illustrated cross section of the network 
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of voids in the material due to stress concentrations near the stiff inclusions; and decohesion, 

i.e. rupture of the cohesive zone between the inclusion and the matrix material. The failure 

process was initiated by the occurrence of small voids close to the stiff inclusion, which 

during deformation grew and coalesced to form larger cavities. As these cavities increased in 

size, they eventually led to decohesion between the filler particle and the surrounding 

elastomer matrix. The process is illustrated in Figure 6. For deformation modes involving 

large hydrostatic tension stresses, Gent and Lindley [14] also found cavitation to occur in the 

interior of inclusion-free samples. For an industrial compound, it is reasonable to expect that 

the stress/deformation level at which cavitation and/or decohesion would occur is strongly 

dependent on properties like the fracture strength of the matrix material, the size and shape of 

the filler particles, and the cohesive strength between the matrix and the particles. 

 

Figure 6: Illustration of void formation and decohesion in an elastomer matrix (M) with one embedded 

particle (P) 

 

Previously, the most accessible method for measuring global volume change accompanying 

tension of elastomeric materials was through dilatometry studies [15–18]. However, 

technological advances such as SEM and Digital Image Correlation (DIC) techniques have 

paved the way for new studies on matrix-particle decohesion and the macroscopic volumetric 

response of elastomers. In recent studies, DIC has been used to measure the volume growth 

accompanying tension of different elastomeric compounds [19–21], generally finding 

significant global volume increase at large strains. A number of different studies have looked 

at matrix-particle decohesion in elastomeric samples using post-deformation and in situ SEM 

for the purpose of studying the fatigue properties of the materials [22–26], and although not 

the focus of these studies, the matrix-particle debonding that was found can be assumed to 

have caused a macroscopic volume growth. From the SEM studies, it was generally observed 

that ZnO particles were especially prone to decohesion, due to their weak cohesive strength 

with the surrounding elastomer matrix. The effect of this matrix-particle decohesion induced 

volume growth for the mechanical behaviour and constitutive modelling of elastomers has 

gained limited attention in the literature; this is discussed further in Paper II of this thesis.  
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3.2.4 Temperature effects 

The effect that temperature has on the mechanical behaviour of elastomeric materials is 

widely studied. The general findings in the available literature are that the elastic stiffness and 

the viscous effects are enhanced as the temperature is reduced [27–35]. Below a certain 

temperature, elastomers turn into a hard and brittle material. The temperature for which this 

happens is called the glass transition temperature, and is distinct for each elastomer 

compound. Strictly speaking, the glass transition does not happen at a given temperature, but 

rather over a temperature range in which the behaviour gradually changes from soft and 

elastic to hard and brittle. For engineering purposes, the desired properties of an elastomer 

would normally be its soft and elastic response, and it is therefore important that the glass 

transition temperature is well below the service temperature of the product. It can also be 

noted that the glass transition temperature is pressure dependent, with a rule of thumb being a 

1 
o

C increase in the transition temperature for each 5 MPa of external pressure [36]. The 

general temperature dependent behaviour of HNBR and FKM materials is studied in Paper I.  

The volumetric response at different temperature levels has gained limited attention in the 

literature. Wood and Martin [10] studied the compressibility of an elastomer for temperatures 

ranging between 0 and 25 
o

C, indicating that the bulk modulus is reduced with temperature. 

However, no published studies addressing the volume growth accompanying tension of 

elastomers at various temperature levels could be found. However, this is studied in Paper III 

of this thesis, where it is shown that the volume growth accompanying tension due to matrix-

particle decohesion is strongly temperature dependent, with the volume growth obtained at a 

given deformation increasing as the temperature is reduced.  

3.3 Constitutive modelling of elastomers 

3.3.1 Preliminaries 

3.3.1.1 Stress and strain measures 

Different stress and strain measures can be obtained from experimental mechanical testing. 

The most used of these measures are briefly discussed here by considering the uniaxial 

tension deformation of a cube with initial dimensions �� for all edges. The cube is subjected 

to a force � in the 1 direction, as illustrated in Figure 7. 
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a) Undeformed configuration b) Deformed configuration 

Figure 7: Illustration of uniaxial tension deformation 

The strain measure often referred to as engineering strain, �, is defined as the relative 

deformation in a given direction 

 �� �
�� � ��

��  (1) 

where � � �����. The stretch on the other hand is defined by the relative length of the sides of 

the cube 

 �� �
��
�� � � � �� (2) 

For large deformations the logarithmic strain, �, is the most used, being defined from the 

strain increments 

 �� � ��
� 	 �� � 	 ��

�
�
�

�
�

� 
�

��
�� � 
� �� (3) 

From the three stretch values, the volume ratio of the cube, 
, can be found 

 
 � �
�� �

������
���
� �

������������
���
� � ������ (4) 

The longitudinal normal stress in the cube can be defined by the engineering stress, ��  

 �� �
�

� (5) 

where 
� � ���
�. However, a more precise stress measure, taking the actual area of the cube 

into account, is the longitudinal Cauchy stress, �� 

 �� �
�

 (6) 
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where the current area can be found from 
 � ���� � ����
�.  

3.3.1.2 Kinematics in continuum models 

A brief summary of continuum mechanics is included here to introduce notation for the 

coming sections. For a more thorough discussion of the concepts, the reader is referred to the 

textbooks by Belytschko et al. [37], Holzapfel [38], and Bergström [39].  

Considering a deformable solid, the deformation gradient tensor � defines the relation 

between every material point � in the reference configuration with the location of the same 

points in the current configuration � 

 � �

��
�� (7) 

From the deformation gradient, the right and left Cauchy-Green deformation tensors can be 

defined, � � �	� and � � ��	 respectively. Important for the modelling of elastomers are 

the three principal invariants of the Cauchy-Green deformation tensors (being the same values 

for both tensors) 

 �� � ����� � ��� � ��� � ��� 

�� �
�

�

������� � ������� � ������ � ������ � ������ 

�� � ������ � ��������� 

(8) 

where ����� denotes the trace of the tensor, ������ is the determinant of the tensor, and �� the 

principal strain in direction �. The volume ratio of the material can be found as the 

determinant of the deformation gradient and, following Equation (4), is related to �� as  

 
 � ������ � ��� (9) 

Using the volume ratio, the deformation gradient can be split multiplicatively in purely 

distortional and volumetric parts, denoted ��
 and �� respectively  

 � � ���� (10) 

where ��
� 

���	� and �� � 
���	� where � is the second order unit tensor. Thereby, purely 

distortional right and left Cauchy-Green deformation tensors can also be defined 

 ��
� ��	��

,   ��
� ����	

 (11) 
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and the invariants of the distortional tensors read ��� � ������, ��� � �

�
�������� � ������� 	, 

and ��� � �. It can be noted that an assumption of isochoric material behaviour would imply a 

constant volume ratio of 
 � �, and thereby ��
� �.  

3.3.2 Hyperelastic modelling 

The most fundamental constitutive relations for elastomeric material behaviour are the 

hyperelastic material models. Such models capture the large strain elasticity observed in 

elastomers, while the time-dependence is omitted. The idea of a hyperelastic model is to 

assume that the strain energy of the material can be represented by a mathematical potential 

function ". Assuming isotropic material behaviour, the Cauchy stress tensor can then be 

found from the strain energy potential function through [38] 

 # �

�

�

��"���
�� �	 � �

�

$�"��� � ��
�"
���%��

�

�

�"
��� �� � �"

�
 � (12) 

It is a common approach to split the strain energy potential additively in an isochoric and a 

volumetric part 

 " � 	"�������� �����"
���
� (13) 

Penn [18] argued that such a split was incapable of reproducing experimental data from both 

uniaxial tension and hydrostatic compression. However, the material that Penn did his 

experimental work on was a pure gum natural rubber, potentially not representative for 

modern particle filled synthetic elastomers. Ehlers and Eipper [40] echoed Penn’s criticism of 

the additive split by showing that such a split could lead to an unphysical response at large 

uniaxial deformations. On the other hand, Sansour [41] argued that the isochoric-volumetric 

split is both mathematically and physically appropriate. Some models which do not make use 

of the additive split have been proposed for compressible elastomeric materials, like Simo and 

Pister [42] for a compressible neo-Hookean model and Bischoff et al. [43] for a compressible 

eight-chain model, but the majority of the models presented in the literature takes advantage 

of the simplifications that the split offers. 

3.3.2.1 Isochoric part 

A review of different hyperelastic models for the isochoric behaviour has been given by 

Treloar [8], Boyce and Arruda [44], and in the recently published textbook by Bergström [39]. 

Generally, strain energy potential functions for the isochoric part can be divided in to two 

groups; phenomenological or micromechanically based models. Most phenomenological 
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strain energy potentials gaining widespread application can be obtained as special cases of the 

general Mooney-Rivlin polynomial function [45] 

  

"��� � &&'������ � ������� � ���
�

���

�

���

�			'�� � � (14) 

Well known truncations of the expression is the neo-Hookean model [46] �( � ��) � ��, the 

Mooney-Rivlin potential [47] �( � ��) � ��, and the Yeoh model [48] �( � ��) � ��. 

Another phenomenological potential function that should be mentioned in this context is the 

one proposed by Ogden [49] and expressed in terms of the principal stretch ratios.  

Physically based models are generally derived from a statistical consideration of single chains 

interacting in a multiple-chain network. The entropic properties of a single chain can be 

derived in a simple Gaussian framework assuming only moderate deformations, or in a more 

complex non-Gaussian framework based on the Langevin chain statistics developed by Kuhn 

and Grün [50]. Using a non-Gaussian chain consideration, numerous network models have 

been proposed, like the three-chain model [51] , the four-chain model [52], and the widely 

applied eight-chain model by Arruda and Boyce [53]. Here, the eight-chain model will be 

considered, as it is used in Paper II and III. An illustration of the micromechanical foundation 

for the model is shown in Figure 8, with a cube consisting of eight chains connected together 

in the centre. The connection between the chains is assumed to remain in the centre of the 

cube during deformation, and the following strain-energy potential can thereby be obtained 

 "��� � *�� $��+ � �� 
� $ +
����+%% (15) 

where * and �� are material parameters, + is defined as + � �

� ,��

�
�

-, and �� � ������	. The 

inverse Langevin function �

�
��
 is defined from ��.� � ���� . � ��.	. An exact closed-

form solution to the inverse Langevin function has not yet been found, however, a range of 

approximate solutions have been proposed [54]. The equation for the isochoric part of the 

Cauchy stress tensor can, by use of Equation (12), be obtained as 

 #��� �
*��
�
�� �


� $����% ��
�

� (16) 

where the deviator of a tensor / is defined as /�
� 	/� ,�

�
��/- � 
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Figure 8: Micromechanical representation of the eight-chain model  

3.3.2.2 Volumetric part 

Strain energy potential functions for the volumetric part "
���
� of hyperelastic relations have 

not gained the same widespread research attention as the isochoric response, due to the 

volume preserving material behaviour so often assumed for elastomers. However, different 

potential functions have been proposed and a discussion of those is included in the review by 

Boyce and Arruda [44], and in the works of Bischoff et al. [43], Doll and Schweizerhof [55], 

and Horgan and Murphy [56]. Generally, the proposed models for the volumetric response are 

purely phenomenological, being mathematical expressions satisfying the physical limitations 

of a potential function (e.g. the strain energy going to infinity as the volume goes to zero) and 

showing a decent consistency with available experimental data. Some of the volumetric strain 

energy functions proposed in the literature are given in Equation (17).  

 "
��
�

�

0
�

�
 � ��� � #
���
� 0�
 � �
� 

"
��
�

�

0
�

1
� � �

�

�
� 
2 � #
���
�

0
�

�
 � �



� 

 "
��
�

�
�

�
�
� 
�� � #
���

� 0 �� �

�
� 

(17) 

The simplest function is to assume a linear pressure – volume ratio relation as in "
��
�

 [57,58]. 

The slightly more complex function in "
��
�

 is used for the Abaqus implementation of the 

eight-chain model [59] (Abaqus Theory Guide Section 4.6.1), and also applied in [60,61]. 

Alternatively, a logarithmic potential as in "
��
�

 has been widely applied in the literature [62–
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65]. The three different functions are compared in Figure 9 for a volume ratio ranging from 

0.8 to 1.2. A 0 value of �	� ! is used, as often applied to impose nearly isochoric response in 

elastomer modelling. Going from expression a) to c), an increase in non-linearity can be 

observed, with the difference from the linear relation getting more pronounced as the volume 

change increases. While both the non-linear terms are seen to yield a slightly softer 

volumetric response in tension compared with compression, they are not able to incorporate 

the large difference in volumetric behaviour caused by matrix-particle decohesion, as 

discussed in Paper II. The term "
��
�

 is used for the volumetric part of the stress tensor in the 

new constitutive model in Paper III.  

 

Figure 9: Illustration of volumetric response resulting from the three strain energy functions proposed in the 

literature, see Equation (17) �� � �	���� 

3.3.3 Viscoelastic modelling  

Due the inhibited viscous effects of modern elastomeric materials, as discussed in Section 

3.2.2, purely hyperelastic material models fall short in accurate numerical predictions of the 

general material behaviour. To include the time-dependency in a modelling framework, both 

phenomenological models [66,67], and micromechanically motivated models building on the 

reptation-type tube theory [68–70] and the transient network theory [71–73] have been 

proposed.  

The model based on the reptation-type tube theory put forward by Bergström and Boyce [68] 

has gained widespread application and is implemented as a built-in material model in 

commercial finite element codes like Abaqus [59] and LS-DYNA [74]. This model is utilized 

in this thesis for both the unit cell modelling in Paper II, and as a point of departure for the 

new constitutive model proposed in Paper III. A 1D rheological illustration of the model is 

shown in Figure 10. The model consists of two parallel branches, one containing a 
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hyperelastic spring exclusively, and one consisting of a hyperelastic spring in series with a 

non-linear dashpot. Any strain-energy potential function can be used for the two springs, with 

the eight-chain model given in Equation (15) combined with one of the volume terms in 

Equation (17) the most commonly applied, as also used in the original derivation of the 

model. The deformation of the two parallel parts is equal and the total stress is the sum of the 

stresses in the two springs, mathematically given as � � �� � �� and # � #� � #�. The 

deformation gradient of Part B is multiplicatively split between the elastic spring and the 

viscous non-linear dashpot, i.e. �� � �����
. The behaviour of the dashpot is given by a non-

linear constitutive equation 

 

34 � 34�	��
 � � � 5	�� 6
� 

�

�

� 
�

�

!"
7
�

  (18) 

where 34  is the effective viscous strain rate, 34� is a parameter introduced for dimensional 

consistency, �
 � 8�

�
����

�



, " is a small valued scalar to ensure numerical stability in the 

reference configuration (i.e. for �
 � �), 9 is a material parameter in the range ������, the 

symbol : denotes the contraction of the two tensors, and ) and :̃ are material parameters. The 

full derivation of the model and its modifications to include the effects of matrix-particle 

decohesion are included in Paper III.  

3.3.4 Thermomechanical modelling 

To include thermal effects in the constitutive modelling of elastomeric materials it is common 

to split the deformation gradient multiplicatively in a thermal and a mechanical part [28,75–

77]  

 � � �#�$  (19) 

where �$ defines the thermal deformation gradient representing the mapping from the 

reference configuration #� to a stress-free thermally deformed configuration #$, while �# is 

the mechanical deformation gradient representing the isothermal mapping from #$ to the 

 

Figure 10: Rheological representation of the Bergström-Boyce model 
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current configuration #. An illustration of this split is included in Figure 11. The thermal 

deformation gradient is defined as [75] 

 �$ � �$% <	 =�>��>
%

%
�

? � (20) 

where =�>� is the temperature dependent coefficient of thermal expansion. For the elastomers 

tested in this thesis, an introductory study found that this expansion factor was in the 

range	��&� � �&'�×��
&(
�, decreasing as the temperature was increased from 50 to 125 
o

C.  

For simulations involving large temperature variations, the effect of thermal deformation can 

be important to take into account. However, when modelling elastomers deformed under 

constant external conditions, only the deformation induced heating would give a contribution 

to the temperature change of the material. For low strain rates, this heating might be 

negligible, resulting in isothermal simulations where the temperature dependence of the 

model is limited to the material parameters [75]. Bergström and Hilbert [78] modelled the 

isothermal behaviour of fluoropolymers in this manner, defining the temperature dependent 

shear modulus by  

 @�>� � @� �$% A%�
%
%
�	
�

B  (21) 

where @�>
 is the material parameter as a function of the temperature >, @� is the parameter 

value at the reference temperature >�, and >���� is a scaling temperature. This temperature 

expression is used for a set of the material parameters in the constitutive model presented in 

Paper III. Using this approach limits the model to give predictions on the material behaviour 

during isothermal deformations at different temperature levels.  
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Figure 11: Illustration of the multiplicative split of the deformation gradient in thermal and mechanical 

contributions 
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4 MATERIALS AND METHODS 

This section introduces the different materials tested in the appended papers, and discusses 

some of the research methods used to obtain the scientific results.  

4.1 Materials and specimen dimensions 

Three different suppliers delivered test samples to this project. Since all tested materials are 

commercial compounds, suppliers and identifying trade names are anonymized, and the three 

suppliers are denoted A, B, and C. In addition, the exact chemical compositions of the 

materials were unknown to the authors to protect the intellectual property of the respective 

companies. An overview of the different materials tested, their measured density, and in 

which part of the work they figure are listed in Table 1. The different dumbbell tension 

sample geometries used in this research is illustrated in Figure 12. While the ISO geometry 

samples in Figure 12a) and Figure 12b) were prepared by the suppliers and used for the 

macroscopic tension tests in all three papers, the smaller samples with the geometry in Figure 

12c) were cut from the ISO sized samples using water jet, and applied for the in situ SEM 

experiments in Paper II. The cylindrical samples used for the confined axial compression tests 

in Paper II (and A.2) had a height of 12.5 mm and a diameter of 29 mm in line with ISO 815-

1 Type A [79]. While supplier A provided both dumbbell (ISO37 – type 1) and cylindrical 

specimens, supplier B provided dumbbell specimens exclusively (ISO37 – type 2), and 

supplier C only cylindrical specimens. 

Table 1: Overview of tested materials 

Supplier Elastomer material Density (g/cm
3

) Tested in paper 

A HNBR 1.29 I, II, III, A.2 

B HNBR 1.19 I, III 

B FKM 1.77 I, II, III 

C HNBR 1.23 A.2 

C HNBR 1.29 A.2 

C HNBR 1.16 A.2 

C FKM 2.33 II, A.2 

C FKM 1.84 II, A.2 
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4.2 Experimental methods 

The main part of the mechanical testing carried out in this thesis was done using the testing 

facilities of the Department of Structural Engineering, NTNU. However, the laser flash study 

carried out in Paper I was performed by SINTEF Materials and Chemistry in Trondheim, 

while for the in situ SEM study carried out in Paper II, facilities at the Department of 

Materials Science and Engineering at NTNU were used. 

4.2.1 Uniaxial tension vs uniaxial compression  

At a first glance, uniaxial compression experiments might seem to be the natural type of test 

for elastomeric materials to be used in sealing applications. However, the main part of the 

experimental work performed in this thesis is uniaxial tension tests. After conducting both 

uniaxial tension and uniaxial compression tests in an introductory study, measuring local 

 

a) Dimension delivered by supplier A (ISO37 – type 1) 

 

 

b) Dimension delivered by supplier B (ISO37 – type 2) 

 

 

c) Dimension used for in situ SEM investigations 

Figure 12: Dimensions of dumbbell samples used in Paper I, II, and III. Note the difference in scale. 
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deformations by the use of optical methods, uniaxial tension tests were preferred due to the 

ease of experimental execution and data interpretation.  

The drawback of uniaxial compression tests stems from the frictional forces that arise 

between the specimen and the compression platens of the testing machine. These forces lead 

to a multiaxial stress field that causes a heterogeneous deformation, making for complex data 

interpretation. In addition, precise measurements of the volume change during uniaxial 

compression testing are an intricate affair. It should be emphasized that measures like Teflon 

tape or grease between the specimen and the compression platens reduce, but do not defer 

these challenges. On the other hand, uniaxial tension tests of elastomers give a nearly 

homogenous deformation field, a uniaxial stress state, and a simple way of measuring the 

volumetric deformations.  

4.2.2 Confined axial compression 

To obtain data on the materials response when subjected to negative hydrostatic stresses, 

confined axial compression experiments were performed in Paper II (the study being fully 

outlined in the conference paper in A.2). Due to the confinement, this experimental 

compression procedure is not biased by bulging and inhomogeneous deformations as in 

uniaxial compression tests. However, frictional forces arise between the specimen and the 

confinement, and to obtain simple interpretation of the test data it is important that these 

forces are so low that the stress situation is dominated by hydrostatic stresses. In the proposed 

experimental set-up, a load cell was included both above and below the sample, with the 

difference in the measured forces stemming from friction. Using a silicon grease between the 

specimen and the confinement, the frictional forces were found to be at an acceptable level.  

4.2.3 Optical measurements  

The use of optical measurement techniques, applying one or two digital cameras, is highly 

relevant for the study of polymeric materials. The advantages of optical methods over 

traditional contact-extensometers are many. As an example, a set of images of the surface of a 

sample during a test can give information on the deformations in multiple directions, like 

longitudinal and transverse directions in a uniaxial tension test, and at multiple locations. In 

addition, the use of optical methods is not affected by the test temperature, a feature utilized 

in Paper I and III. A drawback with these optical methods is the large data storage 

requirements, as an image, potentially containing thousands of pixels, must be stored for each 

data point to be obtained from the test. However, this drawback is of diminishing relevance as 
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the cost of data storage has plunged over the last decades. In this thesis, three different optical 

measurement techniques are used; point tracking, edge tracing, and full field DIC.  

The simplest method was used for the confined axial compression tests in Paper II. Here, the 

rigid displacement of the piston that deforms the specimen was measured. A checkerboard 

pattern was applied to the piston prior to testing and a CCD camera was used to capture 

images of this pattern during the tests. In the post-processing of the experimental data, a 

corner detector routine [80] was used find the corners of the pattern in all images, and thereby 

to obtain the rigid deformation of the piston in pixels. The mm/pixel relation of the 

checkerboard pattern in the images must then be obtained to calculate the correct 

displacement relative to the initial height of the specimen. Clearly, the accuracy of the method 

is dependent on the resolution of the image, as the measurable deformation is limited by the 

pixel size.  

To measure local deformations at the surface of the uniaxial tension samples, the DIC 

technique [81] was used in Paper II and III. In this method, a random greyscale speckle 

pattern is applied to the surface of the test samples prior to deformation, and the 

displacements of a virtual mesh related to this pattern is calculated through correlating the 

images taken during the test. For the DIC measurements performed in this thesis, the in-house 

software eCorr [82] was used in the post-processing of the images. Traditionally, the speckle 

pattern is applied to the specimens by the use of black and white spray paint, and this method 

was successfully used for introductory experiments conducted at room temperature. For the 

tension tests preformed at low temperatures, on the other hand, cracking of the paint became a 

significant problem, as illustrated for an HNBR specimen tested at �20 
o

C in Figure 13. Due 

to the relatively homogeneous deformation of elastomers at large strains, i.e. no localization 

of deformation as seen in most plastically deforming polymeric and metallic materials, an 

alternative procedure utilizing an edge tracing method was implemented, see Paper I. In this 

routine, edges in an image are found by searching for peaks in the grey level gradient value 

along a pixel line. An illustration of the routine is shown in Figure 14, where the specimen 

with the edge of the sample and the edge of the painted area marked in a), and the grey level 

gradient along a specific x-pixel line is shown in b).  

Although the edge trace routine could be used to obtain both longitudinal and transverse 

strains during a uniaxial tension test, a greyscale speckle pattern that would sustain large 

deformations at low temperatures would be preferable. Therefore, an alternative method of 
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applying the speckle pattern was developed in which the gauge section of the sample was 

covered with a thin layer of a transparent grease, before a fine-grained contrast powder was 

sprinkling in the greased area. For the experiments performed in Paper III, icing sugar was 

used as the powder to obtain a white contrast to the black specimens. The grease and icing 

sugar combination was found to be unaffected by the low temperature testing conditions as 

shown in Paper III. A comparison of traditional spray-painting and grease-plus-powder 

speckle patterns was given by Johnsen et al. [83].  

 

a) Specimen speckle pattern at initial configuration b) Specimen speckle pattern during deformation 

Figure 13: Example of cracking in greyscale speckle pattern for an HNBR specimen tested at �20 
o

C 

 

 

 

 

 

a) Example frame for edge tracing b) Grey level gradient for x-pixel line 1500 

Figure 14: Example of edge tracing routine for HNBR1 material tested at �20 
o

C 

4.2.4 SEM study and image processing 

To obtain images of the tested materials at a micrometre scale, a scanning electron 

microscope was used. Data on the particle size and distribution observed in the obtained 

micrographs were found by use of the Python image processing package scikit-image [84]. To 

differentiate between the matrix material and the particles in the micrographs, a process of 

image segmentation was applied. In such a process, each pixel is defined to be in either the 

matrix segment or the particle segment, depending if the greyscale value of the pixel is larger 

or smaller than a threshold level. The difficult part of this process is to define the threshold 
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level in a consistent manner. For the work in Paper II, Otsu’s method [85] was used for this 

process. This method defines the threshold such that the combined variance in greyscale value 

of the two segments is minimized. An example of an original image and the binary image 

obtained after segmentation is shown in Figure 15. As illustrated, the segmentation process 

using Otsu’s method to set the threshold value yields a reasonable result. When the binary 

image is found, clearly separating the particle phase from the matrix, the area fraction of the 

particle and matrix segments can easily be calculated. A labelling routine, defining the 

relation between neighbouring pixels, can then be utilized to define the size of each separate 

particle, and to count the total number of particles in the micrograph.  

  

a) Original image b) Binary image 

Figure 15: Example of SEM image segmentation 

4.3  Numerical methods 

Numerical calculations were employed in this thesis for two purposes. First, commercial finite 

element software and existing constitutive models were used in Paper I and II to model 

micromechanical effects at the mesoscale to gain increased understanding of the mechanisms 

underlying the macroscopic material behaviour. Second, a new constitutive model was 

developed and implemented as a user material model for commercial finite element software 

in Paper III.  

While mesoscale models are useful for studies of the micromechanical phenomena that cause 

the material behaviour observed at the macroscale, they are not suitable for quantitative 

predictions of the macroscopic response, as this would require an extensive experimental 

database on the material constituents, their properties, and their interaction. In addition, 

imagining that such a database were available, predicting the material behaviour based on 

modelling the material at the level of its constituents for large parts exposed to large 
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deformations would require unreasonable amounts of computational power. However, a 

continuum-based framework (as briefly outlined in Section 3.3) where the compound is 

considered as a homogenous medium and the macroscopic behaviour is described by 

relatively simple mathematical formulations can be used for macroscale predictions. The 

experimental work needed to obtain the model parameters is then kept at a feasible amount, 

and the computation requirements are reduced to a level where large scale predictive 

simulations can be performed on personal computers or small computer clusters. 

For the mesoscale simulations conducted in this thesis, the commercial finite element 

software Abaqus [86] was used for the simulations. The constitutive model developed in 

Paper III was implemented in Fortran as a user subroutine for the LS-DYNA finite element 

software [87]. This finite element code was chosen due to its neat integration with the 

optimization software LS-OPT [88], used to calibrate the model parameters to the 

experimental data. 
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5 SUMMARY OF WORK 

The aim of this thesis is to increase the knowledge on the behaviour of elastomeric materials 

when subjected to different loading modes and a wide range of temperatures. The scientific 

contributions of the work are presented in the three articles listed in Table 2. While Paper I 

has been published in a peer-reviewed journal, Paper II is submitted for publication. Due to 

the close connection between Paper II and Paper III, the last article will be submitted to a 

journal after the publication of Paper II.  

Prior to the writing of the journal articles, three conference contributions were prepared, as 

listed in Table 3. The articles published in the proceedings of two of these conferences are 

included in the appendix.  

Table 2: Journal articles included in thesis 

Paper   

I A. Ilseng, B.H. Skallerud, A.H. Clausen 

Tension behaviour of HNBR and FKM elastomers for a wide range of temperatures. 

Polymer Testing 49 (2016), pp. 128-136 

 

II A. Ilseng, B.H. Skallerud, A.H. Clausen 

An experimental and numerical study on the volume change of particle-filled 

elastomers in various loading modes. 

Submitted for journal publication (August 2016) 

 

III A. Ilseng, B.H. Skallerud, A.H. Clausen 

Volume growth during uniaxial tension of particle-filled elastomers at ambient to 

low temperatures – Experiments and modelling. 

To be submitted for journal publication  
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Table 3: Conference contributions during PhD study 

Appended in  Conference contribution 

—— A. Ilseng, B.H. Skallerud, A.H. Clausen 

Experimental study of the compressibility of an HNBR and an FKM elastomer.  

16
th

 International Conference on Deformation, Yield and Fracture of Polymers, 

Kerkrade, the Netherlands, 2015 

 

A.1 A. Ilseng, B.H. Skallerud, A.H. Clausen 

Case study of elastomer seals using FEM. 

Eighth national conference on Computational Mechanics, 2015, pp. 203-218 

ISBN: 978-84-944244-9-6 

 

A.2 A. Ilseng, B.H. Skallerud, A.H. Clausen 

Volumetric compression of HNBR and FKM elastomers. 

Constitutive Models for Rubber IX - Proceedings of the 9th European Conference 

on Constitutive Models for Rubbers, 2015, pp. 235-241 

ISBN: 978-1-138-02873-9 
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Paper I:  

This article presents uniaxial tension tests of two HNBR compounds and one FKM compound 

commonly applied as sealing materials in the oil and gas industry. The tests were performed 

at five different temperatures, ranging from �20 to 150 
o

C. Optical measurements were used 

to ensure high quality stress-strain data. However, due to the use of a commercial temperature 

chamber with only a single window for optical inspection of the test, the deformation state 

could only be measured at one surface of the specimens, and the volume change 

accompanying tension could not be calculated. The material samples were exposed to a cyclic 

deformation history, including a 30 minutes relaxation period. A considerable effect of 

temperature changes was found, with a pronounced increase of stiffness and viscosity for the 

lowest temperatures. A dip of the stress-strain behaviour was seen for one of the HNBR 

compounds tested at low temperatures; see Figure 16a). A theory of matrix-particle debonding 

was proposed to explain this dip, and unit cell simulations suggested that it might be caused 

by a reduction of the fracture energy of the matrix-particle cohesive zone at low temperatures; 

see Figure 16b) and c). For the tests performed at the highest temperatures, a considerable 

number of premature material fracture was encountered. Although FKM materials generally 

are stated to be particularly heat resistant compared with HNBR materials, the FKM material 

tested in Paper I experienced the largest number of material failures at high temperatures. 
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a) Experimental results for first loading of HNBR1 at all temperature levels

b) FEM model of matrix-particle debonding c) Simulation results from unit cell simulations

for different fracture energies of the cohesive 

zone 

Figure 16: Partial results from Paper I 
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Paper II:  

In this work, the theory of matrix-particle debonding, as proposed in Paper I, is investigated 

further. From macroscopic tests on an HNBR and a FKM compound, the volumetric 

behaviour obtained in uniaxial tension and confined axial compression is compared; see 

Figure 17a) and b). Form the tests in the two deformation modes, significantly different 

volumetric responses are obtained, with a compliant and viscous response seen in tension, and 

a stiff and elastic behaviour found in confined axial compression. It is shown that this loading 

mode dependence of the volumetric response of the materials is not captured by constitutive 

models commonly used for elastomers. An increased understanding of the micromechanical 

mechanisms causing the macroscopic response is therefore needed. Although the volume 

behaviour in the tests align to the expectations from a matrix-particle debonding theory, it is 

not clear from the macroscopic experiments that such debonding actually takes place during 

tension. Therefore, in situ SEM experiments for tensioned specimens were carried out. Using 

the images captured in these experiments, data on the number and size of the ZnO filler 

particles is obtained at multiple locations of the samples. It was found that the FKM material, 

displaying a larger volume growth in uniaxial tension compared with the HNBR material, had 

both a larger total number of distinguishable particles and a larger particle fraction in the 

surface of the samples. During uniaxial tension, decohesion between the matrix material and 

ZnO particles could be found at multiple locations in the HNBR sample; see Figure 17c). For 

the FKM material, the reduced conductivity of the material during tension significantly 

reduced the image quality at large deformations, however, matrix-particle decohesion was 

also indicated to happen in this compound. To examine if the observed matrix-particle 

decohesion mechanism can explain the volumetric response obtained for the materials in the 

macroscopic experiments, a unit cell study was performed using an axisymmetric model 

resembling a cylinder of matrix material containing a spherical particle in its centre. A 

cohesive zone was applied at the interface between the matrix and the particle. The simulation 

results showed that the mechanical behaviour observed in the macroscopic experiments could 

be captured in a qualitative manner by the simple model. It was also indicated that the 

difference in volumetric behaviour in the tension tests between the HNBR and FKM material 

could be caused by differences in the cohesive zone properties.  
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a) Uniaxial tension results 

 

b) Confined axial compression 

 

c) Particles debonding from the matrix in the HNBR material during in situ tension  

Figure 17: Partial results from Paper II, showing the experimentally obtained volumetric behaviour in uniaxial 

tension and confined axial compression and matrix-particle decohesion obtained from the in situ SEM 
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Paper III:  

In this part, the materials dealt with in Paper I are re-tested in tension at low temperatures 

with an experimental set-up utilizing 2×2D DIC, obtaining the full deformation field. With 

this set-up, novel data on the volumetric change accompanying tension at low temperatures 

are obtained. A significant increase of volume growth is obtained as the temperature is 

reduced; see Figure 18a). Based on the findings in Paper II, the volume growth is assumed to 

be caused by matrix-particle decohesion, with the temperature level effecting the properties of 

the cohesive zone between the matrix and the filler particles. To enable the observed 

behaviour to be predicted by finite element simulations, a novel continuum mechanical 

constitutive model is proposed. The point of departure for the model is the well-known visco-

hyperelastic Bergström-Boyce model. Then, the large volume growth accompanying tension 

is included in the model by using the Gurson yield criterion as the flow potential function of 

the viscous dashpot. In addition, the rate equation for the viscous multiplier is changed to be 

governed by the full stress tensor rather than only the deviatoric part of the stress, such that a 

compliant volume response would be obtained also in hydrostatic tension. A simple 

mathematical relation was used to define the dependence on the testing temperature for a set 

of the model parameters. The novel constitutive model is shown to yield a good resemblance 

of the observed experimental behaviour, see Figure 18b). In addition to the temperature 

dependent tension behaviour, the model is shown to predict the stiff and elastic volumetric 

response of the materials under hydrostatic compression loading.  
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a) Temperature dependent volume growth for HNBR1  

    

b) Comparison of simulation results and experimental data for the FKM compound 

Figure 18: Partial results from Paper III showing the increased volume growth occurring at low temperatures 

in the HNBR1 material and simulation results using the novel constitutive model  
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6 CONCLUDING REMARKS 

The work in this thesis investigates the behaviour and modelling of commercial particle-filled 

elastomeric materials for a wide range of temperatures. The main scientific contributions are: 

• An experimental database on the tension behaviour of HNBR and FKM materials for a 

temperature range from �20 to 150 
o

C (Paper I) 

 

• New insight into the considerable difference in volumetric response between uniaxial 

tension and confined axial compression for particle-filled elastomers (Paper II) 

 

• In situ SEM studies proving that significant matrix-particle decohesion occurs in the 

elastomer materials during tension (Paper II) 

 

• A new experimental procedure to measure volumetric growth accompanying tension 

of HNBR and FKM elastomers at low temperatures, utilizing 2×2D DIC (Paper III) 

 

• An experimental database on the volume growth accompanying tension of elastomers 

at low temperatures, showing a significant increase in volume growth as the 

temperature was reduced (Paper III) 

 

• A novel constitutive model to include the temperature dependent volume growth in 

tension, implemented as a user defined material model for commercial finite element 

software (Paper III) 

An accurate description of the volumetric response of elastomeric materials can be of 

great importance to capture the large deformation behaviour of such materials in finite 

element simulations. From the experimental database, it is clear that the traditional 

procedure of defining the volumetric response of particle-filled elastomer materials from 

experimental tests dominated by compressive hydrostatic stresses is insufficient for 

general constitutive modelling, due to the possibility of matrix-particle decohesion in 

other deformation modes. The effect, and hence the importance, of such decohesion is 

seen to increase significantly as the temperature is reduced for all tested materials. 
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7 SUGGESTIONS FOR FURTHER WORK 

The research performed within this project gives some ideas for further work, presented in the 

following bullet-points: 

• The reduced failure strain at elevated temperatures observed in Paper I should be 

studied further to understand its origin and to include it in numerical simulations. 

 

• The confined axial compression tests should be conducted at a range of temperatures 

to obtain a database on the volumetric response for compressive hydrostatic stresses 

for different temperature levels. However, this is a challenging task since the thermal 

expansion of both test sample and experimental apparatus must be accounted for in an 

accurate manner to meet the tight tolerances of the set-up. 

 

• The in situ SEM investigation should also be performed at a variety of sample 

temperatures. This could give an increased understanding of the low temperature 

volumetric behaviour in uniaxial tension found in Paper III. The sample temperature 

could be altered in similar manners as done for in situ SEM of metallic materials by 

Karlsen et. al [89]. 

 

• Cyclic in situ SEM, studying the samples continuously during deformation could 

provide an increased understanding of the matrix-particle decohesion behaviour and 

gain more insight into the observed hysteresis phenomenon. Possibly, image 

correlation techniques can be applied to a series of micrographs captured during 

deformation to get an indication of the local strain fields near particle inclusions.  

 

• Other deformation modes than uniaxial tension and confined axial compression should 

be investigated experimentally to gain increased understanding of the behaviour of the 

tested materials. While uniaxial compression is experimentally difficult to perform for 

large deformations, biaxial and planar tension tests could potentially yield interesting 

results. 

 

• Predictions from the constitutive model suggested in Paper III should be compared to 

experimental data for elastomeric materials in combined loading modes and at 

different strain rates to test its generality. 
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Abstract

This article presents uniaxial tension tests of three different elastomer compounds commonly ap-

plied as seal materials in the oil and gas industry. The tests were performed at five different

temperatures, ranging from −20 to 150 ◦C. Optical measurements were used to ensure high qual-

ity stress-strain data. The material samples were exposed to a cyclic deformation history, enabling

the viscoelastic behaviour to be explored. A considerable effect of temperature changes was found,

with a pronounced increase of stiffness and viscosity for the lowest temperatures. A dip in the

stress-strain curve was seen for one of the hydrogenated nitrile butadiene rubbers tested at low tem-

peratures. Matrix-particle debonding simulations qualitatively described this stress dip. For the

tests performed at the highest temperatures, a considerable number encountered material failure.

Keywords: Elastomers, uniaxial tension, temperature effects, relaxation, failure

1. Introduction

Failure of elastomer seals during qualification testing [1] is an expensive issue for the subsea

oil and gas industry. An increased use of numerical calculations, like finite element simulations,

during the design of such seals could possibly reduce the number of failed qualification tests and

thereby lower costs. To enable predictive results from numerical simulations, constitutive models

that capture the essential physics of the material at hand must be employed. The accuracy of the

numerical predictions is also strongly dependent on the quality of the experimental tests providing

input data to the material model.

Elastomer seals that are used in subsea equipment undergo severe service conditions including

high pressures, exposure to production fluids, large deformations, and varying temperatures. In

addition to the mechanical features, thermal characteristics like specific heat capacity, thermal

conductivity, and thermal expansion are therefore important material properties. The scope of

this work is to obtain low strain-rate viscoelastic material data for the large strain behaviour of

elastomers at a wide spectre of temperatures, ranging between −20 and 150 ◦C. Two material

∗arne.ilseng@ntnu.no
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groups commonly used for sealing purposes in the oil and gas industry; hydrogenated nitrile buta-

diene rubber (HNBR) and fluoroelastomer (FKM), are addressed herein. HNBR is known as the

workhorse in the oil and gas industry due to its good fluid resistance combined with appropriate

mechanical properties. FKM compounds are generally more expensive, but inhabit enhanced tem-

perature capabilities for the high temperature regime and an improved compatibility with certain

fluids.

Over the years, numerous studies have dealt with different aspects of elastomeric behaviour

relevant for sealing application modelling (e.g. [2–10]). However, the number of investigations

concerned with the effects of temperature on elastomers mechanical behaviour is limited [11–19].

The general findings though, are that the elastic stiffness and the viscous effects are enhanced as

temperature is reduced. A contrary to the latter aspect was shown by Shaw et al. [15] for a natural

rubber above its chemorheological temperature, i.e. the temperature above which chain scission

is accelerated, where chemical changes ensured a significantly enhanced stress relaxation as the

temperature was increased.

For the temperature dependent mechanical behaviour of HNBR and FKM materials specifically,

only a few studies could be found in the literature. Rouillard et al. [17] tested an HNBR compound

in compression at temperatures between −34 and 80 ◦C to obtain data for numerical modelling of

seals. Khan et al. [18] tested two HNBR compounds in compression at a variety of strain rates

and for temperatures ranging from ambient temperature and up to 176 ◦C. In this temperature

range, they found the strain-rate sensitivity to be more pronounced than the temperature effects.

For an FKM compound, tension and compression tests at temperatures in the range from −8 to

100 ◦C were reported by Laurent et al. [19], for the purpose of finite element modelling. They

used an optical extensometer to monitor the longitudinal deformation during the tension tests, but

only nominal values were reported.

For constitutive modelling of the thermomechanical behaviour of elastomers at large deforma-

tions, true stress-strain data obtained by local deformation measurements are of outmost impor-

tance. To the best of the authors knowledge, no study presenting such data for HNBR or FKM

materials is available in the literature. Nevertheless, Ilseng et al. [9, 10] have recently presented

tension and volumetric compression data at room temperature for the HNBR and FKM materials

addressed herein. Elastomeric materials are mainly tested in uniaxial tension or compression. In

large deformation uniaxial compression tests, frictional forces cause non-homogeneous deforma-

tions, making it hard to obtain the correct material behaviour. Tension experiments on the other

hand, are far easier to interpret.

The scope of this work is to provide experimental data to be used for constitutive modelling of

HNBR and FKM compounds commonly used in sealing applications. True stress-strain data are

obtained with local measurements of the deformation field. The study extends the HNBR data

available in the literature to cyclic tension, and expands the data for FKM materials to include the
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temperature range from −20 to 150 ◦C. For the high temperature tests, a summary of encountered

material failure is presented. In addition, measured values for the heat capacity and thermal

conductivity at different temperatures are included for one HNBR and one FKM compound.

The paper is organized as follows: in the subsequent section, the materials and methods used

for the experimental work are presented. Next, the obtained experimental results are presented

and discussed in Section 3, while some concluding remarks are given in Section 4.

2. Materials and methods

2.1. Materials

Dumbbell shaped specimens of commercially available compounds were ordered from companies

supplying seals to the oil and gas industry. All specimens were die stamped from 2 mm thick

sheets. One HNBR compound was delivered with a geometry according to ISO 37 type 1 [20],

while another HNBR compound and one FKM compound had dimensions in line with ISO 37

type 2. The different materials, their dumbbell geometry, the measured pre-testing density, and

the temperature range and hardness values provided by the suppliers are listed in Table 1. The

lower end of the temperature range coincides with the temperature at which the material has

fully transitioned into the glassy region. The density of the materials was measured both before

and after testing; however, no significant density change could be observed. Based on the stated

material properties, comparable results would be expected for the two HNBR compounds.

Table 1: Tested materials, their geometries and properties

Material Geometry Density Temperature range Hardness

HNBR1 ISO 37 - Type 1 1.29 g/cm3 −35 to 150 ◦C 86 shore A

HNBR2 ISO 37 - Type 2 1.19 g/cm3 −29 to 160 ◦C 89 IRHD

FKM ISO 37 - Type 2 1.77 g/cm3 −40 to 200 ◦C 89 IRHD

2.2. Deformation history

The experimental program was performed using a Zwick/Roell testing machine with a 30 kN

load cell and a Zwick WT160 temperature chamber. Liquid nitrogen was connected to the chamber

to allow testing below room temperature, while electrical resistance was used for heating. The

three materials were tested at five different temperature levels: −20, 0, 23, 85, and 150 ◦C. Two

consecutive tests were run for each combination of material and temperature, giving 30 tests in

total.

Since elastomer seals in the subsea oil and gas industry are often exposed to loading cycles,

either due to temperature variations, pressure variations, or due to dynamic sealing conditions,

a cyclic deformation history was applied. All specimens were exposed to seven loading cycles in

total, as illustrated for the HNBR1 material in Figure 1. In each cycle, the sample was stretched
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40 mm from its initial length with a deformation rate of 1 mm/s, and unloaded at the same rate

of deformation until zero force was obtained in the load cell. Due to the viscous effects in the

materials, zero force was measured before the crosshead displacement was back to zero, leading to

an effective deformation of less than 40 mm for all cycles but the first one. To get a quantitative

measure of the viscous behaviour of the materials, deformation was kept constant at 40 mm for

30 minutes in the sixth cycle as a relaxation test. The maximum displacement was reduced to 30

mm in most high temperature tests, see Section 3.1
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Figure 1: Crosshead displacement for test on HNBR1 at room temperature.

2.3. Determination of true stress-strain curves

The true stress σ obtained in the gauge section of a uniaxial tension test is defined as

σ = F/A (1)

where F is the force applied to the specimen, and A is the current cross-sectional area. The area A

can be found from the reference area A0, being the area measured prior to testing, by the relation

A = λ2λ3A0 (2)

where λ2 and λ3 are the two transverse stretch ratios. When testing at artificial temperatures

though, the use of a temperature chamber will often limit the possibility to measure both transverse

stretch ratios during deformation. In such a case, an assumption of transverse isotropic material

behaviour, i.e. λ2 = λ3, can be used to estimate the current cross-sectional area by

A = (λ2)
2
A0 (3)

Alternatively, a presumption of material incompressibility can be applied, i.e. the product λ2λ3

is uniquely defined from the longitudinal stretch λ1 through λ2λ3 = 1/λ1. This assumption is

commonly used for elastomer materials [2], and the current cross-sectional area can be found by

the relation

A = A0/λ1 (4)
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The use of Equation (3) or (4) would significantly simplify the experimental protocol. To

investigate how the assumptions of transverse isotropy and constant volume affect the estimate of

the true stress-strain behaviour, a separate set of experiments on all three materials was performed

at room temperature. In these tests, an Instron 5944 testing machine with a 2 kN load was used.

The specimens were exposed to five deformation cycles in which they were loaded to 40 mm of

crosshead displacement, and unloaded until zero force was measured by the load cell. A deformation

rate of 1 mm/s was applied.

To enable the calculation of local deformations, a random grey scale speckle pattern was spray-

painted in the gauge section of the specimens, and two independent cameras were used to capture

frames of both the wide and the narrow surface of the samples. The frames obtained during the

fifth cycle of the tests were post-processed with an in-house digital image correlation (DIC) software

[21] to calculate all three stretch components, and subsequently the true longitudinal strain. The

longitudinal stretch calculated from the two independent cameras differed with less than 0.3 %.

The deformation in the gauge section of the specimens was also found to be nearly homogenous.

The different stress estimates were compared by calculating the mean stress response, i.e.

an average of the loading and unloading curve, for the fifth cycle. A correct true stress-strain

response, employing the current area found with Equation (2), was obtained by use of all three

measured stretch components. In Figure 2, this correct true stress-strain response is compared

with estimates based on information from one camera only. It can be seen that an assumption of

constant volume, leading to Equation (4), gives a very good resemblance of the true stress level for

both HNBR compounds, with the estimated stress deviating less than 1 % from the correct stress

level. For the FKM compound, on the other hand, the estimated peak stress based on a constant

volume assumption is more than 18 % above the correct level. Estimating the current area from a

transverse isotropy presumption, as defined by Equation (3), the obtained true stress-strain curves

are slightly underestimating the correct ones for all three materials.

In the following sections, the constant volume assumption was applied for the two HNBR

compounds, while the FKM material was regarded as transverse isotropic. An exception was made

for the first loading of HNBR1 at −20 and 0 ◦C, where the isotropy assumption was used; this is

discussed further in Section 3.3.

2.4. Thermal conditioning

Polymeric materials are in general good thermal insulators, implying that it takes some time to

heat or cool the entire sample to the desired test temperature. Finite element analyses were used

to estimate the time needed to reach a homogeneous temperature throughout the specimens. Such

simulations demand knowledge of the thermal properties of the HNBR and FKM compounds. The

thermal conductivity and the specific heat capacity of the HNBR2 and the FKM materials were

measured by a laser flash method [22]. Four samples of each material were tested at 25, 50, 100,

and 150 ◦C. Measurements at temperatures lower than the ambient level could not be performed
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Figure 2: Comparison of true stress-strain curves obtained in three different ways. The mean behaviour of the fifth

cycle is shown.

due to limitations in the experimental setup. The results are presented in Figure 3. It appears

that the thermal conductivity is rather similar for the two materials, and not very sensitive to

temperature. The specific heat capacity differs more, and increases with temperature.

To estimate the coefficient of heat convection between the elastomer compounds and air, a

thin rectangular specimen of each material was heated in boiling water, and the temperature

decay in room temperature was measured using an infrared thermometer. An air-to-elastomer

heat convection parameter of around 15 W/m2K was found for the two HNBR compounds, while

a value of 23 W/m2K was determined for the FKM material.

Table 2 shows the conservative thermal data that were used in the numerical simulations to

obtain an upper bound estimate of the time needed to heat the specimens. The simulations were

carried out using the commercial finite element software Abaqus [23], with a 3D model of the

material sample meshed by 1200 elements. The thermal boundary condition was defined as a

surface film on the exterior of the specimen. Starting with an initial sample temperature of 23 ◦C

and a chamber temperature of 150 ◦C, the simulation showed that 15 minutes should be sufficient

to heat the samples. For convenience during the experimental campaign, the specimen for test

n+ 1 was inserted in the temperature chamber at the start of test n, leading to approximately 40

minutes of thermal conditioning before the specimens were mounted in the test machine.

An important aspect to keep in mind when studying the effect of temperature on inelastic

materials is that self-heating might take place during deformation of the samples. By use of an

infrared camera, the evolution of temperature during the deformation cycles at room temperature

was measured. The peak temperature in the gauge section was found to occur at maximum

deformation in the first cycle, with a temperature increase of approximately 4 ◦C for the HNBR2

material, and about 2 ◦C for the HNBR1 and the FKM materials. It is presumed that the level of

self-heating is somewhat larger at low temperatures, since the plastic work would increase while

the specific heat capacity shows a decreasing tendency with reduced temperatures. Nevertheless,
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this is considered outside the scope of this work, and the effect of self-heating during deformation

is neglected in the further discussion.

Table 2: Material data used for an upper bound estimate of the thermal conditioning.

Thermal conductivity Specific heat capacity Density Air to elastomer convection

0.4 W/mK 2000 J/kgK 1000 kg/m3 14 W/m2K
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Figure 3: Thermal properties of HNBR2 and FKM material, measured by a laser flash method (a) thermal conduc-

tivity and (b) specific heat capacity.

2.5. Instrumentation

Since there was a single window in the heating chamber, the deformation was measured in the

wide surface of the specimens only, using a camera to capture pictures of the gauge section at

a frame rate of 7 Hz. To enable optical measurements, a grey scale speckle pattern was spray-

painted in the gauge section of the specimens. At low temperatures, cracks formed in the applied

paint during deformation, causing difficulties for the DIC software. The pictures of all tests were

therefore post-processed by use of an edge trace routine written in MATLAB [24]. In the edge

trace routine, the gradient of the grey-scale level in each frame was used to determine both the

edge of the specimen and the edge of the painted section. The transverse and longitudinal strains,

respectively, were thereafter calculated by looping through all the frames. An example frame from

a −20 ◦C test on an HNBR1 compound is shown in Figure 4a, while the grey level gradient for

one vertical line of pixels in the frame is shown in Figure 4b. The edge trace routine was verified

at room temperature by comparing the results with those obtained by an in-house DIC software

[21]. A difference in the maximum longitudinal strain of less than 0.5 % was found between the

two methods.
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Figure 4: Example of edge tracing routine for HNBR1 material at −20 ◦C, (a) example frame and (b) grey level

gradient for x-pixel line 1500.

3. Results and discussion

3.1. Preliminaries

In this section, the results obtained from the tension tests at different temperatures are pre-

sented and discussed. First, the entire test consisting of seven cycles is addressed in Section 3.2

for all materials and temperatures. Thereafter, a closer look is taken at the first and fifth cycle

in Section 3.3 and 3.4, respectively. The sixth cycle, containing the relaxation process, follows in

Section 3.5.

Due to material failure at high temperatures, fifth cycle and relaxation results could not be

obtained for the FKM compound at 150 ◦C. In addition, the maximum deformation had to be

reduced to 30 mm for the tests on HNBR1 and FKM at 85 ◦C, and for all materials at 150 ◦C. All

the tests where material failure occurred are presented in Section 3.6.

The curves to be presented in this section were obtained from one of the two tests for each

combination of temperature and material. Although not shown herein, the duplicate tests revealed

consistency of the presented results.

3.2. Cyclic data

The force-displacement data as obtained from the test machine are presented in Figure 5 for

each combination of material and temperature. In general, it can be seen that the main part of the

first onloading curve is close to linear, while a more pronounced s-shape can be found in the loading

part of the subsequent cycles. The unloading follows a completely different path, especially at low

temperatures. The amount of global deformation at the onset of the second cycle is observed to

increase significantly as the temperature is reduced. It can be noted that for the HNBR2 material

tested at −20 ◦C, the cycle deformation is less than 10 mm in the fifth cycle, and only a few

millimetres in the seventh cycle. In addition to the viscous effects observed through the hysteresis

loop, some Mullins softening [25] can be seen for all tests. For the higher temperatures, nearly all
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softening happens in the first few cycles, leading to a nearly converged behaviour in the fifth cycle.

On the other hand, there is a distinguishable softening occurring also between the fourth and fifth

deformation cycle at the lower temperatures. During the first loading of the HNBR1 material at

−20 and 0 ◦C, the force level can be seen to level out and drop slightly after approximately 30 mm

of crosshead displacement. This phenomenon is discussed further in the following subsection.

3.3. First loading

Applying the methodology established in Section 2.3, the true stress-strain response for the

loading part of the first cycle is shown in Figure 6, where each of the three sub-figures addresses

the five temperature levels for one material. The general impression is that the stiffness is reduced

as the temperature is increased. In addition, it can be noted that the change of stiffness per degree

is lower at elevated temperatures. Comparing the three materials, a pronounced difference in peak

stress is observed, especially for the cold temperatures. The HNBR2 has clearly the highest peak

stress at −20 ◦C being nearly 70 MPa, compared to hardly 40 MPa for the FKM material and less

than 25 MPa for the HNBR1 material.

During the first loading of the HNBR1 material, a flattening and dip in the stress-strain response

was observed for the 0 and −20 ◦C tests respectively. This low temperature behaviour has already

been reported by Rouillard et al. [17], who tested an HNBR compound in uniaxial compression at

−34 ◦C. They suggested that this dip occured due to an elastic-plastic material response. In the

present tests however, there is no indication that the HNBR1 material behaves more plastically at

low temperatures than the HNBR2 and the FKM compunds, although no stress dip can be seen

for those materials. What could be found in the tests, though, was that the rate of transverse

deformation, measured on the wide surface of the specimens, dropped to zero at the onset of the

stress-dip. This indicates, assuming that the rate of deformation in the thickness direction does

not increase correspondingly, that a significant volumetric expansion accompanies the stress-dip.

The volume of an elastomer can change in two ways, either by a reconfiguration of the polymer

chains, or by an introduction of cavities in the material. The latter, through a matrix-particle

debonding process, is expected to be the explanation for the volume increase seen in these tests.

The commercial finite element software Abaqus [23] was used in a generic study of matrix-

particle debonding during uniaxial tension. Filler particles in elastomers are known to cluster in

grape-shaped structures [8], but for simplicity it was assumed that the global behaviour can be

represented by a cylinder of matrix material with a spherical particle embedded in its centre. By

use of this simplification, an efficient axisymmetric finite element model could be defined. The

model is shown, both in its initial configuration and after debonding has taken place, in Figure

7a. The cell boundaries were constrained to remain straight throughout the deformation, and a

Multi Point Constraint user subroutine was defined in Abaqus to ensure a deformation mode of

generalized tension. The procedure used was first described by Faleskog et al. [26] for plane strain,

and then formulated for axisymmetric models by Kim et al. [27]. Since the HNBR1 material is
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Figure 5: Raw machine data for all combinations of material and temperature.
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Figure 6: True stress-strain curves during first loading at different temperatures for the (a) HNBR1, (b) HNBR2,

and (c) FKM materials.

a commercial product, the exact amount of filler particles was not known, and the centre sphere

was simply assumed to take up 15 percent of the total volume. The matrix material was modelled

as an incompressible hyperelastic neo-Hookean material with a shear modulus of 2 MPa, while the

filler particle was modelled as linear elastic with a modulus a hundred times larger than the matrix

material and a Poissons ratio of 0.3 [8]. Debonding between the matrix and the particle initiated

at the pole of the particle, i.e. at the rotation axis, and propagated along the interface towards

the symmetry axis of the model. A cohesive zone model was used to define the behaviour of the

matrix-particle interface, with the damage initiation and evolution being controlled by a bilinear

energy-based criterion.

The stress-strain response obtained from the simulations can be seen in Figure 7b. In addition

to one curve representing the approximate qualitative behaviour in the −20 ◦C test, two curves

indicating the effect of increased and reduced fracture energy of the cohesive zone are also included

in the figure. A configuration with comparatively low fracture energy, corresponding to the red

curve in Figure 7b, is likely to occur at low temperatures. It should be noted that the mechanism

shown in Figure 7 might also explain the behaviour observed in compression by Rouillard et al.

[17]. In that case, the debonding process would start at the symmetry axis and move towards the

rotation axis during deformation.

3.4. Fifth cycle

Since the cyclic behaviour is close to converged after the first four cycles, the fifth cycle can

be interpreted as the long-term cyclic behaviour. To obtain comparable data for the different

materials, the strain of the fifth cycle was calculated using the configuration at the onset of the

cycle as the reference state. An eight-order polynomial was then fit to the stress-strain hysteresis

loop to get the mean behaviour of the loading unloading loop. The data obtained for all materials

and temperatures are presented in Figure 8. All three materials are seen to exhibit a significantly

stiffer behaviour at −20 ◦C compared to the other temperatures. For HNBR1, little difference can

be seen in the cycle behaviour between 0 and 85 ◦C, while further softening is seen when increasing

the temperature to 150 ◦C. The results for HNBR2 show a clear softening as the temperature is
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Figure 7: Finite element results for matrix-particle debonding process. (a) Illustration of the debonding mechanism

and (b) the obtained stress-strain data.

increased to 85 ◦C, but thereafter a slight stiffness increase at large strains for the test performed

at 150 ◦C. In the FKM material, there is little difference between the behaviour at 0 and 23 ◦C,

while the material is slightly stiffer at 85 ◦C. The 150 ◦C curve is absent for FKM because these

samples fractured during the first or second cycle. The fact that the stiffness of the fifth cycle is

increasing at the highest temperatures in the HNBR2 and FKM materials might be due to less

cyclic softening occurring during these tests or due to thermal ageing of the materials.
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Figure 8: Fifth cycle mean true stress-strain curve for the (a) HNBR1, (b) HNBR2, and (c) FKM materials.

3.5. Relaxation test

As emphasised in Section 2.2, the specimens were kept at a constant deformation of 40 mm (30

mm for the high temperature tests, see Section 3.1) for 30 minutes during the sixth cycle. The

stress relaxation can be defined through a normalized stress σN (t) = σ(t)/σ(t0), where σ(t0) is

the stress at the start of the hold period. Figure 9 presents the normalized stress for all materials

and temperatures. An exponential decay of the relative stress level with time, as normally found

for viscous materials, was observed in all cases. Consistently, the rate of relaxation increased as

the temperature was reduced. It is a particular strong relaxation effect at the lowest temperature

for the FKM material. These results agree well with the comparatively large hysteresis loops at
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low temperatures seen in Figure 5. For temperatures at 0 ◦C and above, the FKM material has

a relative stress level slightly above that of the two HNBR materials, while at a temperature of

−20 ◦C, the FKM material has a significantly lower relative stress. It should be noted that the

considerable relaxation occurring in the FKM material at low temperatures would cause a large

reduction of the sealing force obtained in a practical application. This could possibly lead to failure

of the sealing system due to interfacial leakage.
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Figure 9: Normalized relaxation behaviour at different temperatures for the (a) HNBR1, (b) HNBR2, and (c) FKM

materials.

3.6. Material failure at high temperatures

While no material failure occurred during the tests performed at the three lowest temperatures,

this was a considerable challenge for the tests carried out at 85 and 150 ◦C. Elastomers are in gen-

eral known to undergo significant chemical degradation, e.g. random chain scission, when exposed

to high temperatures [28]. Zhu et al. [29] recently showed that a constant deformation during the

high temperature aging process reduced the failure strain significantly for an HNBR compound. It

is likely that the chemical degradation caused by the combination of high temperature and large

deformation is the reason for the material failures obtained herein.

Table 3 presents an overview of all the tests where material failure was encountered. The table

states which material that failed, the test temperature used, if the specimen failed at the clamping

or in the gauge section, during which part of the test procedure the failure occurred, at what

displacement during a cycle or how long into the relaxation period the failure occurred, and the

maximum deformation used in the test procedure. It appears from the table that more than two

tests were conducted for the temperatures where failure occurred.

At 85 ◦C, multiple HNBR1 and FKM samples failed during test series with 40 mm as maximum

deformation. Most of these failures occurred by the clamping, and are assumed to be caused by

the triaxial stress state that arises in this area. This problem was overcome by reducing the

maximum deformation to 30 mm. At 150 ◦C, one sample of both HNBR compounds failed in

the gauge section during the relaxation period, while four consecutive FKM samples failed at this

temperature, two by the clamping, and two in the gauge section. FKM compounds are generally
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Table 3: Overview of material failure during testing.

Material Temperature Failure location Cycle Displacement / Time Max deformation

HNBR1 85 ◦C Clamping Relaxation 3 seconds 40 mm

HNBR1 85 ◦C Clamping First 37 mm 40 mm

HNBR1 85 ◦C Clamping Second 38 mm 40 mm

HNBR1 85 ◦C Gauge Relaxation 8 minutes 40 mm

FKM 85 ◦C Clamping First 33 mm 40 mm

FKM 85 ◦C Clamping Relaxation 23 seconds 40 mm

FKM 85 ◦C Clamping Fourth 36 mm 40 mm

FKM 85 ◦C Clamping Relaxation 13.5 minutes 40 mm

HNBR1 150 ◦C Gauge Relaxation 8.5 minutes 30 mm

HNBR2 150 ◦C Gauge Relaxation 9.5 minutes 30 mm

FKM 150 ◦C Gauge First 25.8 mm 30 mm

FKM 150 ◦C Clamping First 28.3 mm 30 mm

FKM 150 ◦C Gauge Second 29.6 mm 30 mm

FKM 150 ◦C Clamping First 28.3 mm 30 mm

stated to have enhanced high-temperature capabilities compared to HNBR compounds [30]. This

capability though, is mainly regarding unstrained aging at high temperatures. When exposed

to large tensile deformations combined with the high temperatures however, the results obtained

herein indicate that the FKM compound tested is less suited for high-temperature use.

4. Concluding remarks

True stress-strain data was obtained for the cyclic tension behaviour of two HNBR compounds

and one FKM compound at a wide range of temperatures. It was shown that HNBR compounds

could be assumed to behave incompressible during deformation, while a transverse isotropic as-

sumption had to be used for the FKM compound. In line with previously published results, both

elastic stiffness and viscous effects were found to increase as the testing temperature was reduced.

In addition, the effect per degree of temperature change was in both cases larger for the lower

temperatures.

Comparing the two different HNBR materials, the relaxation behaviour and the elastic response

at high temperatures were both found to be comparable. On the other hand, the HNBR2 material

revealed a significantly stiffer behaviour than the HNBR1 at low temperatures. In addition, for

first loading of the HNBR1 material at 0 and −20 ◦C, a dip of the stress level could be observed.

A considerable volume increase was found to accompany this stress-dip. By use of a finite element

model, it was shown that this macroscopic response could be caused by a reduction in the fracture

energy for the interface between the matrix material and the filler particles at low temperatures.
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Significant material failure was observed for the tests performed at the highest temperatures.

For the HNBR1 and the FKM material, the maximum deformation had to be reduced to 30 mm

for the tests at 85 ◦C. At 150 ◦C, using 30 mm as the maximum deformation, failure in the gauge

section was seen for all three materials. For the FKM material, failure occurred during the first few

cycles in four consecutive tests, and cyclic material data could not be obtained at this temperature.

In summary, it can be seen that the FKM compound can be challenging as a sealing material at

the temperature boundaries. At high temperatures, the material was found to be prone to failure

when exposed to tensile loading, while at low temperatures there is a high level of stress relaxation

that would lead to a reduced sealing force, and thereby an increased leakage risk. The HNBR

materials seem to be less susceptible to failure, and the viscoelastic properties are less sensitive to

the temperature variations typically occurring in subsea sealing applications.
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Abstract

A pronounced difference in the volumetric response between uniaxial tension and confined axial

compression loading was found for commercial HNBR and FKM particle-filled elastomeric com-

pounds. In uniaxial tension (UT), a volume increase of 5 and 20 % for the HNBR and FKM

respectively was found for a hydrostatic stress of less than 6 MPa , in addition, both compounds

showed a clear hysteresis loop in the hydrostatic stress - volume ratio space. However, for confined

axial compression (CAC) tests, the materials reached a 6-7 % volume change for a hydrostatic

stress of 140 MPa, and an elastic behaviour was seen. This loading mode dependence of the volu-

metric response has severe implications for the constitutive representation of the materials, and it

is demonstrated that existing elastomer models are unable to capture the behaviour in both loading

modes. To gain an increased understanding of the macroscopically obtained results, a tension in

situ scanning electron microscopy study was performed. Matrix-particle debonding was observed

to occur at the external surface of the materials, rendering a possible explanation for the loading

mode dependent volumetric behaviour. Finite element simulations of a unit cell, incorporating

a cylinder of matrix material with a spherical particle in its centre, showed that the observed

debonding can explain the experimental response of the materials in a qualitative manner.

Keywords: Particle-filled elastomers, Volume change, In situ SEM, Unit cell simulations

1. Introduction

Constitutive models commonly applied to predict the visco-hyperelastic response of elastomers

in finite element simulations assume a nearly isochoric behaviour independent of loading mode

[1, 2, 3]. Based on available experimental data in uniaxial tension (UT) [4] and confined axial

compression (CAC) [5], there are clear indications that this approach can be inaccurate for certain

elastomers. It appears that the materials can exhibit a considerable increase of volume in UT,

while the response in CAC is much stiffer with respect to volume change. However, before embark-

ing on the task of developing constitutive models with improved correspondence to experimental

∗arne.ilseng@ntnu.no
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observations, an enhanced understanding of the underlying mechanisms causing the loading mode

dependent volume behaviour should be provided.

Early work on elastomers (e.g. [6, 7, 8]) mainly dealt with the behaviour of unfilled elastomer

gums, for which the assumption of constant volume got accepted as the standard. However, raw

gum elastomers have limited industrial application, and filler particles are normally added to the

blend of industrial materials [9]. These fillers improve mechanical properties like stiffness and

strength, but may also alter the volumetric behaviour of the compounds.

Gent and Park [10] and Cho et al. [11] illustrated the possible effect that stiff particles can

have on the volumetric response of elastomers by testing samples of a transparent elastomer matrix

with spherical or cylindrical glass inclusions in uniaxial tension. They differentiated the observed

response between two failure mechanisms; cavitation, i.e. the occurrence of voids in the material

due to stress concentrations near the stiff inclusions; and decohesion, i.e. rupture of the cohesive

zone between the inclusion and the matrix material. The failure process was initiated by the

occurrence of small voids close to the stiff inclusion, which during deformation grew and coalesced

to form larger cavities. As these cavities increased in size, they eventually led to decohesion

between the filler particle and the surrounding elastomer matrix. For experiments involving large

hydrostatic stresses, Gent and Lindley [12] also found cavitation to occur in unfilled elastomers.

This was attributed to pre-existing defects, experiencing unbounded growth when the hydrostatic

tension stress exceeded a critical value. Such cavitation under high triaxiality stress states has later

been studied further by different authors, e.g. [13, 14, 15]. It is clear that the stress/deformation

level where voids would start to grow and the number of voids that would initiate prior to particle

decohesion are strongly dependent on properties like the fracture strength of the matrix material,

the size and shape of the particles, and the cohesive strength between the matrix and its filler

particles. In any event, a process of cavitation and decohesion would lead to a macroscopic volume

growth of the material.

For the early research on the volumetric behaviour of elastomers, the most accessible method

for measuring global volume changes accompanying deformation was through dilatometry tests

[16, 17, 18, 19]. However, the progress of modern measuring techniques has simplified the evaluation

of volume changes accompanying deformation significantly through the development of optical

methods, like digital image correlation (DIC). Using DIC, Le Cam and Toussaint [20] looked at the

competition between volume increase due to void growth and volume decrease due to crystallization

in natural rubber loaded in tension. They measured the volume change using DIC at one surface

and assuming an isotropic material behaviour. The results showed significantly larger volume

growth for particle-filled natural rubber than for unfilled natural rubber. Due to crystallization,

they observed a larger volume during loading compared with unloading. Le Cam and Toussaint [21]

also found a significant volume change in filled styrene-butadiene (SBR) dog-bone shaped specimens

using a similar set-up. de Crevoisier et al. [22] measured volume growth during cyclic loading of
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a filled SBR specimen using DIC at two perpendicular surfaces of a dog-bone-shaped specimen.

They found the material to behave slightly anisotropic and to display a relatively small volume

change. They also reported that the volume change in each deformation cycle started when the

longitudinal deformation exceeded the previously obtained maximum deformation. Cantournet et

al. [23] recently studied the volume increase of a particle-filled natural rubber under various loading

conditions. They measured the volume change occurring under uniaxial tension by use of a video

traction system at one surface and the assumption of isotropic material behaviour. The increase

in volume was explained by cavitation and decohesion, and this phenomenon was studied using

in situ scanning electron microscopy (SEM). They found that for loading at low stress triaxiality,

volume growth occurred near ZnO particles, while no debonding could be observed between the

elastomer matrix and carbon black particles.

Unit cell simulations are often used to explain globally observed results by studying mechanisms

occurring at the scale of the material constituents. Such models have been extensively employed

to study ductile fracture in metallic materials, e.g. [24, 25, 26, 27], and to some extent to study the

behaviour of particle-filled polymeric materials [28, 29, 30, 31]. Steenbrink et al. [28] and Cheng

and Guo [29] looked at the effect of empty voids in glassy polymers by use of axisymmetric cell

analyses. Ognedal et al. [30] studied decohesion and volume growth in a mineral-filled PVC using

a 3D model to resemble a polymer matrix with spherical particles. For the study of elastomers,

Bergström and Boyce [31] looked at how shape, dimension, and stiffness of carbon black particles

altered the resulting equilibrium behaviour on the macro scale.

Although the matrix-particle debonding effect in elastomers is experimentally documented in

the literature, the implications this have for the macroscopic mechanical response has gained limited

attention. This article will study HNBR and FKM materials in UT and CAC to investigate the

difference in volumetric behaviour. To examine the source of the volume growth observed in the

UT experiments, an in situ SEM study of tensioned specimens was performed. Unit cell simulations

were then used to see if the behaviour observed in the macroscopic experiments could be captured in

a qualitative manner. No study could be found in the literature neither dealing with the volumetric

behaviour of HNBR and FKM elastomers nor debonding or cavitation around particles in such

materials. In addition, to the best of the authors’ knowledge, unit cell simulations have not yet

been used to study the loading mode dependent volume behaviour of particle-filled elastomeric

materials.

The article is organized as follows: The set-up and results for the UT and CAC macroscopic

experiments are presented in the following section. Implications of the findings for constitutive

modelling of particle-filled elastomers are discussed in Section 3. In Section 4, the set-up and results

of the in situ SEM study on the materials are given, while Section 5 presents a unit cell study

to explain the macroscopic experimental results in a qualitatively manner. In the final section, a

summary and some concluding remarks are given.
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2. Macroscopic experiments

2.1. Uniaxial tension

2.1.1. Set-up

For the UT tests, one HNBR and one FKM compound were delivered from two different suppli-

ers as 2 mm thick dog-bone shaped tension specimens with dimensions in line with ISO37 Type–1

and Type–2 respectively [32]. The gauge length of the Type–1 specimens applied for HNBR is 33

mm, while the corresponding length of the Type–2 FKM samples is 25 mm. The specimens were

tested using an Instron 5944 testing machine with a 2 kN load cell. One deformation cycle exposed

the test samples to a maximum machine displacement of 40 mm and immediate unloading until

zero force was measured by the load cell. A deformation rate of 1 mm/s was used during both

loading and unloading.

While the force level F was measured by the load cell of the machine, optical means were used

to determine the local deformations in the gauge section. For this purpose, a grey scale speckle

pattern was applied to the specimens prior to testing, and two Prosilica GC2450 CCD cameras were

used to capture frames of the wide and narrow surface of the specimen throughout the tests. The

obtained images were post-processed using the in-house DIC software eCorr [33]. An illustration

of the tension test sample and the boundaries monitored by the two cameras can be seen in Figure

1. Two repetitions were performed for each material, with the duplicate tests echoing the results

presented here.

Camera1

Camera 2

FF

25 mm

4 mm

2 mm

1

2

3

Figure 1: Illustration of the experimental set-up used in the UT experiments, geometrical measures in line with ISO

37 Type–2 used for the FKM samples.

Applying the two perpendicular cameras for the DIC measurements, all three stretch compo-

nents λi, i = 1, 2, 3 with the directions being defined through the Cartesian coordinate system in

Figure 1, were obtained throughout the test. Thereby, the volume ratio J was found without using

the assumption of material isotropy (λ2 = λ3), with J being calculated from

J =
V

V0
= λ1λ2λ3 (1)

where V is the current volume and V0 the reference volume. In addition, the longitudinal Cauchy

stress σ1 was found in a correct manner, i.e. without using assumptions of isotropic or isochoric

(λ2 = λ3 = 1/
√
λ1) material behaviour, through

σ1 =
F

λ2λ3A0
(2)
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where A0 is the initial cross sectional area of the specimen. For UT loading, where σ2 = σ3 = 0,

the hydrostatic stress is defined as

σH =
σ1

3
(3)

The importance of the dual camera set-up is illustrated in Figure 2, showing the longitudinal

(positive) and transverse (negative) logarithmic strains obtained by the two cameras for both

materials. It is seen that the relative difference between the longitudinal strains measured from

the two independent yet synchronized cameras is negligible throughout the tests. For the transverse

strains on the other hand, there is a clear discrepancy caused by transverse anisotropic material

behaviour. This transverse anisotropy is assumed to originate in the production process of the 2

mm thick sheets from which the specimens were cut. The implications of neglecting this transverse

anisotropy when calculating the stress and volume growth during the test is discussed in Section

2.1.2.

Figure 2: Longitudinal and transverse strains calculated by DIC for HNBR and FKM subjected to one deformation

cycle in tension.

2.1.2. Results

The results obtained for the deformation cycle are presented in Figure 3. From the Cauchy

stress - logarithmic strain curves displayed in Figure 3a, the initial tension behaviour is seen to be

similar for the two materials, while the HNBR compound displays a higher stress level as the strain

is increased. The FKM sample reaches a larger maximum strain level due to the difference in initial

geometry. The volume ratio for the two materials with respect to longitudinal strain is addressed

in Figure 3b. For both materials, the volume ratio is seen to stay close to unity during the initial

deformation, until a critical strain level is reached at which a clear increase in volume ratio begins.

The strain level at the onset of volume increase is clearly smaller for the FKM material compared

with the HNBR compound. In addition, the maximum volume increase is more than 20 % for the

FKM material, opposed to approximately 5 % for the HNBR compound. No study could be found
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(a) (b)

(c)

Figure 3: Results from UT experiments (a) stress-strain, (b) volume ratio - logarithmic strain, and (c) hydrostatic

stress - volume ratio behaviour. Arrows indicate loading and unloading directions.

in the literature reporting such a large volume increase at the given strain level for an elastomer

as the one found for the FKM material.

In Figure 3c, the hydrostatic stress level is plotted towards the volume ratio. A critical hydro-

static stress (corresponding to the critical strain level) is seen to be required before the volume

increase sets on, with a clearly higher stress being needed in the HNBR material compared with

the FKM compound.

It should be noted that due to the volume increase, using an assumption of isochoric material

behaviour and calculating the stress-strain data using the longitudinal strains from Camera 1 would

over-predict the stress level at maximum deformation with about 3 % for the HNBR material and

more than 20 % for the FKM material. In addition, due to the transverse anisotropic behaviour

of the materials, using data only from Camera 1 and assuming isotropic material behaviour would

lead to an over-prediction of the maximum volume change for the HNBR material by 130 %,

and a 20 % over-prediction of the volume increase in the FKM compound. The level of material

anisotropy in elastomeric tension samples is seldom measured and reported in the literature, and

experimental set-ups are often based on an assumption of transverse isotropic material behaviour,

however, this brief discussion emphasize the bias a single camera set-up might cause for certain
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materials.

2.2. Confined axial compression

2.2.1. Set-up

To evaluate the volumetric response of the samples in nearly hydrostatic compression, a CAC

rig was built. A thorough presentation of the set-up was provided by Ilseng et al. [5], however, a

brief discussion is included here for completeness. The specimens used for CAC were cylinders with

a height of 12.5 mm and a diameter of 29.0 mm (in accordance with ISO 815-1 Type A [34]). While

the same HNBR compound could be delivered as samples for both UT and CAC experiments, it

was not possible for the supplier to provide a compression specimen of the FKM compound that

was tested in tension. However, two other FKM compounds, named FKM1 and FKM2, were

delivered with the geometries used for CAC. It is believed that the two other compounds would

give an indication of the CAC behaviour of the FKM compound tested in tension.

An illustration of the CAC rig is presented in Figure 4. The rig was designed to be used with

an Instron 5982 universal testing machine with a t-slot table, and involves two pistons with load

cells and a 20 mm thick steel plate supported on four M16 bolts. The centre hole of the steel

plate was produced with a diameter of 29.0 mm and with a tolerance of +0.05 mm −0.00 mm,

while the two pistons were produced with a diameter of 29.0 mm and a tolerance of +0.00 mm

−0.05 mm to ensure a tight fit. The plate was fixed to the t-slot table in the machine by the

four steel bolts, while the two pistons were screwed onto the respective load cells. In addition to

the 100 kN load cell in the testing machine, an HBM U2A 100 kN load cell was included below

the specimen and fixed to the t-slot table with bolts. The purpose of the second load cell was to

facilitate measurement of the frictional forces that arise during testing. To avoid dealing with the

compliance of the testing machine, a checkerboard pattern was applied to the upper piston and

a camera was used to log images of this pattern throughout the tests. By use of a point tracker

routine [35], the displacement of the upper piston could be calculated. It was assumed that the

test set-up, which was made of steel, was fully rigid and that all deformation therefore occurred in

the specimen. Based on this assumption, the volume ratio can be defined as

J =
H

H0
(4)

where H is the current height of the specimen, while H0 is the initial height. A silicon grease was

applied to all surfaces of the specimens prior to testing, and this treatment was found to reduce

the frictional forces between the specimen and the steel plate significantly. Using the grease, the

frictional force was less than 1.3 % of the load in the upper load cell at maximum load for all tests.

All specimens were tested by a cyclic loading history, obtaining a force in the upper load cell of

95 kN by load control before returning to 0.1 kN and starting a new cycle. A deformation rate of

3mm/min was applied during both loading and unloading. In the sixth cycle, the load level was

kept constant at 95 kN for 30 minutes as a volumetric creep test. By denoting the measured force
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level by F and the area of the circular cross section of the specimen as A0, the hydrostatic stress

applied to the specimen can be approximated by the relation

σH ≈ F

A0
(5)

The approximation in Equation 5 is only valid if the deformation is governed by volumetric rather

than deviatoric stresses. The validity of this assumption for the presented experiments is discussed

further in Section 2.2.2.

Section A-A:

100 kN load cell

100 kN load cell

Specimen

Lower piston
NutLower piston

Upper piston

Steel plate

100 kN load cell

Specimen

Face for optical measurement

Bolt M16

Lower piston

Upper piston

Steel plate

A A

Figure 4: Illustration of the experimental set-up used for the confined axial compression experiments.

2.2.2. Results

The raw force-displacement data obtained for the six loading cycles on the HNBR material

is presented in Figure 5a. Qualitatively, this response is also representative for the two FKM

materials. It can be seen that the force level is nearly zero the first 0.4 mm of deformation. This

is interpreted as the deformation needed to obtain full contact between the two pistons and the

specimen. Thereafter, the stiffness is gradually increasing until a constant level is reached at

approximately 0.6 mm of deformation. This stage is interpreted as mainly deviatoric deformation

needed to obtain full contact between the specimen boundaries and the hole in the steel plate.

For the rest of the loading and the following cycles, a nearly constant stiffness and no significant

hysteresis or cycle dependence can be seen. For the creep test, only a slight volume increase can

be observed. As the deviatoric behaviour of the material has been found to be viscous and cycle

dependent [4] the deformation in this stage is likely to be dominated by the hydrostatic stresses,

meaning that Equation 5 yields a good approximation to the hydrostatic stress response of the

materials.

The hydrostatic stress - volume ratio behaviour obtained during loading in the fifth deformation

cycle for the three materials can be seen in Figure 5b. A relatively similar response is seen for

the HNBR and the FKM1 materials with 6 % volume increase at a hydrostatic stress of 140 MPa,
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while the FKM2 material shows a slightly more compliant volumetric response with 7 % volume

increase at maximum stress.

It should be noted that the volumetric response obtained in CAC differs significantly from

that obtained in UT, as shown in Figure 3c, where a volume increase of respectively 5 and 20

% was achieved for a hydrostatic stress of less than 6MPa. Some implications of this loading

mode dependent volume behaviour for the constitutive modelling of particle-filled elastomers are

discussed in the following section.

Volumetric creep

(a) (b)

Figure 5: Results from confined axial compression experiments. (a) Force - displacement data for the HNBR material

subjected to six loading cycles and (b) hydrostatic stress - volume ratio behaviour obtained during loading in the

fifth deformation cycle for all three compounds.

3. Implications for constitutive modelling

In constitutive modelling of elastomeric materials, it is common to split a hyperelastic strain

energy potential W additively in an isochoric and a volumetric contribution

W = Wiso (I
∗
1 , I

∗
2 ) +Wvol (J) (6)

where I∗1 and I∗2 are the first and second invariant of the distortional left Cauchy-Green deformation

tensor. From this potential function, the hydrostatic stress term can be found as

σvol =
∂Wvol

∂J
I = σHI (7)

While a wide range of both phenomenological and physically based functional forms for the isochoric

response has been proposed and discussed in the literature [36], the number of functional forms for

the volumetric behaviour is limited. Different phenomenological volumetric hyperelastic potential

functions were discussed by Doll and Schweizerhof [37] and by Bischoff et al. [38], and three of the
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more commonly applied forms for the volumetric part are [39, 40, 41]

W a
vol =

κ

2
(J − 1)

2 ⇒ σa
H = κ (J − 1)

W b
vol =

κ

2

(
J2 − 1

2
− ln J

)
⇒ σb

H =
κ

2

(
J − 1

J

)

W c
vol =

κ

2
(ln J)

2 ⇒ σc
H = κ

(
ln J

J

) (8)

In Figure 6, the parameter κ of the three different volumetric terms given in Equation 8 is optimized

to fit the CAC data for the FKM1 material. The predicted hydrostatic stresses companying a

volume increase are then compared with the volumetric data obtained for the FKM material in the

UT experiments. While it is seen that all three expressions for the volumetric part of the strain

energy potential yield a good correspondence with the CAC data, none of them are capable of

predicting the compliant volumetric response in UT.

Figure 6: Comparison of different hydrostatic stress terms proposed in literature with experimental data for FKM

in UT and CAC.

In addition to the large difference in volumetric response between UT and CAC, purely hy-

perelastic material models would not be able to capture the hysteresis loop in hydrostatic stress

- volume ratio space seen in Figure 3c. While Reese and Govindjee [42] introduced a constitutive

framework for viscous volume growth, most models aiming to predict the viscoelastic response of

elastomeric materials assume a nearly isochoric behaviour, and only stiff and elastic volumetric

deformations are included [1, 2, 3].

Clearly, a new modelling approach is needed to capture the behaviour seen in the macroscopic

experiments. An important feature of such a model would be the ability to predict a compliant

viscous volume growth for loading modes including positive hydrostatic stresses, at the same time

as a stiff and elastic volume response would be predicted in hydrostatic compression. To the best

of the authors’ knowledge, none of the constitutive models in the literature aimed at modelling

elastomeric behaviour includes these effects. However, before one embarks at the task of deriving

new constitutive equations, more knowledge on the mechanisms causing the observed macroscopic

10



behaviour should be obtained. Therefore, the rest of this paper is devoted to study the observed

response in more detail, while the derivation of a new model is postponed to a forthcoming paper.

The significant difference in volume change between the two loading modes can possibly be

explained by cavitation and decohesion occurring near stiff inclusions in UT, while this would not

be applicable during CAC deformation. To investigate this hypothesis further, an in situ SEM

study is presented in the following section.

4. SEM study

4.1. Set-up

The SEM study was performed using a Zeiss Gemini Ultra 55 Limited Edition microscope at the

Department of Materials Science and Engineering, NTNU. This instrument provided micrographs

with a resolution of 3072×2072 pixels. A purpose-built tension rig [43] was placed on the sample

board of the microscope to enable in situ measurements during uniaxial tension. An illustration of

the tension rig is shown in Figure 7a. Small tension specimens, having dimensions in line with the

sketch in Figure 7b, were cut from the ISO geometry tension specimens delivered by the suppliers,

i.e. cut from untested samples from the same production batch of specimens as those tested in

macroscopic uniaxial tension.

Prior to any deformation, images at 60, 100 and 300 times magnification were obtained of the

surface at both the centre and the edge of the specimen, resulting in six images for each compound.

The locations of the pre-deformation images are illustrated in Figure 8, showing an overview image

of the 3 mm wide gauge section surface. These micrographs were analysed using the Python image

processing package scikit-image [44] to obtain an indication of the size, number, and distribution

of particles in the materials surface. The particles were distinguished from the matrix material by

image segmentation, using Otsu’s method [45] to define the threshold value, i.e. minimizing the

grey-level variance of each segment.

After tensioning the specimens at a low rate to a nominal longitudinal stretch of 2, the samples

were studied again with SEM to look for effects that could explain the macroscopic behaviour seen

in Section 2. The samples were then scanned by a random walk procedure and micrographs were

captured at sites of interest.

4.2. Results

4.2.1. Particle distribution

The pre-deformation micrograph obtained at 60× magnification in the centre of the specimen

surface is shown for both materials in Figure 9. A number of highly reflecting inclusions can be

seen at the surfaces. Energy-dispersive X-ray spectroscopy (EDS) suggested that these, for both

the HNBR and the FKM material, are ZnO particles. The geometry of the observed particles

ranges from nearly circular to oblong shapes, while the particles can be seen to be rather evenly
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3 mm 

(b)

Figure 7: Setup for in situ SEM study. (a) HNBR specimen in tension rig and (b) geometry of specimens cut from

virgin ISO dimension tension samples.

distributed in the surface without any clear clustering. Dimples can be seen at the surface of the

FKM material, but it is not clear if these are representative for voids in the bulk material or only

surface effects caused by particles removed from the surface during or after the processing of the

samples. However, the fraction of internal voids is expected to be limited, due to the stiff and

elastic volume response observed in the CAC experiments. Surface dimples were also observed

in images of the HNBR material, although not present in the 60× magnification image from the

centre part of the sample shown in Figure 9.

From the segmentation process performed on all pre-deformation images, the total number and

size of individual particles could be estimated. The obtained area fraction of particles as function

of the applied magnification is plotted for all micrographs in Figure 10a, while the total number

of particles is shown in Figure 10b. It is clear that the FKM material contains both a larger area

fraction and a larger number of particles at the surface. It should be noted that since the number

of particles found at the centre location of the FKM material grows as the magnification increases,

the area fraction at the low magnification levels for this material is underestimated, since a subset

of the image is found to contain more particles than what were counted in the entire micrograph

at 60 and 100 times magnification.

In Figure 10c, the particles identified in the 60× magnification images were numbered according
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Figure 8: Overview of SEM images of the surface obtained prior to deformation, shown on a micrograph of the

HNBR material. The image shows a part of the 9 mm long, 3 mm wide gauge section of the specimens.

to the size of their projected area. This gives an indication of the distribution between large and

small particles. For both materials, the edge of the specimen is seen to contain more and larger

particles compared with the centre. It is also clear that the materials contain a high number

of small particles, and only a few particles having larger size. The largest particle found in the

inspected regions had a projected area of 1125 μm2, found at the edge of the FKM material, while

the smallest particle possible to identify with this method at 60× magnification had a projected

area of 0.09 μm2.

(a) (b)

Figure 9: Pre-deformation SEM images from sample centre at 60× magnification for (a) HNBR and (b) FKM.

4.2.2. Debonding and cavitation

For the in situ tension images, it was found that deforming the specimens changed the con-

ductive properties of the compounds, reducing the image quality at large deformations. This was

particularly challenging for the FKM material, yet, matrix-particle debonding and cavitation could

be found at the surface of both compounds as illustrated in Figure 11, where sub-figures (a) to (c)

13



(a) (b)

(c)

Figure 10: Results obtained from segmentation of the pre-deformation SEM images. (a) Area fraction of particles

for all images, (b) the number of particles found in each image, and (c) particle distribution for images at 60×
magnification.

address the HNBR material, while (d) addresses the FKM compound.

The image in Figure 11a shows clear debonding at location 1, with cavities formed at both sides

of the large particle while the bonding with the matrix seems to be intact at the upper and lower

surfaces. At location 2, a cavity is seen with a circular particle near its centre. However, with the

cavity being very large compared to the particle, and the particle being completely debonded from

the matrix, it is unclear if the cavity is caused by this centre particle or if it is a matrix cavity

in the surface caused by the stress situation that incidentally has a centre particle. The particle

at location 3 can be seen to have an early-stage debonding at both sides. A slightly different

debonding mechanism is illustrated Figure 11b, where a large crater caused by debonding is seen

at location 1, while only slight debonding has taken place at location 2. This one-sided debonding

mechanism was also observed for other irregularly shaped particles. Another example is provided

in Figure 11c, where the large particle has debonded along the surface at location 1 only. At

location 2 on the other hand, matrix cavitation, without any visible interior particle, has taken

place in front of the large particle. It should be noted that for the micrographs of the HNBR

material in Figure 11, particles fully preserving their bonding to the matrix material could also be

observed.
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For the FKM compound, one micrograph showing a particle in a large cavity could be obtained,

as shown in Figure 11d. Due to the large size of the cavity compared with the particle, it is unclear

if the debonding is due to the stress situation caused by the centre particle or due to surrounding

particles giving rise to a highly triaxial stress situation in the observed area.

While a number of clearly debonding particles could be identified in the in situ images of the

HNBR material, only one occurrence of matrix cavitation, the one shown at location 2 in Figure

11c, could be observed. It is not known what caused this free cavity to nucleate, but one hypothesis

is that it initiated at a location where a particle had fallen out of the surface during production of

the rubber mats from which the specimens were cut. This suggests that the debonding mechanism,

and not matrix cavitation, is dominating the volume growth of the material in tension. However,

it is noted that matrix cavitation could be more pronounced in the interior of the material, where

the absence of a free surface would lead to significantly larger local hydrostatic stresses.

In general, all debonding particles shown in Figure 11 have a relatively large projected area

compared with the majority of the particles indicated in Figure 10c.

(a) (b)

(c) (d)

Figure 11: Debonding observed at a nominal longitudinal stretch of approximately 2. (a) Two sided debonding

in HNBR, (b) one sided debonding in HNBR, (c) one sided debonding and matrix cavitation in HNBR, and (d)

debonding/cavitation in FKM.
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5. Unit cell study

5.1. Model

A micromechanical numerical model was used to investigate if the matrix-particle debonding

mechanism observed by in situ SEM in Section 4 can explain the volumetric response found in

the experimental data of Section 2. It was shown by Willams et al. [46] that such a model would

only provide a quantitative prediction of the macroscopic behaviour if a full 3D model was used,

taking particle shape, size, distribution, and cohesive strength into account. This would require

extensive data on the actual particle distribution, for example through X-ray tomography studies

[47, 48], and comprehensive knowledge of the matrix-particle interface behaviour. In addition,

running such a model would require large computational resources. The purpose here, however,

is to do a qualitative study aimed at investigating the mechanisms of matrix-particle debonding,

and how this feature affects the macroscopic response. A relatively simple and efficient numerical

model should therefore be sufficient. Thus, a cylinder of matrix material containing one spherical

particle embedded at its centre is studied. It is important to note that such a model neglects

multiple features of the actual materials like the different particle geometries, the size distribution

of the particles, the difference in cohesive behaviour for the particles, interaction effects between

the particles and so on.

To incorporate the simple unit cell model in a finite element framework, the commercial software

Abaqus/Standard [49] was used. An illustration of the model and the behaviour in the two loading

modes are presented in Figure 12, which also shows the finite element discretization. Approximately

1000 elements were used for the matrix material, while about 200 elements were used to mesh

the particle. Four node axisymmetric elements with reduced integration and hourglass control,

named CAX4R in Abaqus, were applied in the analyses. The external boundaries of the cell were

constrained to remain straight throughout the deformation. The model was exposed to UT loading

by applying the stress - time data obtained in the experimental tests to the upper boundary as a

negative pressure force, while the vertical external boundary was free to move horizontally. The

CAC experiment was modelled by applying the stress - time data measured in the fifth cycle of

the corresponding test to the upper surface, while a fixed analytically rigid wall constrained the

cell from expanding horizontally. Due to the cohesive zone, a length scale must be introduced in

the model and the matrix cylinder was given a height and diameter of 20 micrometres.

5.2. Particle size

The macroscopic volume increase obtained in the unit cell model during UT deformation is

strongly dependent on the size of the embedded particle, as shown in Figure 13 where the volume

ratio obtained at a longitudinal logarithmic strain of 0.7 for simulations with different particle

volume fractions is illustrated (for these simulations, no cohesive zone was defined). Comparing

with the area fraction of particles in the surface found from the SEM study in Figure 10a (<1
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Figure 12: Illustration of axisymmetric unit cell model and its response in the two loading modes, f0 = 5 %.

%), it is clear that the volume ratio of particles must be overestimated to get a significant volume

growth. There can be multiple explanations for this fact. First, as already mentioned, the model is

too simple to provide quantitatively precise results due to the lack of matrix cavitation, neglecting

the particle size distribution, inaccurate modelling of the complex particle geometries, and the

lack of particle interaction effects. The latter is assumed the most important effect for the total

volume growth, as the interaction between particles leads to increased local hydrostatic stresses,

promoting decohesion and volume growth [50, 51]. Second, the area fraction of particles obtained

from the micrographs might underestimate the actual volume fraction of inclusions due to sub-pixel

particles and/or an inhomogeneous particle distribution through the thickness of the samples.

For the purpose of the following qualitative study, the particle size of the basis model was set

to yield a volume fraction f0 of 5 %, such that a clear volume increase could be obtained in UT

loading.

Figure 13: Volume change prediction at a longitudinal logarithmic strain of 0.7 and no cohesion for a set of particle

volume fractions.
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μ [MPa] λm [-] D [1/MPa] S [-] A [MPa−ms−1] c [-] m [-]

2.5 1.6 0.015 12 0.001 0 6

Table 1: Constitutive parameters used for matrix material in unit cell simulations.

5.3. Constitutive modelling

For the constitutive modelling of the matrix material, the visco-hyperelastic Bergström-Boyce

model implemented in Abaqus, using a nearly isochoric Arruda-Boyce strain energy potential, was

applied. The parameters for the model are listed in Table 1 where the same notation as in Abaqus

Theory Guide [52] is adopted, with μ being the shear modulus of the spring in the elastic part, λm

the locking stretch, D the compressibility parameter (related to the bulk modulus by κ = 2/D), S

the scaling of the stiffness between the elastic and the viscous parts, A a scaling parameter for the

viscous deformation, c an exponent for the strain dependence of the viscous deformation, and m an

exponent for the stress dependence of the viscous deformation. The parameters used were found

to capture the experimentally obtained macroscopic stress - strain behaviour in an approximate

manner. The embedded filler particle was modelled as linear elastic with Young’s modulus of 140

GPa and Poisson’s ratio of 0.3, being approximate values for bulk ZnO [53].

5.4. Cohesive behaviour

The cohesive zone between the matrix and the particle was modelled as an interaction property

using a linear traction-separation law with a quadratic stress criterion. Such a modelling of the

cohesive zone has been used in a range of studies, e.g. [30, 54, 55] to name a few. The model

is illustrated in the sketch in Figure 14. The stress needed to separate the two surfaces increases

linearly with a stiffness k until an initiation stress Tini is reached (coinciding with the initiation

deformation δini). The load bearing capacity of the cohesive zone is then reduced linearly until a

total fracture energy of Gc is reached (taking place at a critical deformation of δcrit). Due to the

absolute lack of experimental data on the matrix-particle interface behaviour of the materials, the

parameters of the base model were set to be Tini = 6 MPa, k = 6 GPa/μm, and Gc = 15 J/m2, as

this gave a reasonable representation of the experimental results. The critical stress was set equal

in normal and shear directions.

To investigate the dependence on the cohesive parameters, the total fracture energy or the

initiation stress was changed in consecutive simulations, keeping the other parameters constant.

The hydrostatic stress - volume ratio results obtained from this small parameter study are shown

in Figure 15. Reducing the fracture energy reduces the slope of the curve after fracture initiation,

see Figure 15a, and leads to an increased maximum volume. Changing the initiation stress on the

other hand, yields a clear effect on the hydrostatic stress level at onset of volume growth, as shown

in Figure 15b, while the maximum volume ratio immediately before unloading is hardly affected.
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Figure 14: Illustration of the traction-separation law used for the cohesive zone.

(a) (b)

Figure 15: Parameter study results for the properties of the cohesive zone in the unit cell model subject to tension,

(a) dependence on fracture energy and (b) dependence on initiation stress.

5.5. HNBR vs FKM behaviour

To get an indication on the source of the difference in UT volumetric behaviour between the

HNBR and FKM compounds, two different sets of material parameters, Model A and Model B, were

defined to capture the qualitative response of the HNBR and FKM material respectively. From

the parametric study in Section 5.4, it was indicated that the difference in volumetric behaviour

between the two materials tested in Section 2 can be caused by an increased initiation stress and a

reduced fracture energy on average for the cohesive zones in the HNBR compound compared with

the FKM, in addition to fewer debonding particles in the HNBR compound leading to less volume

growth. The parameters of Model B were set equal to the base model parameters of Section 5.4,

while the value of f0, D, Tini, and Gc were changed for Model A with the following reasoning; f0

was reduced to get a lower total volume increase in UT, D was reduced to get a slightly stiffer CAC

behaviour, Tini was increased to conform with the large stress level at onset of volume growth,

while Gc was reduced to get a more compliant volume behaviour after matrix-particle decohesion.

The values of the final parameters are listed in Table 2.

The volumetric behaviour in UT deformation of the unit cell models is shown in Figure 16a,
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f0 [-] D [1/MPa] Tini [MPa] Gc [J/m2]

Model A 0.018 0.012 30 9

Model B 0.05 0.015 6 15

Table 2: Model parameters changed to qualitatively capture the difference between HNBR and FKM behaviour.

while the hydrostatic stress - volume ratio obtained in the CAC simulations can be seen in Figure

16b. Qualitatively, both loading modes exhibit a good resemblance of the experimentally obtained

results, showing a compliant and viscous behaviour in UT after a critical stress level is reached,

while a stiff and purely elastic behaviour was obtained for the volumetric response in the confined

axial compression simulations. The initial volumetric stiffness of the model is related to the bulk

modulus of the matrix and particle material for both loading modes and is therefore nearly equal in

all simulations. The qualitative difference between Model A and Model B is in good correspondence

with the difference obtained comparing the HNBR and FKM compounds in the macroscopic tests

of Section 2. This suggests that the variation in the observed behaviour for the HNBR and FKM

stems from different adhesion properties between the matrix material and the filler particles for

the two compounds. In addition, these results indicate that the matrix-particle decohesion and

cavitation effects found in the in situ SEM experiments can be the explaining mechanisms for the

loading mode dependent volume behaviour observed in the macroscopic tests.

The hysteresis loop of the volumetric response in UT, see Figure 16a, is caused by both viscous

effects in the matrix material and the failure of the cohesive zone. This is demonstrated in Figure 17

where the prediction from Model B is compared with the result obtained using a purely hyperelastic

matrix material, i.e. the constitutive model is reduced to the Arruda-Boyce hyperelastic potential

by S = A = 0. While a larger total volume increase is seen for the purely hyperelastic model due

the more compliant matrix, it is clear that a significant hysteresis loop can be caused solely by

the failure of the cohesive zone. It can be noted that removing the viscous effects in the unit cell

model would not have any consequence for the CAC response.

6. Summary and concluding remarks

In this study, HNBR and FKM compounds were tested experimentally in both uniaxial tension

and confined axial compression. For the uniaxial tension tests, optical measurements were used

to obtain the complete deformation field and thereby capturing the volume change. A moderate

volume increase of 5 % was found for the HNBR material, while the FKM compound experienced

a large volume change, with an increase of the volume by nearly 20 % for a hydrostatic stress of

6 MPa. In the confined axial compression tests however, very similar results were found between

HNBR and FKM compounds, with about 6-7 % reduction of volume for a hydrostatic stress of

140 MPa. Comparing the results from the two loading modes, a large difference in the hydrostatic

stress - volume ratio behaviour was observed. It was shown that this difference is not captured
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(a) (b)

Figure 16: Results from unit cell simulations in (a) UT and (b) CAC, where Model A and B qualitatively represent

HNBR and FKM, respectively.

Figure 17: Illustration of the hysteresis loop in tension caused by the cohesive zone.

by available constitutive models for elastomeric materials. The mechanisms responsible for the

volumetric behaviour are therefore studied further as a preparation for new micromechanically

based constitutive modelling approaches.

To investigate the origin of the volume increase observed in uniaxial tension, an in situ SEM

study was performed. Both materials were found to consist of a significant number of ZnO particles,

which were shown to debond from the matrix material during tension, causing macroscopic volume

growth. In addition, matrix cavitation was observed at the surface.

Based on the SEM experiments, the large difference in volumetric behaviour obtained between

the two loading modes was studied by finite element simulations of an axisymmetric unit cell

model. The simulations showed that the volumetric response obtained in the experiments could

be qualitatively explained by the interaction between matrix material and filler particles, with

decohesion occurring during uniaxial tension. In addition, by changing the parameters of the

cohesive zone, the qualitative difference between the HNBR and the FKM material could be

captured.
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The findings of this study prepare for development of new constitutive models aimed at predict-

ing the volumetric response of particle-filled elastomers exposed to various loading modes. Such

models should incorporate the underlying physical mechanism of matrix-particle decohesion and

possible matrix cavitation, and be able to capture the critical stress level and the viscous volume

increase accompanying tension, at the same time as predicting a stiff and elastic volume response

for loading modes governed by negative hydrostatic stresses.
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Abstract

In this article, the volumetric deformation accompanying uniaxial tension of particle-filled elas-

tomeric materials is studied. An experimental set-up, enabling full field deformation measure-

ments at low temperatures, is outlined and data on the volume response in uniaxial tension of two

HNBR and one FKM compounds at temperatures from −18 to 23 ◦C are reported. The volumet-

ric deformation was found to increase with reduced temperature for all compounds. To explain

the observed dilatation, in situ scanning electron microscopy was used to inspect matrix-particle

debonding occurring at the surface of the materials. A new constitutive model, combining the

Bergström-Boyce visco-hyperelastic formulation with a Gurson flow potential function is outlined

to account for the observed debonding effects in a numerical framework. The new model is shown

to give a good prediction of the experimental data, including the volumetric response, for the FKM

compound at all temperature levels.

Keywords: Elastomers, Volumetric deformation, Low temperatures, SEM, Constitutive

modelling, DIC

1. Introduction

Particle-filled elastomeric materials are applied in a range of industries where they can be ex-

posed to large temperature variations, like automotive, aerospace, and oil and gas. For subsea oil

and gas equipment, elastomeric seals are essential for correct operation. Therefore, to prevent fail-

ure of such seals during service, strict and time consuming qualification testing, possibly involving

temperatures from −18 to 150 ◦C and pressures up to 140 MPa [1], must be carried out prior to

installation. The lead-time and man-hour cost of obtaining a combination of elastomeric material

and seal design that would pass the qualification tests could be greatly reduced by introducing

numerical analyses, like finite element simulations, into the design process. For such analyses to be

predictive and thereby cost saving, increased understanding of the underlying mechanisms occur-

ring in elastomeric materials at various temperature and pressure levels and improved constitutive

models that capture these effects are of utmost importance.

∗arne.ilseng@ntnu.no
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A common presumption for elastomeric material behaviour is that their deformation is fully or

nearly isochoric. However, it was early shown by Gent and Park [2] and Cho et al. [3] that the

inclusion of stiff filler particles, as done in nearly all industrially applied elastomer compounds,

could give rise to matrix-particle debonding and subsequent volume growth. In the later years, the

advances of optical measurement techniques, like digital image correlation (DIC), have facilitated

accurate quantitative measurements of the possible volume growth occurring when filled elastomers

are loaded in tension. Le Cam and Toussaint [4] measured the volume change accompanying

uniaxial tension of filled and unfilled natural rubber specimens by the use of DIC at one surface

and an assumption of material isotropy. They found a significantly larger volume growth to occur

in the filled specimens. The same authors also reported significant volume growth in a filled SBR

elastomer by the same experimental procedure [5]. de Crevoisier et al. [6] used two cameras for DIC

measurements to capture the complete strain field during uniaxial tension of a filled SBR material,

and thereby avoiding the isotropy assumption when calculating the volume change. During cyclic

deformation, they found the volume growth of each cycle to start when the longitudinal strain

exceeded the previously obtained maximum deformation. Cantournet et al. [7] reported the

volume change of a particle filled natural rubber to be strongly dependent on deformation mode.

For confined and hydrostatic compression, a stiff volumetric response was reported, while matrix-

particle decohesion around ZnO particles gave a more compliant volumetric behaviour in uniaxial

tension. For a deformation mode dominated by hydrostatic tension on the other hand, voids were

reported to nucleate unrelated to filler particle locations. Such loading mode dependence was

later echoed by Ilseng et al. [8], studying the relation between the macroscopic volume response

in uniaxial tension and confined axial compression experiments and the underlying mechanism

of matrix-particle decohesion. While the effect of temperature on the viscoelastic behaviour of

elastomers is well studied in the literature [9, 10, 11, 12], the volume growth of filled elastomers

exposed to uniaxial tension loading at different temperature levels has not yet been studied.

Although experimental evidence shows that particle-filled elastomers might yield large volume

variations in certain loading modes, most constitutive models for such materials available in the

literature neglect this effect. For rate independent elastomeric behaviour, a range of different hyper-

elastic potential functions exists [13, 14, 15, 16]. In these models, a small volumetric contribution

is added to the isochoric potential to include slight compressibility and ensure numerical stability.

To also account for the viscous features of elastomeric behaviour, a number of models combining

hyperelastic springs and strain-rate dependent dashpots have been proposed [17, 18, 19, 20], with

the visco-hyperelastic model of Bergström and Boyce [19], combining the eight-chain strain energy

potential [16] with a non-linear viscous formulation, being the most extensively applied. The stiff

and fully elastic volumetric response observed in hydrostatic compression experiments [21, 22, 23]

normally dictates the volumetric behaviour in these models, while the possible volume growth in

tension due to matrix-particle decohesion is neglected. A few authors have proposed constitutive
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models that account for large volume growth in elastomeric materials [24, 25, 26]. Yet, the focus of

these studies was on rate-independent theoretical considerations of cavitation growth for loading

states of large triaxial stresses, and matrix-particle debonding during uniaxial tension was not

considered.

While constitutive models that capture the effects of matrix-particle decohesion and cavitation

growth on the macroscopic response have gained limited attention in studies of elastomeric mate-

rials, it is an important area of research for ductile metallic materials. In that field, an essential

piece of work, dealing with yielding of a rigid-perfectly plastic matrix containing a spherical void,

was put forward by Gurson [27]. The Gurson model has subsequently been modified or extended

in multiple works concerned with metallic materials [28, 29, 30, 31, 32], and there are also some

applications to thermoplastic polymers [33, 34, 35]. To the best of the authors’ knowledge, the

Gurson formulation has not yet been applied to describe the volumetric behaviour of elastomeric

compounds.

In the present work, a new experimental set-up that enables DIC measurements of the complete

deformation field at low temperatures is outlined. Novel data on the volume growth accompany-

ing tension of HNBR and FKM materials are obtained for a temperature range from −18 to 23

◦C. An in situ scanning electron microscopy (SEM) study was performed at room temperature to

investigate the matrix-particle debonding accompanying tension of these materials. To incorpo-

rate the volume growth in a constitutive framework, a new model is proposed by modifying the

Bergström-Boyce model [19] with the use of a Gurson flow potential function [27] for the viscous

behaviour.

The article is organized as follows: In the following section the set-up and experimental results

for the macroscopic tension tests are outlined. Section 3 presents the set-up and the results obtained

for the in situ SEM investigation. Thereafter, in Section 4, a new constitutive model including the

observed viscous volume growth caused by matrix-particle debonding is presented and compared

with the macroscopic experimental results. Concluding remarks are given in Section 5.

2. Macroscopic experiments

2.1. Materials

Two different HNBR compounds and one FKM material are studied herein and are in the

following denoted HNBR1, HNBR2, and FKM. All three compounds are commonly used for sealing

applications in the oil and gas industry, and were delivered from the suppliers as dumbbell shaped

specimens die stamped from 2 mm thick sheets. The dimensions were in line with ISO 37 Type–

1 and Type–2 [36]. The different materials, their dumbbell geometry, the measured pre-testing

density, and the temperature range and hardness values provided by the suppliers are listed in

Table 1. According to the suppliers, the lower bound of the temperature range indicates the

temperature for which the materials have fully transitioned into the glassy region.
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Table 1: Tested materials, their geometries and properties

Material Geometry Density Temperature range Hardness

HNBR1 ISO 37 Type 1 1.29 g/cm3
−35 to 150 ◦C 86 shore A

HNBR2 ISO 37 Type 2 1.19 g/cm3
−29 to 160 ◦C 89 IRHD

FKM ISO 37 Type 2 1.77 g/cm3
−40 to 200 ◦C 89 IRHD

2.2. Set-up

The macroscopic tension experiments were performed using an Instron 5944 testing machine

with a 2 kN load cell. The specimens were loaded to a maximum machine displacement of 40 mm,

and then directly unloaded until zero force was measured by the load cell, all at a deformation rate

of 1 mm/s. The same deformation procedure was applied for all temperature levels and materials,

and a new specimen was used for each test. The testing temperatures were set to −18, 0 and 23

◦C. Two tests were run for each combination of material and temperature, with the duplicates

showing consistency of the reported results.

A custom-built temperature chamber, made of 10 mm thick transparent polycarbonate (PC)

plates and connected to a supply of liquid nitrogen (LN2), was used to obtain the low temperature

testing conditions. Stable testing temperatures were achieved by controlling the flow of LN2 using

a PID regulator. To avoid icing and condensation on the chamber walls, a tabletop fan was

used to ensure sufficient air circulation around the chamber. The temperature of the specimen

surface was monitored throughout the deformation cycle by a FLIR SC7000 infrared camera,

calibrated for temperatures down to −20 ◦C. A rectangular hole was made in the chamber to obtain

an unobstructed view between the infrared camera and the specimen. For optical deformation

measurements, two Prosilica GC2450 CCD cameras were placed outside of the transparent chamber

and logged images of the wide and narrow surface of the specimen at a frame rate of 7 Hz. The

materials tested here were shown by Ilseng et al. [8] to behave transversely anisotropic, and the dual

camera set-up is therefore needed to obtain quantitative volume measurements. The experimental

set-up is illustrated in Figure 1a, where the temperature chamber, specimen n and n+1, the two

CCD cameras, the infrared camera, the tabletop fan, and the LN2 container can be seen.

To use DIC to calculate the local deformations, a grey scale speckle pattern must be applied

in the gauge section of the specimens. Ilseng et al. [12] found that the traditional use of black

and white spray paint to obtain this speckle pattern was unsuitable at low temperature levels,

due to cracking of the paint during deformation. As an alternative, a thin layer of a Molycote 33

Medium low temperature grease was applied to the specimens, and icing sugar was sprinkled in the

greased area. A sieve with a wire mesh size of 75 �m was used to ensure a fine-grained and evenly

distributed layer of the icing sugar. Opposed to traditional spray painting, the grease and icing

sugar speckle pattern did not experience cracking during deformation at low temperatures. The

use of the PC chamber and a grease-and-powder speckle pattern was shown by Johnsen et al. [37]
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to yield similar results as tests with traditional spray painted speckle pattern and no temperature

chamber.

The frames captured by the two cameras were post-processed using the in house DIC software

eCorr [38]. An example of reference and deformed configuration captured with Camera 1 for a

test of the HNBR1 material at −18 ◦C is seen in Figure 1b. For the reference frame, the initial

DIC mesh is shown; while for the deformed configuration, a fringe plot of the first principal

logarithmic strain is included. The logarithmic element strains in the principal directions εei were

calculated for each element in the DIC mesh by eCorr, with i = 1 denoting the longitudinal

direction and e representing the element number, and corresponding stretch values were found

through λe
i = exp [εei ]. A representative principal stretch value was obtained by calculating the

mean stretch over all n elements as

λi =
1

n

n∑
e=1

λe
i (1)

and a representative logarithmic strain value was found by εi = log λi. There was a good agreement

between the representative longitudinal logarithmic strain ε1 found from the two independent yet

synchronized cameras [8]. Using the three representative principal stretch ratios λi, the volume

ratio J was calculated as

J = λ1λ2λ3 (2)

while the longitudinal Cauchy stress was found from

σ1 =
F

A
=

F

λ2λ3A0
(3)

where F is the force measured by the load cell, A the current cross sectional area, A0 the initial

cross sectional area, and λ2 and λ3 are the transverse stretch ratios. For the uniaxial tension tests

(σ2 = σ3 = 0), the hydrostatic stress is defined as

σH =
σ1

3
(4)

Finite element simulations of the thermal conditioning process, using the material parameters

and the numerical procedure outlined by Ilseng et al. [12], showed that 8 minutes of thermal

conditioning should be sufficient to cool the centre of the sample from room temperature to below

−17.5 ◦C. During the experimental testing, specimen n+1 was placed in the temperature chamber

at the same time as sample n was mounted in the testing machine for cooling. A 10-minute

conditioning period was included between mounting a sample in the machine and the start of the

deformation cycle. During this period, the machine was set to retain zero force in the load cell to

account for thermal contraction of the specimen. Before the first test at a new temperature level,

a 30-minute tempering period was included to ensure sufficient cooling of the steel grips of the

testing machine.
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(a)

(b)

Figure 1: (a) Experimental set-up used in the macroscopic tension experiments, (b) DIC frames from Camera 1

for a test on HNBR1 at −18 ◦C, the white arrow on the reference configuration indicates tension direction, while

the black horizontal lines in the speckle pattern were used to match the location of the mesh between images from

Camera 1 and Camera 2. The fringe plot indicates the value of the first principal logarithmic strain.
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2.3. Results

2.3.1. Stress - strain

The longitudinal Cauchy stress - longitudinal logarithmic strain behaviour of the three materials

is shown in Figure 2. The slight wobbling in the loading curve for the HNBR2 and the FKM

materials at −18 ◦C coincided with the injection of liquid nitrogen into the chamber and was likely

caused by small temperature variations in the specimens. As expected, a clear increase of stiffness

and strength for the loading process can be seen to take place as the temperature is reduced.

During unloading however, the temperature level had limited influence on the material response.

The significant dip in stress level seen to occur at a strain level of about 0.4 in the HNBR1 material

at low temperatures was previously discussed by Ilseng et al. [12], where matrix-particle debonding

with low fracture energy was suggested as a plausible physical mechanism.

(a) (b) (c)

Figure 2: Cauchy stress - logarithmic strain data for all temperatures (a) HNBR1, (b) HNBR2, and (c) FKM.

2.3.2. Volume growth

The volume ratio vs longitudinal logarithmic strain data are shown for all materials and tem-

peratures in Figure 3. It appears that a significant increase of volume is present for all three

compounds, although somewhat more modest for the HNBR2 material than for the two others.

A clear trend is that all materials increase their volumetric deformation as the temperature is

reduced. In addition, for the low strain regime the volume ratio is close to unity, before a clear

volume increase is seen when a critical strain level is reached. This behaviour is in line with a

matrix-particle debonding theory, where a certain amount of strain/stress would be needed for

the bonding between the matrix and the particles to break, and thereby the volume to increase.

The onset of volume growth for the HNBR1 material, as illustrated in Figure 3a, is observed to

coincide with the stress dip seen in Figure 2a. In addition, a clear loop in the loading-unloading

behaviour can be seen for this compound, with the volume ratio being clearly larger for the same

strain level during unloading compared with loading. Further, the volume growth of the HNBR1

material is strongly temperature dependent, with the maximum volume variation being only a few

percent at 23 ◦C, while more than 20 % volume growth was obtained for the test at −18 ◦C. The

results for the HNBR2 material presented in Figure 3b display virtually no volume change at room
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temperature. However, as the temperature decreased, a clear volume increase can be observed in

the large deformation regime. In the FKM results on the other hand, presented in Figure 3c, more

than 20 % volume increase is seen for the test at 23 ◦C. The volume ratio - logarithmic strain

response is relatively similar for the 23 and 0 ◦C tests, while the volume change at −18 ◦C is clearly

larger, with a maximum value of 28 % volume growth.

(a) (b) (c)

Figure 3: Volume ratio - logarithmic strain data for all three temperatures (a) HNBR1, (b) HNBR2, and (c) FKM.

To obtain a continuum based constitutive model of the volume growth in elastomers, the relation

between the hydrostatic stress and the volume ratio, as shown in Figure 4, is important. For all

materials, a critical stress level is needed before the volume growth starts. This critical stress level

appears to increase with decreasing temperature, while the slope of the curves after the volume

increase has started is nearly equal for all temperature levels. A clear hysteresis loop is apparent

for all materials at all temperatures, indicating a viscous volumetric behaviour. As the volume

returns to its initial value for the 0 and 23 ◦C tests, the process is assumed to be viscoelastic. For

the HNBR1 material in Figure 4a, there is a plateau level where the volume increases significantly

for a nearly constant hydrostatic stress value. Compared to the loading process, the response

during unloading is less sensitive to the temperature level, as illustrated by the FKM material at

0 and 23 ◦C for which the unloading curves almost perfectly coincide.

(a) (b) (c)

Figure 4: Hydrostatic stress - volume ratio data for all three temperatures (a) HNBR1, (b) HNBR2, and (c) FKM.
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2.3.3. Temperature change

The maximum temperature increase in the deformation cycle, measured at the surface of the

materials by the infrared camera, is shown for all tests in Figure 5. For all materials, the temper-

ature change increased at colder testing conditions, as to be expected from the enlarged hysteresis

loops obtained at low temperatures in the stress - strain plots of Figure 2. The high stress levels

at reduced temperatures may also explain why the largest increase of temperature occurs at −18
◦C. The greatest temperature change was found for the HNBR2 material tested at −18 ◦C, which

experienced a temperature increase of 9 ◦C at its surface.

Figure 5: Maximum temperature increase at the surface of the samples during deformation for all materials and

test temperatures.

3. In situ SEM experiments

3.1. Motivation

A micromechanical theory for the large volume growth accompanying tension of the materials at

hand is that debonding between the matrix material and filler particles leads to cavities and thereby

macroscopic volume growth. If this hypothesis is correct, micrographs of such debonding should

be possible to obtain by in situ SEM. Therefore, the two compounds HNBR1 and FKM, showing

clear volume growth for the macroscopic tension tests at room temperature, were investigated by

in situ SEM. The full study and its results are discussed in length by Ilseng et al. [8].

3.2. Set-up

A purpose-built tension rig [39] was placed on the sample board of a Zeiss Gemini Ultra 55

Limited Edition microscope to obtain the in situ micrographs. An illustration of the tension rig

can be seen in Figure 6a. Small tension specimens, having dimensions in line with the sketch in

Figure 6b, were cut from the ISO geometry specimens delivered by the suppliers. The materials

were tested at room temperature and deformed at a low strain rate to a nominal stretch of 2. The

stretched specimens were studied in the microscope by a random-walk procedure, and micrographs

with a resolution of 3072×2072 pixels were captured at locations of interest.

9



(a)

38 mm 

r = 4 mm 

r = 1.5 mm 

9 mm 

3 mm 11 mm t = 2 mm

3 mm 

(b)

Figure 6: Setup for the in situ SEM study, (a) test specimen in tension rig, and (b) geometry of in situ specimens

cut from the ISO dimension samples.

3.3. Results

For the HNBR1 material, debonding between the matrix material and particle inclusions was

observed at multiple locations, as illustrated by the two marked particles in Figure 7a. Energy-

dispersive X-ray spectroscopy (EDS) suggested that the highly reflecting inclusions in the HNBR1

compound are ZnO particles. For the FKM compound however, it was found that the conductive

properties of the material were challenging in the deformed configuration. Therefore, only one

occurrence of matrix-particle debonding could be found, as illustrated in Figure 7b. However,

matrix-particle decohesion seems to be a viable theory for the volumetric growth that accompany

uniaxial tension of the particle-filled elastomers.

4. Constitutive modelling

4.1. Preliminaries

From the experimental results presented in Section 2 and 3 it is clear that significant volume

increase, partly or solely caused by matrix-particle debonding, can accompany tension of particle-

filled elastomeric materials and that this volume growth gets more pronounced as the temperature is

reduced. It was also shown that a threshold value for the hydrostatic stress has to be reached before

any significant increase of volume takes place. In addition, a significant hysteresis in the hydrostatic
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(a) (b)

Figure 7: Debonding observed at a nominal longitudinal stretch of two for (a) HNBR1 and (b) FKM. Cavities are

indicated by dashed white lines.

stress - volume ration behaviour was observed. In this section, a new constitutive model, combining

the visco-hyperelastic Bergström-Boyce model [19] with the Gurson flow potential function [27],

is outlined to capture the experimentally observed behaviour. For the constitutive modelling

presented, an isotropic material behaviour is assumed.

To introduce the notation used in this section, a brief recapitulation of important continuum

mechanical concepts is included. For a thorough review, the reader is referred to the textbooks by

Holzapfel [40] or Belytschko et al. [41]. The main kinematic variable of continuum mechanics is

the deformation gradient F, and it is defined by

F =
∂x

∂X
(5)

where x is a particle position in the current configuration, and X is the position of the same particle

in the reference configuration. Further, the left and right Cauchy-Green deformation tensors, b

and C respectively, are defined as

b = FFT , C = FTF (6)

while the volume ratio J can be found from

J = detF (7)

Purely distortional parts of the Cauchy-Green deformation tensors are found through

b∗ = J−2/3b, C∗ = J−2/3C (8)

The deviatoric part of a tensor A is calculated as

A′ = A−
(
1

3
trA

)
I (9)

where I is the second order unit tensor. The first invariant of the full and the distortional left and

right Cauchy-Green tensors are

I1 = trb = trC, I∗1 = trb∗ = trC∗ (10)
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4.2. Model formulation

The model consists of two parallel parts having a hyperelastic spring in Part A and a non-linear

viscous dashpot in series with a hyperelastic spring in Part B, as illustrated by the rheological 1D

representation in Figure 8. The deformation gradient of Part A and Part B is by definition equal

to the total deformation gradient

F = FA = FB (11)

while the total Cauchy stress is the sum of the stresses in Part A and Part B

σ = σA + σB (12)

A

B

Figure 8: 1D rheological representation of the constitutive model.

4.2.1. Part A

As in the Bergström-Boyce model [19], the elastic spring in Part A is governed by the 8-chain

Arruda-Boyce potential function [16] for the isochoric part combined with a volumetric potential

function as used by Simo and Miehe [42]. The Cauchy stress tensor then reads

σA =
μAλL

3JAλ∗
A

L−1

(
λ∗
A

λL

)
(b∗

A)
′
+

κA

2

(
JA − 1

JA

)
I (13)

where μA is the effective shear modulus, κA the effective bulk modulus, λL the locking stretch,

JA is the volume ratio of Part A found from JA = detFA, and L−1 is the inverse of the Langevin

function, defined by L(x) = coth(x) − 1/x. For the Fortran implementation of the model, the

inverse Langevin function was solved by Newton’s method, using a Padé approximation [43] for

the initial guess. The effective stretch λ∗
A is defined as

λ∗
A =

√
1

3
trb∗

A (14)

4.2.2. Part B

Kinematics. The deformation gradient of Part B is decomposed multiplicatively in an elastic and

a viscous part [44], as illustrated in Figure 9

FB = Fe
BF

v
B (15)

This leads to a multiplicative split in elastic and viscous parts also for the volume ratio of Part B

JB = Je
BJ

v
B (16)
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The viscous velocity gradient defined on the intermediate configuration Ω̃, see Figure 9, can be

found as

L̃v
B = Ḟv

B (Fv
B)

−1
= D̃v

B + W̃v
B (17)

where D̃v
B is the symmetric rate-of-deformation tensor and W̃v

B the anti-symmetric spin tensor.

Due to material isotropy, one can obtain that W̃v
B = 0 and a relation for D̃v

B can be defined

D̃v
B = γ̇BN

v
B (18)

where a constitutive equation is needed for the viscous multiplier γ̇B. The direction of the viscous

deformation is denotedNv
B, and can be found as the gradient of a flow potential function g according

to

Nv
B =

∂g

∂Σ̃B

(19)

where Σ̃B is the Mandel stress tensor, defined on the intermediate configuration and related to the

Cauchy stress σB by

Σ̃B = Je
B (Fe

B)
T
σB (Fe

B)
−T

(20)

By combining Equation 17 and 18, a rate equation for the viscous deformation gradient can be

obtained as

Ḟv
B = γ̇BN

v
BF

v
B (21)

Reference

configuration

Current

configuration

Intermediate

configuration

Figure 9: Illustration of the multiplicative decomposition of the deformation gradient.

Elastic spring. For the spring in Part B, an eight-chain model formulated on the intermediate

configuration Ω̃ is used

Σ̃B =
μBλL

3λe∗
B

L−1

(
λe∗
B

λL

)(
C̃e∗

B

)′
+

κB

2

(
(Je

B)
2 − 1

)
I (22)

where μB is the shear modulus of the spring, κB is the bulk modulus, and λe∗
B =

√
trCe∗

B

3 .
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Dashpot. The constitutive relation for the viscous multiplier γ̇B is defined as

γ̇B = γ̇0
B

(√
Σ̃B : Σ̃B

fvτ

)m

(23)

where γ̇0
B is included to ensure dimensional consistency, while τ represents a scaling stress. The

term fv is introduced to incorporate the difference in the strain rate sensitivity between loading

and unloading and is defined as [45]

fv = 1 + αε : εe (24)

where α is a material parameter, ε = ln[V], and εe = ln[Ve], with V being the left stretch

tensor defined as V2 = b, and correspondingly (Ve)
2
= be

B. The exponent m in equation 23 is

a material parameter that, since fv theoretically can be negative, is set to be an even number

to ensure thermodynamic consistency, i.e. γ̇B ≥ 0, for any deformation. It can be noted that

the full Mandel stress tensor is used in Equation 23, as opposed to only the deviatoric part as in

the original Bergström-Boyce model [19]. This is done to ensure that viscous volume growth is

obtained also for hydrostatic tension loading, as to be expected from a matrix-particle decohesion

theory. In addition, a purely stress-activated viscous deformation is employed, neglecting the

deformation induced viscosity in the original model, as it improved the fit between the model and

the experimental results.

For the flow potential g, used to obtain the direction of the viscous deformation in line with

Equation 19, the Gurson yield function [27] was applied to incorporate the effects of matrix-particle

decohesion

g =
(σeq

σ̄

)2

+ 2q1f cosh

(
q2trΣ̃B

2σ̄

)
− (

1 + q3f
2
)

(25)

where f is the void fraction, σ̄ is a normalizing stress, qi are the material parameters introduced

in the model by Tvergaard [28], while σeq is the equivalent stress defined by the relation

σeq =

√
3

2
Σ̃

′
B : Σ̃

′
B (26)

The direction of the viscous deformation can then be obtained as

Nv
B =

∂g

∂Σ̄B
=

q1q2f

σ̄
sinh

(
q2trΣ̃B

2σ̄

)
I+

3

σ̄2
Σ̃

′
B = nvolI+ ndevΣ̃

′
B (27)

Note that for the Gurson formulation, the unit of Nv
B is 1/Pa, meaning that the unit of γ̇0

B must

be Pa/s.

The initial particle fraction f0 is an input parameter to the model, while an evolution equation

defined from the conservation of mass reads

ḟ = (1− f) trD̃v
B = (1− f) (3γ̇Bnvol) (28)

Here, it is assumed that the volume fraction of voids can only increase due to growth of cavities

around filler particles, and not through void nucleation. The particles that were found to debond
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from the matrix of the HNBR1 material were identified as ZnO particles, known to be nearly

rigid compared with the elastomeric matrix. Therefore, the porosity f is assumed equal or greater

than the initial porosity level f0 at all times. This is included in the model through the steps of

Algorithm 1.

Algorithm 1: Procedure to ensure f ≥ f0 in iteration step n+1

Input from step n: (I1B)n, fn, γ̇Bn

ndev = 3
σ̄2

nvol =
q1q2fn

σ̄ sinh
(

q2(I1B)n
2σ̄

)
ḟ=(1− fn) 3γ̇Bnnvol

fn+1=fn+dtḟ

if fn+1 < f0 then
fn+1 = f0

nvol = 0

end

Nv
B = nvolI+ ndevΣ̃

′
B

4.3. Temperature dependence

For the thermal modelling of the materials, the deformation induced temperature increase

presented in Section 2.3.3 is neglected, limiting the simulations to isothermal conditions. Conse-

quently, the temperature dependence can be included in the model solely by defining the material

parameters as a function of the testing temperature [46]. A simple mathematical relation was

applied to all temperature dependent parameters, defined for the dummy parameter a as [47]

a (θ) = a0exp

[
θ0 − θ

θbase

]
(29)

where θ is the testing temperature, a0 the parameter value at θ0 = 296 K, and θbase a scaling

temperature. The model can be further developed to account for non-isothermal conditions, see

[46, 48, 9].

4.4. Determination of material parameters

To illustrate the capabilities of the proposed model, the behaviour of the FKM material at

the three testing temperatures was simulated. To obtain the temperature dependent parameters,

the optimization software LS-OPT [49] was used, resulting in the parameter values listed in Table

2. The rest of the model parameters were defined as temperature independent, and their values

are listed in Table 3. The bulk moduli κB = 2.2 GPa was found from confined axial compression

experiments on similar materials [8], while m = 6, λL = 1.8, and α = 50 were values found to

yield reasonable agreement between simulation and experimental results for all temperature levels.

The same locking stretch was used for the spring in Part A and Part B. Since γ̇0
B was included in

Equation 23 only for dimensional consistency, its value was set to unity. For the parameters q1

and q2, the same values as proposed by Tvergaard [28], being 1.5 and 1 respectively, were used
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Table 2: Optimized a0 and θbase values of Equation 29 for temperature dependent parameters, optimized for the

FKM material.

a0 θbase

μA 1.33 MPa 41.7 K

μB 17.20 MPa 27.7 K

κA 24.0 MPa 134.0 K

τ 0.63 MPa 33.8 K

σ̄ 0.40 MPa 31.1 K

Table 3: Temperature independent variables used for the FKM material.

κB m λL α γ̇0
B q1 q2 f0

2.2 GPa 6 1.8 50 1 Pa/s 1.5 1 0.01

(note that q3 in Equation 25 is not present in the model due to the differentiation in Equation 27).

The initial particle volume fraction f0 was set to 0.01 based on the pre-deformation SEM images

presented by Ilseng et al. [8].

4.5. Results

The constitutive model was implemented in Fortran as an explicit user-defined material model

for the commercial finite element software LS-DYNA [50], and was tested on an 8-node brick

element. The loading was defined by applying the stress-time history of the FKM experiment at

the corresponding testing temperature to the upper boundary of the element.

The Cauchy stress - logarithmic strain and hydrostatic stress - volume ratio results from the

proposed model are compared with the experimental data for the three temperature levels in Figure

10. In general, a good agreement between experimental and simulation results is obtained, and the

temperature dependence of the material is well captured by the simple relation used in the model.

For the stress - strain response in Figure 10a, a reasonably good fit between the model and the

experimental data is seen, although a too compliant response is obtained in the 23 ◦C simulation,

leading to an overestimation of the maximum deformation. For the 0 and −18 ◦C simulations on

the other hand, the initial stiffness is seen to be too high, exaggerating the stress response at small

strains. In addition, the strain level at the end of the unloading is larger in the simulation results

than in the experimental data.

Looking closer at the hydrostatic stress - volume ratio results in Figure 10b, the loading be-

haviour of the simulations conform well to the experimental data, while for the unloading on the

other hand, the volume ratios predicted by the model are decreasing too slowly during the initial

phase. Moreover, as for the strain level, the predicted volume ratios at the end of the deformation

cycles are too large compared with the experimental data.
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The evolution of the void fraction f with hydrostatic stress is shown in Figure 10c for all three

simulations. Here, it is seen that the void fraction grows as the hydrostatic stress is increasing,

while it is nearly constant during the initial decrease of the hydrostatic stress. The plateaus of the

curves in Figure 10c correspond with the initially slow decrease of the volume ratios in Figure 10b.

The explanation for this behaviour can be found from the gradient component nvol of Equation 27.

As the material starts to unload, the volumetric stress in the spring of Part B goes from tension

to compression, yielding a low value of nvol during this transition. Consequently, the changes of

the volumetric part of the viscous deformation gradient tensor (Equation 21) and the void volume

fraction (Equation 28) are small during the initial phase of unloading.

The relation between the two bulk moduli of the model, κA and κB , deserves some further

attention. The fact that κA << κB ensures that nearly all volumetric deformation in Part B

occurs in the dashpot during uniaxial tension, making the volumetric increase visco-hyperelastic.

When, on the other hand, the model is subjected to negative hydrostatic stress situations, the

requirement of f ≥ f0 suppresses the dashpot from deforming volumetrically, and the stiff rate-

independent volumetric response of the spring in Part B is dominating the overall behaviour,

matching observations from experimental work [23]. This is illustrated in Figure 10d, where the

model’s response to a volumetric compression is compared with experimental results from confined

axial compression tests at room temperature [23]. It is likely that the bulk modulus κB to some

extent is temperature dependent, as the bulk modulus obtained by hydrostatic compression testing

of natural rubber was reported by Wood and Martin [22] to decrease as the temperature was

reduced, however, this dependence would have limited influence on the simulation results presented

herein.

5. Concluding remarks

An experimental procedure enabling measurement of the volume growth accompanying tension

of elastomers at low temperatures was outlined. The use of grease and icing sugar to obtain

the DIC speckle patterns was found to be superior over traditional spray painting for low testing

temperatures. The results from the HNBR and FKM compounds showed a significant increase in

volume growth as the temperature was reduced from 23 to −18 ◦C. By the use of in situ SEM,

matrix-particle debonding was observed during tension of two of the materials at room temperature,

yielding a micro-mechanical explanation for the macroscopically observed volume growth. The

thermal sensitivity of the volumetric response is thereby assumed to stem from a temperature

dependence of the cohesive zone properties. A new constitutive model, building on the Bergström-

Boyce visco-hyperelastic elastomer model and the Gurson flow potential function, was outlined to

capture the observed effects within a relatively simple continuum mechanical formulation. The new

constitutive model was implemented as a user material for the finite element software LS-DYNA.

Thermal features were included in the model by defining a temperature dependent mathematical
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(a) (b)

(c) (d)

Figure 10: Simulation results from the proposed constitutive model, (a) Cauchy stress - logarithmic strain compared

with FKM experimental data, (b) hydrostatic stress - volume ratio compared with FKM experimental data, (c)

evolution of f during the simulations at each temperature, and (d) model behaviour under volumetric compression

compared with experimental confined axial compression data.

relation for five of the model parameters. With optimized input parameters, the model showed

a good fit to the experimental data for both the stress - strain behaviour and the hydrostatic

stress - volume ratio response at all three temperature levels. In addition, the response to a

hydrostatic compression stress is seen to conform well to previously presented results for confined

axial compression.
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Abstract. Increased use of numerical calculations, such as finite element simulations,
during the design process of elastomer seals exposed to high pressures could possibly
reduce the occurrence of seal failure in the oil and gas industry. A generic model of
an elastomer seal was used to study its sensitivity to changes in the input parameters.
Base parameters for the deviatoric and volumetric part of two hyperelastic models were
obtained by performing simple tension and volumetric compression experiments on a
hydrogenated nitrile butadiene rubber compound. It is shown that the sealing force of
the model is mainly affected by changes in the bulk modulus, while the maximum principal
strain in the seal is dominated by the values of the shear modulus and the elastomer-steel
friction parameter.

1 INTRODUCTION

Unexpected failure of elastomer seals exposed to high pressures is an expensive issue
for the oil and gas industry. Increased use of numerical calculations, such as finite element
simulations, during the design process of such seals could possibly reduce the occurrence
of failure, and thereby cut costs. For numerical simulations to be predictive and useful,
a reasonable accuracy of the model parameters is of outmost importance. In the oil and
gas industry, many different elastomer materials (i.e. materials with different polymer
basis) and elastomer compounds (i.e. same polymer basis but different type or amount
of fillers, bonding promoters etc.) are used for sealing applications. Naturally, these
different materials/compounds might have different mechanical properties. In addition,
aspects as ageing, temperature changes, exposure to fluids, etc. can change the material
performance during service. Obtaining precise data for all compounds exposed to all
possible service conditions would therefore be a tremendous task. To gain knowledge of
how elastomer seal performance is affected by possible changes in material parameters is
therefore of interest.
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Due to their low shear to bulk modulus ratio, elastomers are commonly assumed incom-
pressible for unconfined deformation and multiple studies have investigated the deviatoric
material behaviour of numerous elastomer compounds (e.g. the classical data by Treloar
[16], and the work by Bergström and Boyce [3]). For sealing applications though, the
service condition is by design highly confined and exposed to a significant pressure level,
possibly as high as 138 MPa [11], and therefore the compressibility of the material cannot
be neglected. Only a few studies on the compressibility of elastomers are present in the
literature, e.g. with the work by Bridgman [7], Wood and Martin [17], and Bradley et al.
[6], but no studies could be found for the compressibility of elastomer materials typically
used in the oil and gas industry.

When it comes to the constitutive modelling of elastomers, a lot of work has been
done on the incompressible material behaviour [15, 13, 18, 2], and some work on the
compressible behaviour [1, 4]. Boyce and Arruda [5] presented a thorough review of
different constitutive models for elastomers.

In this work, simple tension and volumetric compression tests were performed on a
hydrogenated nitrile butadiene rubber (HNBR) compound and the test data was used to
obtain material parameters for two different hyperelastic models. A generic sealing case
was studied numerically to indicate the difference between the two material models. In
addition, a parameter study, altering one of the input parameters at the time in subsequent
simulations, was performed to investigate how the input parameters affect the obtained
results. The present article is organized as follows. In the coming section, general material
modelling for elastomer materials is outlined. Thereafter, the uniaxial tension test and
the volumetric compression test are described and material parameters are obtained from
the test data. In Section 4, the geometry and loading of the case study are outlined, while
the results of the case study are presented and discussed in Section 5. In the final section,
conclusions from the work are presented.

2 MATERIAL MODELLING

The fundamental point of departure for a continuum mechanics material description is
the deformation gradient F, yielding a mapping between reference and current configura-
tion. The deformation gradient is defined mathematically by

F =
∂x

∂X
(1)

where x represents the current position of a material point, and X represents the reference
position of a material point. Based on the deformation gradient, the left Cauchy-Green
tensor can be defined as b = FFT , and its principal invariants I1, I2, and I3 are given
according to
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I1 = tr (b) = λ2
1 + λ2

2 + λ2
3 (2)

I2 =
1

2

[
(trb)2 − tr

(
b2

)]
= λ2

1λ
2
2 + λ2

2λ
2
3 + λ2

3λ
2
1

I3 = J2 = detb = λ2
1λ

2
2λ

2
3

where the notation λi is used for the stretch ratio in the principal direction i, and J
denotes the volume ratio. In isotropic hyperelastic material modelling, a strain energy
function U = U(I1, I2, I3) is used to define the material behaviour. According to Flory [9]
the strain energy function can be split additively into a deviatoric and a volumetric part.
By defining two modified invariants Ī1 = J−2/3I1 and Ī2 = J−4/3I2, an additive split of
the strain energy can be written as

U = Udev

(
Ī1, Ī2

)
+ Uvol (J) (3)

Physically, the deviatoric part defines the entropic energy, neglecting entropy changes
due to volumetric deformation, while the volume part represents changes in the internal
energy [4]. Due to its numerical convenience, the additive split is commonly incorporated
in commercial finite element software. Based on the strain energy potential, the deviatoric
and volumetric part of the Cauchy stress are calculated by

σdev =
2

J
DEV

[(
∂Udev

∂Ī1
+ Ī1

∂Udev

∂Ī2

)
b̄− ∂Udev

∂Ī2
b̄ · b̄

]
(4)

σvol =
∂Uvol

∂J
I

where I denotes the second order unit tensor, and b̄ is the isochoric part of the left Cauchy-
Green tensor, b̄ = J−2/3b. The deviatoric part of b̄ is defined as DEV

[
b̄
]
= b̄− 1

3
Ī1I. To

obtain material parameters for the deviatoric part of the equation, σdev can be estimated
from uniaxial tension tests. The deformation state in a uniaxial tension test is given by

λ1 = λ (5)

λ2 = λ3 =

√
J

λ

Ī1 = J−2/3

(
λ2 + 2

J

λ

)

The left Cauchy-Green tensor for this deformation state is obtained as

b =

⎡
⎣λ

2 0 0
0 J

λ
0

0 0 J
λ

⎤
⎦ (6)

For the case of a compressible material under uniaxial tension the 11-component of
DEV

[
b̄
]
can be found as

DEV
[
b̄
]
11

=
2J−2/3

3

(
λ2 − J

λ

)
(7)
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2.1 Neo-Hookean model

The strain energy potential for the neo - Hookean model [14] is defined as

Udev =
μ0

2

(
Ī1 − 3

)
(8)

where μ0 is the initial shear modulus. By use of Equation (4) and Equation (7), the
11-component of the deviatoric stress tensor can be found for a uniaxial tension case

σ11
dev,neo =

2μ0J
−5/3

3

(
λ2 − J

λ

)
(9)

2.2 Yeoh model

To better conform to the non-linear behaviour found for uniaxial testing of elastomers,
a Yeoh model [18] can be used for the deviatoric part of the strain energy rather than the
neo-Hookean model. The strain energy function is then defined as

Udev = C10

(
Ī1 − 3

)
+ C20

(
Ī1 − 3

)2
+ C30

(
Ī1 − 3

)3
(10)

where Ci0 are parameters to be defined from experimental data. As opposed to the neo-
Hookean model, which can be derived from single chain Gaussian statistics theory, the
Yeoh model is purely phenomenological and the constants cannot be given any physical
interpretation. Using Equation (4) and Equation (7), the 11-component of the deviatoric
part of the Cauchy stress can be found for the Yeoh model as

σ11
dev,yeoh =

4J−5/3

3λ

(
C10 + 2C20

(
Ī1 − 3

)
+ 3C30

(
Ī1 − 3

)2)
(λ− J) (11)

2.3 Volumetric model

The volumetric part of the strain energy potential is given herein by a simple model
as used by Miehe [12], leading to a linear stress - volume change relation

Uvol =
κ0

2
(J − 1)2 (12)

σvol = κ0 (J − 1) I

where κ0 is the initial bulk modulus of the material. The value of κ0 can be estimated
based on a pressure - volume change relation obtained from experimental data.

3 MODEL PARAMETERS FROM EXPERIMENTAL DATA

3.1 Deviatoric response

Uniaxial tension tests on the HNBR material were performed by use of an Instron 5944
testing machine with a 2 kN load cell. A conceptual drawing of the test sample is shown
in Figure 1a. To enable digital image correlation (DIC) measurements, a random grey
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scale speckle pattern was painted on the gauge section of the specimens and two cameras
logged pictures of respectively the wide and the narrow surface during deformation. Rep-
resentative results for the long-term behaviour of the material were obtained by applying
five cycles of deformation as a precondition to remove most of the softening effects in the
material, and camera logging started at the beginning of the sixth cycle. The specimens
were deformed 40 mm from their initial length at a deformation rate of 1.5 mm/s, and the
machine thereafter returned by load control to a force of 0 kN. By use of an in-house DIC
software [8], the stretch ratios for both the longitudinal and the two transverse directions
were calculated. The three stretch ratios were used to obtain the true stress level through-
out the test, in addition to calculating the volume change accompanying tension. Since
the maximum volume change during the test was found to be 0.3%, this was neglected
when fitting the models to the test data. The experimentally obtained stress-stretch curve
and the fit of the neo-Hookean and the Yeoh material models are shown in Figure 2a.
A hysteresis loop is seen for the experimental loading/unloading data, representing the
time dependency of the elastomer behaviour. Since purely elastic models are used for the
simulations, this time dependency is not included in the material modelling. From the
fit, it can be seen that the neo-Hookean model is unable of representing the non-linear
behaviour found in the experimental data. For the Yeoh model on the other hand, the
equilibrium behaviour of the experimental curve is well captured.

3.2 Volumetric response

A rig for volumetric compression testing was designed to be used with an Instron 5982
universal testing machine with a t-slot table. The layout of the test set-up is illustrated in
Figure 1b. It involves two pistons with load cells and a 20 mm thick steel plate supported
on four bolts. The centre hole of the steel plate was produced with a diameter of 29 mm
and a tolerance of +0.05 mm, −0.00 mm. To ensure a tight fit, the upper and lower
pistons were machined with a diameter of 29 mm and a tolerance of +0.00 mm, −0.05
mm. The plate was fixed to the t-slot table of the testing machine by the four steel bolts,
while the two pistons were screwed onto the load cells. In addition to the 100 kN load cell
of the test machine, an HBM U2A 100 kN load cell was included below the specimen, fixed
to the t-slot table with bolts. To avoid uncertainties in the displacement measurement
due to machine compliance, a checkerboard pattern was applied to the upper piston. By
logging pictures of this pattern during the deformation, the displacement was calculated
by use of a point tracker routine [10]. It was assumed that the test set-up, which was made
out of steel, was rigid and that all deformation therefore occurred in the specimen. A
thin layer of silicon grease was applied to all surfaces of the specimen to reduce frictional
forces. By logging the force in both load cells, it was found that the friction level was
kept below 1.3 kN. The friction was therefore neglected when computing the material
data. The machine deformed the specimen at a rate of 3 mm/min by load control until
the load in the upper load cell reached a level of 95 kN, thereafter the load was reduced
to 0.1 kN. Four cycles of deformation were applied as a precondition, and volume data
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were obtained for the fifth cycle. The experimentally found pressure - volume ratio data
and the fit of the volume part of the material model are seen in Figure 2b. It can be seen
that the linear material model gives a good fit to the experimentally obtained data.

(a) Set-up for tension test

(b) Set-up for volumetric compression test

Figure 1: Experimental set-up for tension test and volumetric compression test
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Figure 2: Fit of material models to experimental for simple tension and volumetric com-
pression

3.3 Elastomer-steel friction

The frictional forces between the elastomer specimen and the steel plate were calculated
in the volumetric compression test. By reverse engineering, the friction parameter was
optimized so that an axisymmetric model of the test set-up, using a linear description of
the friction level, gave the same peak force as the experimental data. The experimental
data and simulation result are shown in Figure 3. It is clear that assuming linear friction
does not capture the physics of the experimental test. Anyhow, a linear friction model is
useful within the scope of this work, which is to get an indication of how a variation of
the friction level effects seal performance. An overview of the base parameters obtained
from the experimental work and used for the case study simulations is presented in Table
1.

Table 1: Base model parameters

neo-Hookean Yeoh Volume model Friction coefficient
μ0 C10 C20 C30 κ0 f

5.7 MPa 7.1 MPa -15.4 MPa 40 MPa 2.3 GPa 0.012

7



Arne Ilseng, Bjørn H. Skallerud and Arild H. Clausen

0 0.2 0.4 0.6 0.8
−0.5

0

0.5

1

1.5

Displacement [mm]

F
ric

tio
n 

fo
rc

e 
[k

N
]

 

 

Experimental data
Simulation

Figure 3: Frictional forces in experiment and simulation. Frictional coefficient of 0.012
used in simulation.

4 CASE STUDY GEOMETRY

Due to its appropriateness for numerical simulations, a model of an axisymmetric seal
with a square cross section was used for the case study. The modelled seal had an internal
diameter of 200 mm and a width of 8.4 mm. Analytically rigid plates were modelled to
enclose the seal. A sketch of the geometry is shown in Figure 4. The loading of the seal
was applied in two steps, first the vertical rigid plate was displaced in negative x-direction
to reduce the width of the specimen by 15%, and thereafter the introduction of a fluid in
the upper chamber was represented by applying a pressure load of 100 MPa on the upper
surface of the seal. The axisymmetric geometry was discretized in Abaqus/Standard by 10
000 8-node biquadratic hybrid elements with reduced integration (CAX8RH). A surface-
to-surface contact algorithm was used to enforce the contact between the elastomer and
the rigid casing. The behaviour normal to the rigid boundaries was strictly enforced by
a direct method, while linear friction was assumed for the tangential behaviour, using a
penalty method. To evaluate how the parameters effect the numerical model, the sealing
force, i.e. the horizontal force obtained in the vertical rigid plate in Figure 4, and the
maximum principal logarithmic strain were evaluated for each simulation. The sealing
force can be regarded as a measure of the seal performance, while the maximum principal
logarithmic strain gives an indication of how much the seal is distorted, and thereby the
risk of material failure. It should be noted that the location of the maximum principal
logarithmic strain might change between the different analyses.
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Figure 4: Conceptual layout of case study

5 CASE STUDY RESULTS

5.1 Sensitivity to choice of deviatoric part of material model

To investigate the sensitivity to the choice of model for the deviatoric part of the
material behaviour, simulations were run with both the neo-Hookean and the Yeoh model.
The resulting sealing force during the analyses can be seen in Figure 5a, while a contour
plot of the maximum principal logarithmic strain obtained in the end configuration for
the two simulations is shown in Figure 5b. It was found that the Yeoh model gave a
sealing force at the end of the compression step (at pseudo time t1) of 47 kN, while
for the neo-Hookean model the force was significantly lower, with 26 kN at the end of
the compression of the specimen. During the pressure loading though (pseudo time t1
to t2), the force difference between the two models diminished, being only 1.4% after
pressurization. A slightly higher maximum principal logarithmic strain was obtained for
the neo-Hookean model (0.199) in the end configuration compared with the Yeoh model
(0.177). In the further parameter study, the neo-Hookean model is used for the deviatoric
material behaviour since it facilitates a simple change of the material shear modulus.
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Figure 5: Comparison of neo-Hookean and Yeoh model for the deviatoric part of the
hyperelastic model

5.2 Sensitivity to shear modulus

In the following parameter study, one input parameter was varied around its base value
for each simulation, while the other parameters were kept constant at the base values given
in Table 1. In the coming figures, the results are normalized with respect to the values
obtained for the neo-Hookean model using the base parameters, while the value of the
altered input parameter is normalized with respect to the base value.

Figure 6a shows the normalized sealing force obtained as the initial shear modulus of the
neo-Hookean model was changed, while the normalized maximum principal logarithmic
strain at the end of the analyses is addressed in Figure 6b. For the sealing force, a
clear increase is seen with increasing shear modulus, although the total change is limited
to approximately 1.5% increase in force for a shear modulus twice as large. For the
strain results, on the other hand, the effect of a change in the shear modulus is more
pronounced, with a clear decrease in maximum principal logarithmic strain as the shear
modulus increases. For an initial shear modulus of 2.8 MPa the maximum principal shear
strain increased by more than 50%.
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Figure 6: Parameter study for shear modulus
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Figure 7: Parameter study for bulk modulus

5.3 Sensitivity to bulk modulus

The sensitivity of the sealing force on the initial bulk modulus in the volumetric part
of the neo-Hookean model is plotted in Figure 7a, whereas the normalized maximum
principal logarithmic strain at the end of the analyses is shown in Figure 7b. While
increasing the bulk modulus above the base value has limited effect on the sealing force, a
reduction of the bulk modulus give a pronounced reduction in the sealing force. Reducing
the bulk modulus to a value of 0.23 GPa leads to a 43% reduction in the sealing force. It
should be noted that even though a reduction of the bulk modulus by 90% seems extreme,
calculating the Poisson’s ratio as
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ν =
3κ0 − 2μ0

2 (3κ0 + μ0)
(13)

yields a value of 0.4988 for the base parameters, while 0.4877 is found for a bulk modulus of
0.23 GPa. In Figure 8, the progress of the sealing force as the pressure increases is shown
for different values of the bulk modulus. It is seen that as the bulk modulus is reduced, the
relation turns from linear to clearly non-linear. Thereby, as the applied pressure increase,
using the correct value for the bulk modulus becomes increasingly important to obtain
the correct sealing force.

For the strain measure, no clear trend is seen for a change of the bulk modulus. This
can be explained by the change of location for the maximum principal strain between
the different simulations. For the lowest values of the bulk modulus, compressive strains
are dominating the seal deformation leading to a significant reduction in the maximum
principal strain.
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Figure 8: Sealing force as function of applied pressure

5.4 Sensitivity to friction coefficient

The sealing force and the maximum principal strain obtained for different values of the
elastomer-steel friction parameter is shown in Figure 9a and Figure 9b respectively. There
is a clear trend of an increasing sealing force as the friction parameter is increased, but the
change is limited between -1.3% and +0.5%. The effect of changing the friction parameter
is much stronger on the strain measure, where an increase in the friction parameter gives
a significantly higher maximum principal strain.
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Figure 9: Parameter study for coefficient of friction between elastomer and steel

5.5 Discussion

From the results in the previous subsections, it is seen that for the high pressure sealing
model studied, the choice of deviatoric material model has limited effect on the sealing
force and the maximum principal logarithmic strain obtained in the end configuration.
On the other hand, the neo-Hookean and Yeoh models gives substantially different sealing
forces for the deformation in the first step of the numerical simulations.

From the parameter study, it is seen that the sealing force in the model is mainly
affected by a reduction of the bulk modulus from its base value. Figure 10 shows how
the normalized sealing force change as the Poisson’s ratio, defined by Equation (13), was
varied either through a change of the shear modulus or by a shift in the bulk modulus.
It is clear that the Poisson’s ratio is insufficient as a parameter to describe the elastomer
behaviour, as the response of the model is dependent on both the shear and the bulk
modulus. The shear modulus and the friction coefficient is seen to be the most important
parameters for the level of maximum principal strain.
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Figure 10: Sealing force as a function of Poisson’s ratio for constant bulk modulus and
constant shear modulus

6 CONCLUSIONS

Simple tension and volumetric compression experiments on an HNBR compound were
performed. From the test data, parameters for two models of the deviatoric part and one
model of the volumetric part of the strain energy function were obtained.

In the numerical case study, the two different models for the deviatoric part of the
strain energy function were compared. There was a marked difference in the force level
obtained for the two models during the initial phase of compressing the seal, while the
difference between the models diminished as the external pressure was applied. Through
a parameter study, it was found that the bulk modulus of the material seems to be the
most important parameter for the level of the sealing force, while the shear modulus and
the friction parameter are most important for the maximum principal strain obtained in
the seal.

Based on the findings herein, great care should be taken when defining the bulk modulus
for a simulation of an elastomer seal, since assuming an arbitrary nearly incompressible
behaviour for the material might greatly overestimate the sealing force. More research
should be conducted to obtain bulk modulus data for different elastomer materials and
compounds, and how the bulk modulus change with time, temperature, exposure to fluids
etc.
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ABSTRACT: Due to their highly confined service condition and exposure to large hydrostatic pressures, the
correct compressibility level is an important parameter for the numerical analysis of elastomeric seals. A vol-
umetric compression rig, enabling the measurement of the frictional force throughout the test, was designed.
Six different elastomer compounds, all commonly used in the oil and gas industry, were exposed to cyclic vol-
umetric compression to a hydrostatic pressure level of 140 MPa. As opposed to deviatoric compression, no
significant stress softening was observed between the volumetric compression cycles. For the pressure - volume
ratio relation obtained for the elastomers, a second order polynomial gave a very good resemblance of the ex-
perimental data. At the maximum hydrostatic pressure, the six compounds showed a volume ratio between 0.93
and 0.94. Volumetric creep tests with 30 minutes at a constant hydrostatic pressure of 140 MPa were also con-
ducted. Limited volumetric creep was observed for all compounds, with a maximum measured volume change
of 0.35%. A numerical case study was conducted to address implications of the obtained experimental results.

1 INTRODUCTION

Unexpected failure of elastomer seals is an expensive
issue for the oil and gas industry. Increased use of
numerical calculations, such as finite element simu-
lations, during the design process of seals can possi-
bly reduce the occurrence of such undesired events.
For numerical simulations to be predictive and use-
ful, a correct description of the material behaviour
is of outmost importance. Elastomer seals in the oil
and gas industry are exposed to extreme service con-
ditions facing large temperature variations, pressure
variations, exposure to production fluids etc. To ob-
tain predictive results for seal performance the effect
of all these challenges must be quantitatively given.
This paper will be limited to the effect of pressure
variations. By design, elastomeric seals are in a highly
confined configuration, and they can today be quali-
fied for service pressures as high as 138 MPa (ISO
2009).

Elastomeric materials are known to have a bulk
modulus multiple orders of magnitude larger than
their shear modulus. A large bulk to shear modulus
ratio means that the material would change its shape
rather than changing its volume, leading to a close to
incompressible behaviour (e.g. no change of volume)
during an unconfined deformation. Assuming incom-
pressible behaviour of elastomers can facilitate pow-
erful analytical solutions for simple geometries and
loading situations (see, among others, the work by

Treloar (1975) and Ogden (2013)). In situations that
are more complex though, the use of numerical meth-
ods, like finite element simulations, are often neces-
sary to obtain predictive results. In such simulations,
a rather arbitrary level of slight compressibility is nor-
mally included to avoid numerical difficulties like el-
ement locking. For unconfined deformations, this as-
sumption normally gives satisfactory results, although
Destrade et al. (2012) showed that the normal stresses
in shearing deformation could be sensitive to the com-
pressibility level used. When the material is highly
confined and exposed to large hydrostatic pressure, as
is the case for seals, a precise level of the compress-
ibility is needed to obtain predictive results (see the
work by Zimmermann & Stommel (2013) for a fur-
ther discussion).

The level of material compressibility can be mea-
sured in different manners and Horgan & Murphy
(2009) presented a description of these methods in
their work. Boyce & Arruda (2000) reviewed experi-
mental data and material models for elastomer com-
pressibility present in the literature at that time. In
the following section, literature data for the pressure -
volume ratio relation of elastomers are presented and
discussed. In Section 3, the experimental work is de-
scribed. Section 4 presents and discuss the experimen-
tal results. Implications of the obtained material data
for numerical modelling of a seal case are exempli-
fied in Section 5, while some concluding remarks are
given in Section 6.



2 LITERATURE DATA

In the literature today, only a few studies present data
for the compressibility of elastomers under hydro-
static pressure. Figure 1 shows data from the stud-
ies by Bridgman (1945), Wood & Martin (1964), and
Bradley et al. (2001). The measured pressure levels
are plotted versus the volume ratio J , i.e. the current
volume divided by the reference volume.

Bridgman (1945) tested fourteen different elas-
tomeric materials, more specifically two natural rub-
bers and twelve synthetic elastomers. The pressure
level used in Bridgman’s study was rather extreme
with a maximum pressure of 25 000 kg/cm2 and the
first data point logged at 2 000 kg/cm2 ≈ 200 MPa.
In Figure 1 the two first data points for the most and
least compressible materials, being hevea gum and
Duprene respectively, are included.

Wood & Martin (1964) presented data for the com-
pressibility of a ”peroxide cured vulcanizate of nat-
ural rubber” for a temperature range of 0-25◦C and
up to a pressure of 50 MPa. A clear temperature de-
pendency of the compressibility was reported, with
an increasing compressibility for an increasing tem-
perature. The results obtained at 25◦C are presented
in Figure 1.

Bradley et al. (2001) obtained compressibility data
for a ”carbon black-reinforced rubber compound of
the same composition as that used in the manufacture
of the elastomeric bearings”, with a pressure range
up to 150 MPa. These data are presented in Figure 1.

Based on the rather limited data in the literature,
it seems that elastomeric materials have a linear vol-
ume - pressure relation for a hydrostatic pressure be-
low 200 MPa, while (Bridgman 1945) suggests a non-
linear behaviour for the pressure range above 200
MPa. A challenge with this assumption is that the ma-
terials showing the non-linear effects have the first
data points at 200 MPa, possibly concealing non-
linear behaviour in the lower pressure regime. It is
anyway clear that it appears to be a significant dif-
ference in compressibility for different elastomer ma-
terials. None of the studies in the literature deals with
materials commonly used for sealing in the oil and
gas industry.

3 EXPERIMENTAL WORK

3.1 Materials

This study deals with the compressibility of hydro-
genated nitrile butadiene rubber (HNBR) and fluo-
roelastomer (FKM). These materials are commonly
used as sealing materials in the oil and gas industry
due to their great chemical resistance. To get an idea
of differences in volumetric behaviour for different
compounds with the same polymer basis, four differ-
ent HNBR and two different FKM compounds were
tested. While all compounds have a HNBR or FKM
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Figure 1: Literature data of volume change up to a pressure of
500 MPa. Data adapted from Bridgman (1945), Bradley et al.
(2001), and Wood & Martin (1964).

Table 1: List of compounds with height, diameter, and density
measured prior to testing.

Compound Height [mm] Diameter [mm] Density [g/cm3]
HNBR1 12.90 28.67 1.29
HNBR2 12.46 28.88 1.23
HNBR3 12.50 28.94 1.29
HNBR4 12.43 28.98 1.16
FKM1 12.57 28.87 2.33
FKM2 12.43 28.86 1.84

polymer basis, the amount of fillers, bonding promot-
ers etc. vary between the different compounds. The
labels HNBR1, HNBR2, and so on are used to iden-
tify the different compounds.

Specimens with dimensions according to the ISO
standard for compression testing of elastomers (ISO
2014), having a diameter of 29 mm and height of 12.5
mm, were ordered from different suppliers. Dimen-
sions and densities measured prior to testing are pre-
sented in Table 1. A thin layer of silicone grease was
applied to all surfaces of the specimens as lubrication.
This was found to significantly reduce the frictional
forces, especially for the two FKM compounds.

3.2 Set-up

A rig for volumetric compression testing was de-
signed to be used with an Instron 5982 universal test-
ing machine with a t-slot table. The layout of the test
set-up is illustrated in Figure 2. It involves two pis-
tons with load cells and a 20 mm thick steel plate
supported on four bolts. The centre hole of the steel
plate was produced with a diameter of 29 mm and a
tolerance of +0.05 mm, −0.00 mm. To ensure a tight
fit, the upper and lower pistons were machined with
a diameter of 29 mm and a tolerance of +0.00 mm,
−0.05 mm. The plate was fixed to the t-slot table
of the testing machine by four steel bolts, while the
two pistons were screwed onto the load cells. In ad-
dition to the 100 kN load cell of the test machine, an
HBM U2A 100 kN load cell was included below the
specimen, fixed to the t-slot table with bolts. The fric-
tional forces arising between the elastomer specimen



Figure 2: Sketch of the test set-up, section view (upper part) and
cross-sectional view (lower part).

and the steel plate were determined as the difference
between the forces measured by the two load cells.
The frictional forces are in the following defined as
positive working towards the upper load cell of the
system in Figure 2. To avoid uncertainties in the dis-
placement measurements due to the machine compli-
ance, a checkerboard pattern was applied to the upper
piston. By logging pictures of this pattern during the
deformation, the displacement was calculated by use
of a point tracker routine (Harris & Stephens 1988).
It was assumed that the test set-up, which was made
of steel, was fully rigid and that all deformation there-
fore occurred in the specimen.

3.3 Procedure

To obtain results representative for the general long-
term behaviour of the elastomers, six cycles of defor-
mation were applied. A force level of 95 kN in the up-
per load cell, corresponding to a pressure level of 140
MPa, was applied by load control, before returning to
0.1 kN and starting a new cycle. In the sixth cycle,
the force level in the upper load cell was held con-
stant at 95 kN for 30 minutes before returning to 0.1
kN. During loading/unloading a deformation rate of
3 mm/min was applied. Volumetric data are extracted
from the fifth cycle and for the hold period of the sixth
cycle. The test procedure is indicated in Figure 3.
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Figure 3: Force level during testing of HNBR1. A solid line indi-
cates the fifth cycle and the hold period. The time axis is broken
from 6 to 33 minutes to enhance readability.
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Figure 4: First five deformation cycles - HNBR1.

4 EXPERIMENTAL RESULTS

4.1 Repeatability of cycles

The force-displacement curve for the first five defor-
mation cycles of the HNBR1 compound is shown in
Figure 4. It is seen that for the first cycle the force
level increased slowly until approximately 0.5 mm
of deformation. During this first part of deformation,
it is assumed that the specimen deforms deviatori-
cally to get in full contact with the enclosing steel
plate. When full contact is obtained the volumetric
compression begins, leading to a stiffer response. The
amount of initial deformation was significantly lower
for the other materials, having a larger initial diam-
eter as shown in Table 1. From the second to the
fifth deformation cycle no clear difference can be seen
in the force-displacement relation. A similar repeata-
bility between cycles was found for all compounds
tested. It should be noted that no Mullins softening
(Mullins 1948) could be observed between the cycles.
This suggests that the softening effect observed for
unconfined cyclic deformation of elastomer materials
is an effect related to the deviatoric part of the mate-
rial behaviour.
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Figure 5: Frictional force measured for all tests. Friction is de-
fined as positive working towards the upper load cell.

4.2 Frictional forces

The frictional forces measured for all tests are shown
in Figure 5. The maximum friction was obtained for
the FKM1 compound, with a peak force of 1.3 kN
(less than 1.4% of the force in the upper load cell).
Thereby, the frictional forces are neglected in the fol-
lowing calculations of hydrostatic pressure.

4.3 Volumetric deformation

The volume ratio of the material can be described by

J =
V

V0

=
H

H0

(1)

where J is the volume ratio, V is the current volume
of the material, V0 is the initial volume of the mate-
rial, H is the current height of the specimen, and H0

is the initial height of the specimen. In Equation 1, it
is assumed that the specimen perfectly fills the hole
of the rigid steel plate, leading to a constant cross sec-
tional area of the specimen throughout the deforma-
tion. For an incompressible material, J equals unity
at all times.

The volume change of the material due to hydro-
static pressure was calculated for the fifth deformation
cycle. The pressure level was obtained by dividing the
force in the lower load cell by the area of the hole in
the steel plate. To enhance readability, a polynomial
function was adapted to the raw loading/unloading
data by use of a least squares method. Based on this
fit, the pressure and volume ratio were calculated. As
an example, a linear and a quadratic fit are shown for
the HNBR1 compound in Figure 6. It is seen that the
quadratic fit represents the raw data very well, while
the linear fit is slightly less suited to capture the ob-
served material behaviour. This trend was representa-
tive for all compounds tested. The resulting quadratic
polynomial fit of the pressure - volume ratio data is
presented for all compounds in Figure 7. It is seen
that while the HNBR materials (solid lines) have a
relatively low discrepancy of compressibility, the two
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Figure 6: Linear and quadratic polynomial fit to raw data for
HNBR1.
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Figure 7: Fitted compressibility data for all compounds.

FKM materials (dashed lines) have a larger difference
in compressibility, with the FKM2 compound being
clearly more compressible than the FKM1 compound.
In contrast to the data for other elastomers presented
in the literature, see Section 2, non-linear pressure re-
sponse is clearly present also below the pressure level
of 200 MPa for the materials tested. The volume ra-
tio obtained at maximum pressure was between 0.93
and 0.94 for all compounds. It should be noted, that
for an equal level of pressure the compressibility ob-
served in the literature data is significantly lower, with
a volume ratio of 0.954 at 150 MPa in the data from
Bradley et al. (2001), see Figure 1.

4.4 Volumetric creep

For the period of constant force in the sixth cycle, the
relative displacement logged by the machine was used
to measure the volume creep of the materials. This is
justified by assuming that the machine compliance is
a function of the force level and thereby constant dur-
ing the period of constant force. To enhance readabil-
ity the data were smoothed by a moving average algo-
rithm. Figure 8 presents the volumetric creep normal-
ized with respect to the observed volume at the start
of the creep period. It can be seen that the relative
creep that occurred in the compounds was low, with
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Figure 8: Relative volumetric creep for all compounds.

HNBR4 displaying the largest creep with a volume
reduction of approximately 0.35% during 30 minutes.
It should be noted that while HNBR4 has the lowest
density, it displayed the largest volumetric creep. On
the other hand, FKM1 has the largest density com-
bined with the lowest volumetric creep.

5 IMPLICATIONS FOR NUMERICAL
MODELLING

5.1 Test case

To exemplify the effect of material compressibility for
typical seal behaviour, an axisymmetric model with
a square cross section was studied numerically. The
studied seal had an internal diameter of 200 mm and a
width of 8.4 mm. Analytically rigid plates were mod-
elled to enclose the seal. A sketch of the geometry is
shown in Figure 9. The loading of the seal was ap-
plied in two steps, first the vertical rigid plate was
displaced in negative x-direction to reduce the width
of the specimen by 15%, and thereafter the introduc-
tion of a fluid in the upper chamber was simulated
by applying a pressure load of 100 MPa on the up-
per surface of the seal. The axisymmetric geometry
of the seal was discretized by 10 000 CAX8RH ele-
ments in Abaqus/Standard. A surface-to-surface con-
tact algorithm was used to enforce the contact be-
tween the elastomer and the rigid casing. The normal
behaviour was modelled as hard-contact by a direct
method, while linear friction behaviour was assumed
for the tangential behaviour, using a penalty method.

5.2 Material modelling

The simple compressible neo-Hookean model imple-
mented in Abaqus was used. The strain energy poten-
tial is defined as

U =
μ0

2

(
Ī1 − 3

)
+

κ0

2
(J − 1)2 (2)

where μ0 is the shear modulus of the material, κ0 the
bulk modulus, and Ī1 is the incompressible first strain

Figure 9: Sketch of axisymmetric model.

0.94 0.96 0.98 1
0

50

100

150

J

P
re

ss
ur

e 
[M

P
a]

 

 

FKM2
Bradley et al. (2001)
neo−Hookean model

Figure 10: Fit of compressible part of neo-Hookean model to
FKM2 data and the data from Bradley et al. (2001).

invariant. From the strain energy potential the volu-
metric part of the stress can be found as

σvol =
∂U

∂J
I = κ0 (J − 1) I (3)

where I denotes the second order unit tensor. The ma-
terial parameter κ0 can be found by fitting Equation 3
to experimental data.

To indicate the implication of the experimental re-
sults, three simulations were run with different com-
pressibility levels; based on experimental data for
FKM2, based on data from Bradley et al. (2001), and
assuming material incompressibility. The curves for
a least squares fit of the volumetric part of the neo-
Hookean model to the test data for the FKM2 and the
Bradley et al. (2001) data are shown in Figure 10. It is
seen that a reasonable fit with the FKM2 material was
obtained with κ0 = 1.88 GPa, although the non-linear
material behaviour is not captured by the model. For
the Bradley et al. (2001) data on the other hand, a very
good fit was obtained with κ0 = 3.24 GPa. For all sim-
ulations, the shear modulus was kept constant at 5.7
MPa and the elastomer-steel friction was 0.012.



Figure 11: Resulting contour plots for different levels of com-
pressibility.

5.3 Results

Resulting contour plots of the Mises stress, defined by

σMises =

√
3

2
σdev : σdev (4)

where σdev is the deviatoric part of the Cauchy stress
tensor, in the end configuration is shown in Figure 11.
It can be seen that the compressibility level effects the
geometrical shape as well as the level of the Mises
stress. The maximum Mises stress obtained from the
FKM2 data was 4.83 MPa, using the Bradley et al.
data a maximum Mises stress of 4.28 MPa was ob-
tained, while for the incompressible case a maximum
of 3.83 MPa was found. It should be noted that the
incompressibility assumption leads to an underesti-
mated Mises stress in the seal. For the geometry of
the seal, it is seen that the incompressible case re-
tained a nearly rectangular shape in the end config-
uration, while the compressible seals got a significant
deformation of the upper surface. As indicated in Fig-
ure 11, the height of the centre line was 9.95 mm
for the incompressible simulation, 9.52 mm using the
Bradley et al. data, and 9.24 mm with the FKM2 data.

6 CONCLUSIONS

Six elastomers, four HNBR compounds and two
FKM compounds, were tested in volumetric compres-
sion. Under cyclic volumetric deformation there was
seen no sign of softening in the HNBR and FKM elas-
tomers tested herein. For the general volumetric be-
haviour, a second order polynomial was seen to give
a very good fit for the relation between volume ra-
tio and hydrostatic pressure. This is in contrast to the
data presented in the literature, which indicate a lin-
ear relation between volume ratio and pressure for hy-
drostatic pressures below 200 MPa. It should also be
noted that the compressibility of the materials tested
herein is significantly larger than what is indicated in
the literature data. The volumetric creep during con-
stant hydrostatic pressure was found to be relatively
low with a change in the volume ratio of less than
0.35% during a 30 min hold time. There might also
be a correlation between material density and volu-
metric creep, with increased creep for reduced den-
sity. Comparing the four HNBR compounds with the

two FKM compounds, there was no clear trend that
one of the material groups have a higher compress-
ibility than the other has, or achieve more volumet-
ric creep deformation. Through a numerical study of
an example case, it was shown that the incompress-
ibility assumption led to a reduced maximum Mises
stress for a typical sealing application compared with
the experimental compressibility levels. In addition,
there was a significant change of the geometry in the
end configuration as the material compressibility was
introduced.
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