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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.
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1. Introduction

Failure of elastomer seals during qualification testing [I] 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
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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. [2HI0]). However, the number of investigations
concerned with the effects of temperature on elastomers mechanical behaviour is limited [TTHI9].
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. [I7] tested an HNBR compound
in compression at temperatures between —34 and 80 °C to obtain data for numerical modelling of
seals. Khan et al. [I8] 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. [d] [I0] 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



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-Typel 1.29 g/cm® —35 to 150 °C 86 shore A
HNBR2 ISO 37 - Type2 1.19 g/cm® —29 to 160 °C 89 IRHD
FKM ISO 37 - Type 2 1.77 g/cm®  —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.

2.8. Determination of true stress-strain curves

The true stress o obtained in the gauge section of a uniaxial tension test is defined as
o=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 Ag, being the area measured prior to testing, by the relation
A =340 (2)

where Ay and A3 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. A2 = A3, can be used to estimate the current cross-sectional area by
2
A= (A2)" Ao (3)

Alternatively, a presumption of material incompressibility can be applied, i.e. the product As\s
is uniquely defined from the longitudinal stretch A; through AsA3 = 1/A;. This assumption is
commonly used for elastomer materials [2], and the current cross-sectional area can be found by
the relation
A= Ao/ (4)
4



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/m?2K was found for the two HNBR compounds, while
a value of 23 W/m?K 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/m? 14 W/m?K
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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.

8.2. 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



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.

8.8. 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 [§], 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 [§]. 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 7Db, 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 HNBRI1, 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 oy (t) = o(t)/o(tg), where o(tg) 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 (¢) 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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