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ARTICLE INFO ABSTRACT

Handling Editor: Z Sun Elastomer O-ring seals are used in many technical applications and their requirements are becoming increasingly
challenging for high-pressure applications like hydrogen storage systems. We analyze the performance of such
seals at low temperatures and highlight the essential effects of primary leakage. Linear viscoelastic material
modeling is described and defined with the help of Dynamic Mechanical Thermal Analysis (DMTA), Time-
Temperature Superposition Principle (TTSP), and the shift function of Williams-Landel-Ferry (WLF) by
assuming thermo-rheological simple material behavior. Numerical calculations and experimental validation are
done for strain-rate dependent uniaxial tensile tests, Temperature Retraction (TR), Compression Set (CS), and
specific leakage tests with O-rings. Thanks to Finite Element Analysis (FEA) it is possible to identify the most
significant influences on the sealing tightness. Thermal shrinkage and the increasingly limited recovery of
elastomer O-rings are mainly responsible for primary leakage at low temperatures and can be enforced by time-
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temperature dependent stress relaxation and manufacturing tolerances.

1. Introduction

O-rings are the most commonly used sealing type due to their simple
manufacturing, versatility [1], high elastic deformability and resilience.
They separate two different and at least one operative volume [2]. These
volumes can contain equal or different media [3] with different load
pressures. Several effects can induce material exchange [4], but a high
difference in pressure is primarily responsible when acting with gases or
fluids in valves, fittings, regulators or control blocks. The European
Commission regulation [5] asks for a limited hydrogen leakage rate of
10 ml/h at —40 °C and 875 bar (1.25 times NWP). Hydrogen is heating
while expanding and cooling during compression [6], which is known as
Joule-Thomson effect [7] with a negative coefficient for hydrogen [8].
These are challenging technical requirements, especially for the elas-
tomer O-rings that need always to ensure safe operation.

High-pressure gaseous hydrogen valve-tank systems require a
compact design for Fuel Cell Electric Vehicles (FCEV). This technology
must resist a high nominal working pressure (NWP) up to 700 bar and a
huge temperature range from +85 °C to —40 °C simultaneously where
low temperatures are considered as most critical for elastomer seals. A
multifunctional on-tank valve (OTV) is directly connected to each
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high-pressure tank to control the hydrogen flow and enables the fill-up,
storage, and supply of the fuel cell. The fuel cell unit generates elec-
tricity from hydrogen and oxygen, and the power control unit controls
charging the battery and supplying the electric motor with the required
voltage. Finally, the electric motor drives the zero-emission FCEV. The
FCEV, the OTV, and the transparently visualized valve body with all
elastomer O-rings are shown in Fig. 1. All red O-rings are loaded with
high pressure, whereas the black ones are not pressurized but protect
the valve from environmental influences. The O-rings do not experi-
ence dynamic lateral or radial movements.

Generally, two different leakages are defined, the first as primary
leakage along the contact surfaces between the seal and its
counter contacts and secondary leakage through the sealing material
(permeation/diffusion). This work focuses only on primary leakage.
The contact pressure between the O-ring and its counter surface must
equal or exceed the operating pressure for all operating conditions to
ensure a leak-proof and safe system. One of the most fatal accidents
caused by such dysfunction of an O-ring seal due to primary leakage
was the space shuttle Challenger disaster on January 28, 1986 where
seven people died due to the limited resilience of an O-ring of the solid
rocket booster at low ambient temperature that led to out-streaming of
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Fig. 1. A) Fuel Cell Electric Vehicle (FCEV) related to Ref. [9] with B) sche-
matically installed OTVs and C) valve body with O-ring seals.

hot gas (“Blowby”) and finally ended with an explosion of the space
shuttle [10,11]. This well-known accident highlights the severe con-
sequences of using a simple O-ring seal out of its functional capability.
Therefore, it is important to know the materials limitations and iden-
tify the essential effects responsible for leakage at low temperatures,
especially when working with high-pressure applications. In this
article, detailed material modeling for elastomers is described and used
for several numerical simulations that are validated by experiments.
The significant effects responsible for primary leakage at low temper-
ature are identified and Finite Element (FE) simulation allows us to
model primary leakage at low temperature. All these results generate a
better understanding of low-temperature sealing applications, e.g.
hydrogen storage.

2. Material modeling

A traditional method to evaluate elastomer seals is testing under
maximum required conditions. However, pure testing can be time-
consuming and does not answer the question of how the material be-
haves under specific conditions and why leakage occurs. Developing
new sealing materials and systems must address these questions early in
development. Therefore, it is important to understand the material
behavior and the most significant effects leading to leakage. Numerical
simulations are very beneficial for identifying and analyzing these ef-
fects, but require a sufficient material model. Several basic material tests
are needed to generate and evaluate an adequate material model that
can be used for finite elem ent analyses (FEA).

2.1. Linear elasticity

A linear-elastic approach is not sufficient to give an accurate material
description of an elastomer seal with high technical requirements.
However, the approaches by Battermann and Kohler [12], and Lutz [13]
based on the materials’ shore hardness A and can be used for very rough
estimations but are not sufficient to analyze the sealing behavior at low
temperatures and the generation of primary leakage.
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2.2. Hyperelasticity

Most highly elastic polymers, such as elastomers, have hyperelastic
material behavior. Hyperelasticity is a non-linear material behavior
according to structural mechanics when the relationship between stress
and strain is non-linear but still elastic to more than 100% strain.
Hyperelastic materials are normally considered incompressible and as-
sume the original shape when unloading. Elastomers allow high de-
formations and because of this, they require different material tests for a
full description of the material model. Uniaxial, biaxial, and pure shear
tests are essential to characterize the mechanical material behavior in
detail. Hyperelastic theory and modeling are described in technical
literature by Holzapfel [14], Bonet and Wood [15] and Stommel et al.
[16]. Hyperelastic material behavior is described with the strain-energy
function W which is mostly expressed as a polynomial function and
depends on the three deformation invariants I;.3 based on
three-dimensional elongations. The stretch ); presents the length ratio at
the applied load to the original length.

L

Lo

_Ly+dL
=L

=1+ €eng (€8]

I; specifies the elongation of the space diagonal, I, presents the
change of surfaces and I3 describes the change of volume in a cubic
element.

L=M24 2%+ 252 (2
=h"2% + %A% + %257 3)
13 2112222132 (4)

The most significant hyperelastic models and their strain-energy
functions are listed in the following[17-22].

1
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Each strain energy function is separated into one deviatoric and one
volumetric part. The deformation invariants I;, the limiting value Jy, and
the material constants Cj, p; and o; are part of the deviatoric strain-
energy, where the elastic volume ratio J and the incompressibility fac-
tor D; describe the volumetric change.

T= Ty = o = — 10)
Vo
2
D=2 an
_ _y@ E
K= VdV_376y 12)

The last term of equation (12) is only valid for isotropic materials and
gives the relation to the Poisson’s ratio v. Most elastomer materials do
not have noticeable volume changes and can be assumed incompressible
(v = 0.5) so that only isochoric motions are possible [14]. Therefore, the
last term of equations (5)-(9) can be neglected for incompressible
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material behavior. Fillers and Tschoegl [23], as well as Moonan and
Tschoegl [24,25] investigated the pressure-dependency of viscoelastic
mechanical material behavior. They developed a model based on the
time, temperature, and pressure superposition principle [26]. Ferry [27]
gives a detailed description of this pressure dependency, and Ho [28]
describes the shift of the glass transition temperature at high pressure.
However, we use the incompressible approach for the further procedure.

At least uniaxial stress-strain test data are necessary to evaluate a
sufficient hyperelastic model for the strain range of interest. Fig. 2 shows
the uniaxial test data of five specimens made of 80 FVMQ 567. We
selected this material as it shows good evaluation testing characteristics
and reaches its functional capability under highly severe conditions (low
temperature + high pressure) that will be presented later. The speci-
mens’ geometry and the test procedure follow DIN ISO 37 [29]. These
uniaxial tests were performed at O-Ring Priiflabor Richter GmbH with
Zwick/Roell zwicki Retroline (2.5 kN).

The uniaxial test results in Fig. 2 show a good correlation and an
elongation at break of approximately 124 %. Next, the arithmetic mean
value curve is fitted with several hyperelastic material models for the
expected strain range (emax ~ 60 %). Fig. 3 provides a visual comparison
of these models to the experimental data. The individual models are
fitted to the test data curve by minimizing the Frobenius norm of the
relative errors when comparing the hyperelastic model and the test
curve.

n
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All hyperelastic models match well for a strain range of up to 40 %.
The Ogden model generates the best fit; however, the simple Neo-
Hookean material model gives a sufficient fit, so we continue with this
model. The curve fitting process is implemented in most numerical
software and enables the generation of the parameters for several
hyperelastic material models.

The hyperelastic material model presents a more realistic description
of the mechanical material behavior of elastomers than a pure linear-
elastic approach and can be sufficient for analyses in several applica-
tions. However, a pure hyperelastic material model does not consider
the influences of time and temperature, which must be considered for an
adequate analysis of the most significant influences on sealing behavior,
especially for low-temperature applications. Therefore, we continue
with the viscoelastic material modeling that is added to hyperelasticity.

2.3. Viscoelasticity

Viscoelastic material behavior exhibits liquid-like and solid-like
characteristics. For infinitesimal strains, most solids approach Hooke’s
law [30] to describe elastic behavior, whereas many liquids approximate
Newton’s law [31] to present viscous material characteristics [27]. A
simple viscoelastic model exhibits both a spring as an elastic element and
a dashpot as a viscous element when undergoing deformations. Therefore,
viscoelastic materials have a time-dependent behavior that can be
described by different models, which present a combination of Hookean
elastic springs and Newtonian viscous dashpots in series, parallel, or
mixed arrangement to establish this complex material behavior [32]. The
simplest mechanical viscoelastic models are a combination of one spring
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Fig. 2. Measured stress-strain curve of 80 FVMQ 567.
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B) Engineering stress
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Fig. 3. Curve fit of several hyperelastic models to the uniaxial test data of 80 FVMQ 567 with A) true stress and B) engineering stress.

and one dashpot, either in parallel (Kelvin-Voigt model) or in series
(Maxwell model) [33]. Viscoelastic equations can be formulated in terms
of the deformation type, e.g. simple extension, shear, or bulk compres-
sion, but analogous relations exist for them (E, G, K) [27]. Kelly [34],
Hearn [35], and Rust [36] give a detailed description of the two basic
viscoelastic models:

Kelvin — Voigt model : ¢ = Ee + né a4

Maxwell model : & = %+% (15)

where E is the modulus of elasticity and n is the viscosity. Almost con-
stant strain conditions are given for installed O-ring seals, which is why
the Kelvin-Voigt model behaves like a purely linear elastic solid, and the
Maxwell model describes stress relaxation under constant strain.

d
Whens:const:é:—ezo

dt 16

Kelvin — Voigt model : ¢ = Ee a7
,(E)t

Maxwell model : 6 = 6pe ! (18)

Viscoelastic material behavior generally depends on the strain rate
and temperature. Higher strain rates lead to stiffer material behavior,
and lower strain rates generate softer behavior. Contrary, the material
behaves stiffer at lower temperatures and softer at higher temperatures.
This means the material behaves similarly at high temperatures as in low
strain rates, and the reverse is also true [16]. The Time-Temperature
Superposition Principle (TTSP) uses this relation and was presented by
Tobolsky [37]. TTSP enables a simple transformation of viscoelastic data
from one temperature to another as well as changes in the time or fre-
quency domain.

The Dynamic Mechanical Thermal Analysis (DMTA) is a typical
measurement technique used to define viscoelastic material properties
by applying TTSP. DMTA generates a sinusoidal load and measures the
viscoelastic response of the material as phase angle 5 between strain and
stress and the complex moduli E* to calculate the storage modulus E/,
loss modulus E’, and loss factor tans.

&5=2nfAt 19
E =E* cos § 20)
E =E'siné 21)
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tan 6= 7 (22)

Several isotherms are needed to make use of TTSP and DMTA per-
forms frequency sweeps for each isotherm. When applying an oscillating
strain, stress is exactly in phase with strain for a perfectly elastic solid or
90 ° out of phase for a perfectly viscous liquid [38]. Viscoelasticity de-
scribes the state somewhere in between and includes a stored and a
dissipated part of energy in each cycle. If the magnitude and rate of strain
are infinitesimal, and linear differential equations with constant co-
efficients can describe the time-dependent stress-strain relation, it is
called a linear viscoelastic behavior. Here, the ratio of stress and strain is
only a function of time or frequency and not of stress magnitude [39].
Therefore, the strain also alternates sinusoidally but out of phase to the
load [27]. Stress relaxation measurement in the frequency domain can be
used, as the TTSP implies that time or frequency is equivalent to tem-
perature [40-42], and both generate time- and temperature-dependent
material data that are used for the following procedure.

First, a reference temperature is defined and this isothermal data set
is fixed. Afterward, an appropriate horizontal shifting along a logarith-
mic frequency scale of all the other individual isothermal relaxation
measurements generates one continuous curve [43]. This curve is
known as the master curve and describes the viscoelastic material
behavior for a wide time- or frequency range of the reference temper-
ature and can be shifted to each temperature of interest. This horizontal
shift along the logarithmic time axis is done with the time-temperature
shift factor ar:

_tr iy

= = 2
tr, fr 23)

ar

where tr is the needed time to give a certain response at the temperature
T and trref is the time needed to give the same response at the reference
temperature Tyes. Likewise, the shift factor can be determined along the
logarithmic frequency scale where fr is the necessary frequency to reach
a specific response at temperature T and frf is the frequency at refer-
ence temperature to achieve the same response of the material [41].

The most recognized shift factor that links the master curve to its
reference temperature was established by Williams, Landel, and Ferry
[44] and is also known as the WLF shift function shown in equation (24)
[27,41].

—Ci(T — Try)

WLF — shift : 1g (ar) TGt (T—T)
Py = Lref

(24

The resulting full master curve includes viscoelastic information that
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is not feasible to measure by experiments but can be defined by TTSP
[1]. Measurement techniques over time [37,40,45-48] or over fre-
quency [1,11,16,49,50] can be found in numerous technical publica-
tions. The principle DMTA measurement method and the master curve
generation are presented in Fig. 5. It shows the DMTA, the master curve
generation with the shift factor ar, as well as the shift of the master curve
to each temperature of interest. Clear changes in the moduli can be seen
around the so-called glass transition temperature Tg, which is a signifi-
cant thermo-physical value for polymeric sealing materials concerning
their operating temperature range. Below Tg, the oscillating molecules
come to rest, and their intermolecular attractive forces are in full effect.
This leads to greater strength and hardness in the material [51]. The
shape of the molecules is not altered, and the material is in a hard,
brittle, glassy state [40]. At and above Tg, the mechanical material
behavior changes from glassy to rubber-like, and the reverse is true
below. When increasing the temperature above T, the molecular
motion starts again [52], and the E-modulus is clearly reduced.

The elasticity of elastomers relies on the elasticity of each polymeric
chain. A single chain consists of connected rigid elements that can be
moved in relation to each other. This movement is highly dependent on
thermal energy. If a polymeric chain is stretched and its ends are held,
the thermal movements of the elements generate a force that pulls the
ends toward the inside. The intensity of the elasticity depends on this
thermal movement, which is proportional to the absolute temperature.
Hence, the elastic recovery force is also proportional to the absolute
temperature and causes contraction in the chain. It has to be mentioned
that the temperature influences the intensity of the force, but not its
direction. The recovery force is weakened proportionally when
decreasing the temperature until reaching the glass transition temper-
ature Tg. The chains freeze and the thermal movement comes to rest
when cooling below T,. Consequently, the recovery force is dispropor-
tionately weakened. Elastomers are not made of one singular chain;
instead, they consist of three-dimensional, randomly coiled molecular
chains [53]. Rubber chains are always associated with branches and
loose chains dependent on filler systems used. However, a singular chain
gives a simplified explanation of the elastomer’s temperature-dependent
elasticity, as presented in Fig. 4.

At room temperature, the thermal movements are active, and a
recovery force of the chain is given when applying a load. Here, a fast
recovery to the original, preferred state is directly given when unloading
the chain (see Fig. 4A). For lower temperatures above Tg, the thermal
movements are limited, but sufficient to bring the chain slowly back to
its preferred state when unloading (see Fig. 4B). Below Ty, there are no
thermal movements, so the material loses its entropy-driven elasticity
[54] and no recovery force is given. Therefore, the chain is totally frozen
and does not recover when the load is released (see Fig. 4C). Conse-
quently, elastomers must be used above Ty to ensure the functional
capability of the seal. Ty can be determined using different methods,
such as DMTA or Differential Scanning Calorimetry (DSC) [55]. Elas-
tomers start to lose their rubbery properties when the declining
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temperature approaches T. Elastomeric seals become progressively less
able to seal and leakage may occur because of stiffening and thermal
shrinkage [28].

Fig. 5A presents the principal DMTA measurement technique and the
subsequent methods leading to a master curve (B) that can be shifted to
each temperature of interest (C).

The DMTA measures the reacting force and its phase displacement to
the given sinusoidal strain. The stress also shows a sinusoidal run but out
of phase. The storage modulus E' is calculated and presented in (B) with
its measured data in the green frequency range (0.1-30Hz). Ts is also set
as the reference temperature, and the other isotherms are shifted to one
continuous master curve. This master curve can be shifted to each
temperature of interest and presents an almost complete frequency
range. This master curve needs to be described mathematically.
Generally, a Maxwell model is appropriate to describe stress relaxation,
but one element is insufficient to achieve an accurate correlation.
Therefore, several Maxwell elements and one spring in a parallel
arrangement are used for the modeling of stress relaxation in visco-
elastic materials like elastomers.

This arrangement is termed Prony-series and is visualized in Fig. 6. It
defines the time- and temperature-dependent modulus in equation (25),
and equation (26) shows the complex moduli in the frequency domain.
The Prony-series is commonly used to model linear viscoelastic material
behavior and is implemented in many finite element analysis software
[48].

N _t N t
E(t,T)=E, {1 > e (1 - e)] =Eo + Y Eeuor (25)
io1 i=1
N T aT
E'(0,T)= e E.+ . (26)
( { Z 14+ raT) 0)2} Z 1+ 0?( TlaT

The relaxation times t; capture the strain rate sensitivity and strain
history dependence [56]. This ratio of viscosity n; and the elastic
modulus E; defines the restoring behavior of a Maxwell-element that
relaxes proportionally to ™ [32]. Furthermore, e; presents the relative
relaxation strength and is known as the relaxation coefficient.

27)

AE;
Eo

Eia — B _
Eo

= (28)

The shift factor ar transforms the relaxation times, shifting the
master curve on the logarithmic time or frequency axis to the temper-
ature of interest. The relaxation times t; and the relaxation coefficient e;
present the Prony-parameters essential for the final material model.
Furthermore, the relaxation times t; always appear in the combination
t/7i for the time domain and w i for the frequency domain as further
detailed by Popov [57]. Kraus et al. [58] showed that the
time-dependent relaxation properties of a material can be transferred to

A)T=+23°C B) +23°C>T>T, OT<T,
original original original

| ! | i | i

i loaded E i loaded i i loaded i

I | |

’ | ‘ | ™ L
! | i | I o
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| | | | W
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Fig. 4. Simplified singular chain at: A) T = 423 °C; B) +23°C>T > Tg O T < T,
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A) DMTA measurement technique
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Fig. 6. Prony-series.

the frequency-dependent complex modulus and vice versa via Fourier
transformation. Consequently, both techniques finally lead to the same
result, the Prony-series.

If the change of temperature is completely equivalent to a shift along
the logarithmic time scale, the material is called Thermo-Rheologically
Simple (TRS) [33,59]. This means that all relaxation times of the spec-
trum can be transformed for each temperature of interest. Most poly-
mers do not present perfect TRS behavior, but this procedure can
provide a sufficient approach.

In this work, DMTA was used as previously described to finally
determine the Prony-parameters.

We used a specimen with a rectangular cross section with a length of
7.6 mm, a width of 2 mm, and a thickness of 2.1 mm. Uniaxial DMTA-
testing was done at O-Ring Priiflabor Richter with TA Instruments DMA
800, as shown in Fig. 7A. A frequency sweep was performed between
0.1Hz and 30Hz for each isotherm with the temperature range between
—100 °C and 4150 °C. The isothermal steps were defined as 10°C-steps at
the maximum and minimum temperature limit, which were refined to
5°C-steps as the glass transition temperature approached. The transition
temperature range was measured with 2°C-steps to give a more detailed
description of the relevant changes in the viscoelastic material charac-
teristics. Fig. 7 visualizes the measurement of the storage modulus E’ (B),
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the loss modulus E** (C), the complex modulus E* (D), as well as the loss
factor tan § (E) over the temperature range.The measured data in Fig. 7
present the frequency sweep of each isotherm and give information about
the influence of the strain rate and temperature on the material behavior.
There is no significant change of the individual isothermal values for
higher temperatures above room temperature and very low temperatures
far below Ty when considering the frequency sweep. This presents almost
completely relaxed material behavior for higher temperatures or glass-
like behavior at very low temperatures. The glass transition tempera-
ture Ty is defined as —60 °C for 80 FVMQ 567 by the manufacturer, and
the test results confirm this and present the greatest viscoelastic changes
of the material around Tj. At this temperature, the relaxation rates of the
storage modulus are much higher, and both the loss modulus and the loss
factor show higher magnitudes when changing the strain rate (frequency
sweep). This means the material has a higher frequency (time) sensitivity
around Tj.

We focus on the storage modulus E’ (see Fig. 8A) in order to generate
an accurate master curve by using the WLF-shift factor as visualized in
Fig. 8B. Therefore, we set T as the reference temperature and shifted all
the other isotherms to a continuous master curve as shown in Fig. 8C. In
this analysis, the WLF-parameters generated the best fit with C; = —24
and C, = 120 °C.

Fig. 8A shows the data set as storage modulus for isotherms over
frequency. It is apparent that the isothermal data around T, present the
greatest changes in the storage modulus, as discussed before, where
higher frequencies show stiffer, and lower frequencies softer, material
behavior. The generated master curve was transferred as a data set to the
software ViscoData, which enables the definition of the Prony-series. 30
elements gave a representative mathematical description of the master
curve. The relaxation times t; and relaxation coefficients e; present the
Prony-parameters and describe the discrete relaxation spectrum that is
shown in Table 1.

The defined Prony-parameters and the reference temperature for
TTSP with its WLF-factors were implemented into the numerical mate-
rial model in addition to the hyperelastic material model. This final
material model combines hyperelasticity (Neo-Hooke) and viscoelas-
ticity (Prony-series, TTSP, WLF) in order to describe the time- and
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A) DMTA test setup
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Fig. 7. A) DMTA test setup and viscoelastic measured data of 80 FVMQ 567 with frequency sweeps over temperature for: B) storage modulus; C) loss modulus; D)
complex modulus and E) loss factor.

temperature dependency of the material. We assume thermo-rheological
simple (TRS) material behavior because a pure WLF-shift was able to
generate an almost continuous master curve by using TTSP.

3. Experimental and numerical results

Technical requirements ask for a wide temperature range, so the
consideration of the thermal expansion coefficient of the O-ring and its
surround is definitely needed. The elastomer O-ring has a thermal
expansion coefficient of 2.2 10*1/°C for 80 FVMQ 567, the housing 2.3
10°1/°C for EN AW 6061 T6, and the piston 1.3 10°1,/°C for Inconel
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718. Additionally, all FE simulations in this work were done with ANSYS

Workbench and used the previously described hyper-viscoelastic mate-
rial model.

3.1. Validation of the material model

This material model needs to be validated before further numerical
analyses follow. Therefore, a tensile test at two different strain rates was
performed to include the influence of time, and an additional
temperature-retraction test was done to deliver the temperature de-
pendency. Both experiments are compared to FEA results.
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A) Measured isothermal frequency sweeps

International Journal of Hydrogen Energy 80 (2024) 1046-1061

B) Shift factor

10* ~ - 20
= N A S i 51 |
> / L i
S10°E 10
= —
= o 5t i
2 102E =20 |
2 10 //
8 // 5h |
@ /
= 10+ ]
-15 ‘ ‘ ‘ ‘ ‘
107! 10° 10! 5500 0 100 150 200 250
lg Frequency [Hz] T-T[*C]
C) Master curve
1045 T T ; — T T — T T T T T T T 3
= [ b
E 4
100 E 4
= F 3
5 I 1
]
E . .
o 2 _
2107 E
8 ks =t
A [ ]
oo |
1L _
10" ¢ B = = i = I i B i 2
1020 101 101° 10° 10° 10° 10" 10"

lg Frequency [Hz]

Fig. 8. Master curve generation with A) Measured isothermal storage modulus E' curves; B) WLF shift factor and C) master curve.

3.1.1. Strain-rate dependent uniaxial tests

Fig. 9 presents the measured stress-strain curves of five samples with
the strain rate 500 mm/min linked to ISO 37 [29], as well as one qua-
sistatic curve with a strain rate of 0.6 mm/min. This quasistatic curve
shows much lower stress values in comparison to the first five tests at
500 mm/min because the elastomer has time to restructure its chains,
and stress relaxes to lower values. The numerical stress-strain results fit
well with the real test data and highlight the time-dependent material
behavior.

3.1.2. Temperature-retraction test

Furthermore, a Temperature-Retraction (TR10-70) test was done
with three samples at O-Ring Priiflabor Richter GmbH to analyze the
recovery of the material at low temperatures. The sealing manufacturer
generally gives this value and describes the low-temperature capability
of an elastomeric compression seal, e.g. O-rings. The experiment used
three O-rings (15.6 mm x 1.78 mm) for the TR10-70 test as mentioned
in ISO 2921 [60]. They were stretched up to 50 % strain at room tem-
perature, cooled down to —71 °C, held for 10 min, and released to
recover freely while the temperature was increased at 1 °C/min. The
temperature corresponds to significant retraction values, e.g. 10 %
(TR10) or 70 % (TR70) to describe the unfreezing process [28]. During
this process, the component’s length and retraction are measured. This
can either be done with a typical uniaxial tensile test sample or an O-ring
with a cross-sectional diameter between 1.5 mm and 4 mm [60], as
given in our experiment. The TR10-value defines a temperature at which
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a specimen elongated by 25 % or 50 % retracts 10 % after load release.
This value is among the most significant values for O-ring applications at
low temperatures. In practice, O-rings work from 10 to 15 °C below
TR10. The lesser the temperature difference between TR10 and TR70,
the faster the material regains its elasticity. The TR values can be defined
as shown in equation (29):

(L — L)

29
(Le - LO) @9

TR = { ] 100%

where L is the length of the unstretched specimen, L. is the length of the
stretched specimen, and L is the length of the specimen at any observed
temperature. The comparison of the three experimental curves and the
numerically determined curve in Fig. 10 shows good agreement and
presents the influence of temperature on the material behavior.

This evaluation process shows that this TRS visco-hyperelastic ma-
terial model agrees with experimental results and is able to present time-
and temperature-dependent material behavior, which is necessary for
the numerical analysis of the significant effects influencing the sealing
behavior, as presented in the following chapter.

3.2. Significant low-temperature effects

Several effects influence the sealing behavior at low temperature and
are addressed in the following. Elastomer seals become stiffer as they
cool, generally shrink more than their metal surrounding, limit their
recovery, and slow their reaction to a load. This highlights the material’s
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Table 1
Prony-parameters.

moduli

Eo = 3945 MPa E = 6.5 MPa

relaxation times T; [s] relaxation coefficients e; [—]

1 5.90519E+14 1.96671E-04
2 3.00337E+13 2.46413E-04
3 1.79459E+12 3.33589E-04
4 1.17341E+11 4.20208E-04
5 6.56673E+09 5.45029E-04
6 3.61005E+08 6.82540E-04
7 2.34672E+07 8.59601E-04
8 1.57685E+06 1.08844E-03
9 1.06435E+05 1.48297E-03
10 7.32324E+03 2.08406E-03
11 5.71279E+02 2.90767E-03
12 5.21386E+01 4.95884E-03
13 4.31830E+00 6.76300E-03
14 5.02112E-01 1.41177E-02
15 6.25617E-02 2.97415E-02
16 1.08874E-02 4.57924E-02
17 1.59530E-03 9.96380E-02
18 2.31943E-04 1.70736E-01
19 5.06548E-05 1.35157E-01
20 2.06534E-05 1.67180E-01
21 5.36303E-06 1.13916E-01
22 1.08336E-06 7.24675E-02
23 1.20787E-07 2.39695E-02
24 5.22409E-09 3.07005E-02
25 8.26243E-10 1.47417E-02
26 3.50110E-10 5.68723E-04
27 2.10883E-10 1.78770E-02
28 1.82532E-13 6.61736E-03
29 1.77914E-13 1.39925E-02
30 1.65447E-14 1.85773E-02
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Fig. 9. Comparison of measured and simulated stress-strain curves for 80
FVMQ 567 at 23 °C.

time- and temperature dependency, which can be described with
viscoelasticity. Below Tg, no recovery is given, and the load transfer is
limited, which could lead to leakage at an elastomeric seal. Additionally,
the shrinkage of the seal needs to be considered, and the material loses
flexibility and may not match perfectly to the contrary sealing surface as
it would at room temperature. The elastic recovery of elastomers is time-
and temperature-dependent [61], and Akulichev et al. [49] showed that
the leakage of an HNBR O-ring occurs at lower temperatures when a
slower cooling rate is used. For an O-ring with 30 % compression,
leakage occurred at —20 °C when cooling by 1 °C/s in comparison to a
leakage temperature of —42 °C when cooling by 0.001 °C/s. Several
studies by Jaunich et al. [11,62,63], Grelle et al. [54], and Akulichev
et al. [49] explained the limited sealing behavior of elastomeric seals
with thermal contraction and the loss of elasticity when cooling. Ther-
mal contraction is generally compensated by the elastic recovery that
prevents the generation of a gap at the sealing surface. If the recovery is
insufficient at low temperatures, a gap develops, leading to leakage. The
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essential effects and their magnitude for primary leakage are analyzed in
the following.

3.2.1. Machining tolerances

Every machining process has tolerances that must be considered
for the piston, the cylinder and the O-ring. The machining tolerances of
O-rings are defined in DIN ISO 3601-1 [64] for the relevant inside
diameter d; and the cross section diameter d,. The metal housing and
the piston also have dimensional and surface tolerances depending on
the requirements. It is very unlikely to have a worst-case tolerance
combination in the real world. However, Fig. 11 highlights the change of
contact pressure for a radial installed O-ring at 23 °C at nominal (A)
and worst-case tolerances (B). The contact pressure is reduced by around
28 % at the outer diameter and 23 % at the inner diameter.

3.2.2. Thermal shrinkage

The elastomer O-ring has a clearly higher thermal expansion coef-
ficient oy, with a factor by ca. 10 higher than the surrounding metal parts
like housing and piston. Therefore, temperature changes influence the
geometry of the seal and its housing, which can be shown with the
material-dependent thermal expansion coefficient o,.

(€19)

This coefficient characterizes linear proportionality for the change of
temperature and the resulting elongation of the material. oy, describes
the linear thermal shrinkage when cooling and expansion when heating.
Therefore, the elongation of a component depends on its length 1, the
temperature T, and the material-dependent thermal expansion coeffi-
cient oy, [65]. When cooling, linear proportional geometric changes are
given, but it is not clear what the influence is on the contact pressure as
elastic recovery must be given to counteract these geometrical changes.

3.2.3. Limited elastic recovery

In contrast to energy-elastic materials such as metals, elastomers
have entropy-elastic material behavior. Entropy presents a degree of
disorder, which is higher in the entangled, disordered state of the
polymeric chains than in an arranged, orderly state. Above the glass
transition temperature, the change in entropy is the driving force behind
the resilience of elastomers [52]. From the thermodynamic perspective,
a deformed elastomer tends to return to a state of lower potential mo-
lecular energy and higher disorder [66]. For a tension-loaded elastomer,
the recovery force brings the chains back to their statistically preferred
disorder when unloading. However, such chains are not compressed
under a compression load, e.g. O-rings. Instead, they can only be formed
to a different arrangement and are also stretched because the preferred
disordered state of the elastomeric seal with its chains describes the
highest compression level, and elastomers are considered incompress-
ible. Therefore, the molecules spread vertically to the compression load.
If there is a geometric limitation such as a notch, the elastomer pro-
portionally transfers the compression load to the contact surfaces as
given for a pressure-loaded O-ring. This brilliant ability is used for
elastomeric sealing systems but is somehow limited at low temperatures.

The recovery of elastomers can be determined with the Compression
Set (CS) using DIN ISO 815-2 [67]. This test is similar to the TR10-test,
but considers compression load. Here, the specimen is compressed at
room temperature, cooled down to the test temperature, then released
again by plate 1 (see Fig. 12). The free recovery of the specimen is
measured over time at a constant temperature. The compression set can
be calculated as presented in equation (30) and is defined after 30 min:

(d2 — d(t))} 100%

d) <0

|

In this work, all O-rings (axial or radial) are simulated in a 2-dimensional
axisymmetric model. The meshing of the seal and its contacts is refined
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Fig. 10. Comparison of measured TR-tests with O-rings and FEA.

and uses quadrilateral dominant elements with quadratic element order
(ANSYS element type: 183). The frictional coefficient is defined as 0.1 due
to the high surface finish (Ra = 1.6 pm) and the fact that a greased O-ring
does not move dynamically. Normal Lagrange contact formulation was
used and did not allow penetration. An assembly and pressure-load are
modeled, where the pressure is activated with fluid pressure penetration
in ANSYS to generate a realistic acting pressure. A thermal condition is
used to present temperature changes.

Fig. 12 illustrates CS at 23 °C (A), —40 °C (B), and —60 °C (C) for the
21 % compressed, axial O-ring 15.6 mm x 1.78 mm. At 23 °C (A), the seal
shows a fast recovery close to its original shape with a compression set of
10.3 % after 30 min. At —40 °C, the recovery is limited and achieves CS
of 62.9 % after 30 min. The recovery of the material is further limited at
—60 °C and has only a CS of 82.5 % after 30 min, meaning the seal is
mostly frozen and only very limited recovery is given. The released
states after 30 min are shown at the bottom side of Fig. 12 and point out
the time- and temperature dependency of the elastomeric seal and
highlight the limited elastic recovery of elastomers at low temperature.

3.2.4. Stress relaxation

Stress relaxation of elastomers depends on time and temperature. If
an elastomer is initially deformed to € and stays constant, the stress first
increases to a high-level 6, then relaxes to a much lower level o, that
can be much smaller than . Immediately after the initial deformation,
the polymeric chains do not have enough time to react, and the elas-
tomer behaves like a linear-elastic solid. The corresponding modulus is
equivalent to the one of glass and is therefore termed glassy or instan-
taneous modulus Ey. After a long holding time, the modulus relaxes to
the so-called static steady-state or equilibrium modulus E,,. During this
time, the molecular chains need time to reach their energetically
preferred state, and stress relaxes.

Fig. 13 shows a uniaxial tensile specimen that is elongated at a rate of
500 mm/min up to a constant strain level of 85 % at three different
temperatures. The true stress response is presented over 24 h
and shows very little stress relaxation from 12.6 MPa to a constant value
of 10.9 MPa after 10 min at +85 °C. At +23 °C, the stresses relax from
15.7 MPa to 12.2 MPa after 3 h, and there is little further relaxation.
Otherwise, the relaxation process shows greater stress relaxation at
—60 °C, where the stress relaxes from 136.4 MPa to 52.0 MPa after 3 h,
46.4 MPa after 12 h, and continues to relax further after this time. The
elastomer needs more time to restructure its chains at low temperature,
and hence, greater stress relaxation is given in comparison to higher
temperatures.

An additional FE simulation was performed to identify these indi-
vidual effects and their impact on the sealing performance. Therefore, a
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21 % compressed axial O-ring (15.6 mm x 1.78 mm) is cooled from
+20 °C to —80 °C, as shown in Fig. 14. A cooling rate of —1 °C/min is
shown with and without considering thermal expansion in A, and three
different cooling rates are compared in B.

Fig. 14A used FEA without any thermal expansion showing the effect
of pure axial stress relaxation that is equal to the pressure at the contacts.
The contact pressure relaxed from 3.40 MPa at 20 °C to 3.32 MPa at 7 °C
staying constant even up to —80 °C (see yellow curve). If thermal
shrinkage of the elastomeric seal is considered, the thermal expansion
coefficient acts linearly when cooling (see green field) and reduces the
cross-section diameter dy. A pure hyperelastic FE simulation confirmed
the linear reduction of contact pressure when cooling. Elastic recovery is
needed to keep the contact pressure acting when considering the
reduction of the O-ring thickness when cooling. As previously explained,
this recovery is increasingly limited as the temperature is lowered,
especially below —40 °C. Therefore, the contact pressure not only suffers
under stress relaxation at the beginning and a linear thermal contrac-
tion. Instead, the elastic recovery becomes greatly weakened, and the
contact pressure is exponentially weakened, as shown from —30 to
—80 °C. These three significant effects highlight the impact of the ma-
terials in addition to the geometrical influences. The consideration of the
worst-case machining tolerances would show a reduced offset of the
contact pressure for the entire temperature range. Moreover, Fig. 14B
compares the cooling rates of —1 °C/min, —10 °C/min, and —20 °C/min
for the same axial compressed O-ring that is cooled from 20 °C to
—80 °C. There seems to be no significant stress relaxation when cooling
at a faster rate. However, the recovery is further limited, and the contact
pressure is clearly reduced for the temperature range of —55 °C to
—80 °C. At —80 °C, the recovery comes to rest for the cooling rate of
—10 °C/min, and no contact pressure is given for the assembled state.
For —20 °C/min, this happens even earlier at —79 °C.

Fig. 14 summarizes the essential effects and their interaction when
cooling an installed elastomer O-ring seal. The seal shrinks more due to a
higher thermal expansion coefficient and generates a geometric change
that must be compensated by the elastomeric recovery of the seal.
However, this recovery is exponentially weakened as well as the contact
pressure when cooling. Stress relaxation and machining tolerances have
a much lower impact.

3.3. Leakage simulation and testing

Many industrial applications use O-rings to seal high-pressure loaded
systems. Therefore, a pressurized O-ring is simulated and tested in the
following.

Physically, a hermetically sealed system does not exist. Therefore,



C. Repplinger et al.

detail view
d

oC

A

B
L

A

radial O-ring seal
(5.25mm x 1.78mm)

International Journal of Hydrogen Energy 80 (2024) 1046-1061

dimensions and tolerances

]

cylinder

A) Assembly of nominal dimensions at 23 °C

O'adial [MPa]

0.582 Max
-0.165
-0.912
-1.66
-2.41

-3.15
-3.90
-4.65
-5.39
-6.14 Min

cylinder

piston

Pcontact [MPa]

6.15 Max
5.47

4.78

4.1

3.42

2,73

2.05

1.37
0.683

0 Min

cylinder

6.10 MPa

6.15 MPa piston

O-ring

pcontact [MPa]

d,,=8.25 mm ig:gi
4, =5.60 mm —0'0"
d,=5.28 mm *12
d,=1.78 mm *00

piston

B) Assembly of worst dimensions at 23 °C

cylinder

piston

O'adial [MPa]

0.339 Max
-0.207
-0.752
-1.30
-1.84
-2.39
-2.93
-3.48
-4.02
-4.57 Min

4.40 MPa cylinder

o

4.59 MPa piston

4.59 Max
4.08

357
3.06
255

2.04

1.53

1.02

0.51

0 Min

Fig. 11. Radial O-ring seal 5.28 x1.78 with tolerances and contact pressure.

the technical leak tightness is defined with regard to the specific oper-
ation [68]. This technical leak tightness is usually specified as an
allowable leakage rate under maximum operating conditions. The
required leak tightness can depend on the application. For example, a
ring seal that does not show any visible oil leakage, like a drop, is
generally defined as leak-proof but can have constant slight evaporation
[2]. Contrarily, very low leakage rates are accepted for high-pressure
applications, e.g. hydrogen storage systems. Here, the leakage volume
of a medium is measured over time. The leakage rate quantifies the
leakage of a sealing system and depends on the pressure difference and
the quality of the materials. This indicator is defined with SI units in
mbarl/s. That means 1mbarl/s presents the amount of gas that must be
removed from a 1 L container in 1 s to decrease the pressure by 1 mbar.
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Both primary and secondary leakage depend on the pressure difference
Ap and move from the volume of higher pressure to the volume of lower
pressure when considering a pure medium. A general measurement of
the leakage rate does not differentiate between the two leakage types
and hence, measures the resulting sum of both. Three different leakage
measurements are typically used. A sniffer can detect external leakage
close to the leak, but a more extensive and accurate method is a leak
detector. This detector has a closed connection behind the seal, gener-
ates a vacuum, and measures the leakage rate with an integral method. A
bubble test can be used for higher gaseous leakage rates. Franke [69]
gives a detailed description of these leakage detection methods.

This leakage test investigates the leak tightness of a radially oriented
O-ring 5.28 mm x 1.78 mm at Tg —60 °C. FE simulation and experiment
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Fig. 12. Compression Set for O-ring 15.6 mm x 1.78 mm at: A) 23 °C; B) —40 °C; C) —60 °C.

were done without any back-up ring, which is typically used in practice
to avoid extrusion, to focus purely on the sealing behavior of the elas-
tomer O-ring. For the experiment, the pistons were made of Inconel 718,
the cylinders of aluminum alloy EN AW 6082 T6, and the O-ring con-
sisted of 80 FVMQ 567. The machining tolerances and surface conditions
were checked before testing to ensure reliable test results. All machined
metal components were cleaned in a heated ultrasonic bath (Fish-
erbrand FB15046). The O-rings were cleaned with isopropanol, and all
contact faces were greased with gleitmo 595 to achieve better assembly
through lower friction. A special assembly tool was designed and used to
ensure good positioning of the O-ring during assembly. Finally, the parts
were assembled and installed in a climate chamber (Votsch Industri-
etechnik VT 7021) connected to a high-pressure test bench
(MAXIMATOR).

The assembled specimen is connected to the high-pressure test bench
on the left side in Fig. 15, and an additional tube is connected on the

1057

right side to measure the leakage rate with a leak detector (adixen ASM
142). The test setup was pre-conditioned at —60 °C for more than 2 h
after reaching the test temperature in the climate chamber, as shown in
Fig. 16A. The temperature was verified by an additional temperature
sensor close to the seal. These experiments were performed at the
ROTAREX laboratory using helium as its leakage rate can be converted
to the one of hydrogen. If the measured leakage rate was above the
minimum technical requirement (qQaiiowable = 5 10~>mbarl/s), a bubble
test was used to confirm high leakage rates. If bubbles occurred
frequently, the leakage rate was far above the requirements. Afterward,
a stepwise pressure ramping was done with approximately 10 bar/s to a
constant pressure that was held for 1 min at each 100 bar step. The same
procedure was done when decreasing the pressure. The test was stopped
when high leakage occurred, and stable pressure could not be sustained.

Our test showed an acceptable leakage rate of 3.0 10 >mbarl/s at
100 bar. When reaching 200 bar in the next step, big leakage occurred,
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Fig. 13. Stress relaxation of a tensile specimen under constant strain at three temperatures.
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Fig. 14. Cooling of an axial assembled O-ring (15.6 x1.78): A) with and without thermal shrinkage; B) with different cooling rates.

confirmed by the bubble test and highlighted in Fig. 16. The same
happened when trying to reach higher pressures. When reducing the
pressure again to 100 bar, the system was leak-proof again with an
acceptable leakage rate of 3.0 10 >mbarl/s as before. The O-ring was
checked after low-temperature testing and did not show any extrusion
that could also be confirmed by FEA, as shown in Fig. 16B.

The FE simulations of radial O-rings were done in four load steps close
to the experiment. First, the O-ring is stretched on the piston. Afterward,
the piston with the O-ring is assembled into the cylinder (assembly).
Third, the temperature can be reduced to the required minimum of
—60 °C. Finally, the pressure can be increased to its maximum value by
using the fluid pressure penetration in ANSYS which accounts for the
effect of fluid penetration between seals and other structural components.
The defined load pressure is linked to the contact set and a solver itera-
tively compares the fluid pressure and contact stress to determine the
pressure-loaded area. The load-dependent deformations are iteratively
updated and considered, especially for the O-ring.

It shows a generation of a leakage gap at only 200 bar, and a leakage
occurred at 290 bar, where the contact pressure is below operating
pressure. This leakage continues through continuous increase in pres-
sure. Numerical results agree quite well with the experimental mea-
surements. The appearance of leakage could be simulated at 290 bar,
whereas the experiments showed leakage at 200 bar. As shown in
Fig. 16, the contact pressure is unstable after leakage occurs. This
behavior also occurred during several leakage tests where the seal
seemed to close the gap again shortly. The phenomena of restructuring
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material recovery and changing contact conditions may explain this
behavior. This highlights the complex behavior of the seal where the
elastomer tries to counteract the gap generation. However, if leakage
occurs the first time all higher operating pressures generally lead to
leakage. Therefore, the first occurrence of a lower contact pressure than
operating pressure is defined as the criterion of leakage within FEA
simulation.

4. Discussion and conclusion

Most FE simulations match well with experimental results. However,
some deviations could be reduced by further improving the overall
model and simulation. Further material characterization tests (biaxial,
shear), a higher-order hyperelastic material model, non-linear visco-
elasticity, and the consideration of incompressibility could further
improve the numerical results. Temporary high-temperature events can
occur (e.g. +115 °C at 2.5 g/s flow rate) and have not been addressed in
this work but should be investigated in future studies. Anyway, the
essential influences and their impacts on low-temperature sealing
tightness of an elastomer O-ring were detected and explained.

The understanding and correct material modeling for nonlinear
elastomers is the bottom line for efficient development, optimization,
construction, and application of elastomeric sealing products. This
article gives a detailed description of the TRS viscoelastic material
model that is used for FEA and matches well with several material tests
for 80 FVMQ 567. Temperature Retraction, Compression Set, and even
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pressure-loaded leakage tests were simulated and confirmed by real
experiments. The generation of leakage could be shown as well. FEA
could identify and segregate the essential effects being responsible for
primary leakage at low temperature and the limitation of elastomers.
When cooling, higher thermal shrinkage of the elastomer compared to
its metal housing leads to a linear proportional reduction of the contact
pressure due to geometrical changes and needs direct elastic recovery to
counteract this geometrical change. However, this elastic recovery is
limited ever stronger when reaching lower temperatures, especially
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close to Tg. Stress relaxation has an additional time-dependent impact
when considering specific temperatures and load conditions. The
consideration of machining tolerances could even accelerate the gen-
eration of leakage, e.g. lower contact pressure or unfavorable surface
conditions. Finally, thermal shrinkage and limited elastic recovery
interact when cooling and are mainly responsible for the occurrence of
primary leakage.
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Nomenclature

ar time-temperature shift factor [—]
Cy hyperelastic material constant [—]
C material constant of WLF-shift [—]
Co material constant of WLF-shift [°C]
CS Compression Set [%]

D1 incompressibility factor [1/MPa]

devye relative deviation [—]
DMTA  Dynamic Mechanical Thermal Analysis

DSC Differential Scanning Calorimetry

d diameter [mm]

E modulus of elasticity [MPa]

E’ storage modulus [MPa]

E’ loss modulus [MPa]

E* complex modulus [MPa]

Eo instantaneous or glassy modulus [MPa]
Ee equilibrium modulus [MPa]

ej relaxation coefficient [—]

f frequency [Hz]

FEA Finite Element Analysis

FCEV Fuel Cell Electric Vehicle

G shear modulus [MPa]

I deformation invariants [—]

J elastic volume ratio [—]

Jm limiting value [—]

K bulk modulus [MPa]

L length [mm]

Lo length of unstretched specimen [mm]
Le length of stretched specimen [mm]

Lt length of specimen at any observed temperature [mm]
NWP nominal working pressure [bar]

OTV on-tank valve

p pressure [bar]

Dcontact ~ contact pressure [MPa]

q leakage rate [mbarl/s]; [ml/h]

R stress ratio [—]

Ra surface roughness [pm]

T temperature [°C]; [ K]

T, glass transition temperature [°C]; [ K]
TR Temperature Retraction [%]

TTSP Time-Temperature Superposition Principle
t time [s; min; h]
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tan & loss factor [—]

WLF
[IX]le

(4
Qth

volume [m3]

strain-energy function [MPa]
Williams-Landel-Ferry shift function
Frobenius norm [—]

hyperelastic material constant [—]
thermal expansion coefficient [1/K]
phase angle [°]

strain [mm/mm]

viscosity [Ns/mz]

stretch [—]

material constant [—]

Poisson’s ratio [—]

stress [MPa]

relaxation time [s]

angular frequency [1/s]
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