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Investigation of sealing materials with excellent cold 
temperature flexibility in hydrogen environments 

Michael Fasching, Thomas Schwarz, Silvio Schreymayer, Thomas Hafner, 
Geraldine Theiler, Natalia Cano Murillo, Andreas Kaiser  

This work investigates various polymeric materials as sealing materials in hydrogen applica-
tions. Materials made of TPU, EPDM and NBR were investigated in relation to minimum ser-
vice temperature, their permeability depending on pressure and temperature, compatibility to 
hydrogen, and tribological behaviour in hydrogen atmosphere. Results show that all selected 
materials meet the demand of cold-temperature flexibility and compatibility to hydrogen, how-
ever distinguish in their swelling behavior, wear resistance and permeability.  

1 Introduction 

Reliable operation is a key requirement for hydrogen technology. Operating condi-
tions of up to 1000bar pressure and temperatures of -40°C and 85°C, which are 
demanded for hydrogen-powered vehicles, are challenging to be met by sealing ma-
terials such as TPEs and rubbers.  

In-depth understanding of material behavior is therefore needed to meet the require-
ment of reliable operation. First, cold temperature flexibility of a sealing material de-
termines the minimum service temperature under which a sealed system can be 
pressurized, in combination with compression and roughness of countersurface. 
Second, permeability of a sealing material influences the leakage rate of a sealing 
application. Literature [1,2] indicates that permeation is strongly dependent on tem-
perature, but limited data is available for sealing materials at high pressure to date. 
Third, sealing materials are continuously exposed to high pressure hydrogen gas, 
which may affect their tribological behaviour and mechanical properties in general.  

This paper addresses in detail all of the above topics for candidate materials, two 
polyurethane grades, one EPDM, and two NBR grades with low ACN content. To 
study the minimum service temperature per material, a cold-temperature test rig was 
adapted to achieve temperatures as low as -70°C with nitrogen gas. A test rig to 
measure permeation of hydrogen was developed that allows the measurement at 
conditions of up to 800 bar pressure and 75°C. To investigate the mechanical prop-
erties of sealing materials under the influence of hydrogen, material samples were 
placed in an autoclave and exposed to temperatures at the upper service tempera-
ture at a pressure of 1000bar. Mechanical properties were tested accordingly before 
and shortly after the exposure. Finally, material samples were exposed to pressur-
ized hydrogen at room temperature and tribological properties (wear, coefficient of 
friction) were characterized in-situ with a linear tribometer in ball-on-plate configura-
tion.  
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In this work, the relevant properties for hydrogen applications are studied for two 
polyurethane grades, one EPDM, and two NBR grades with low ACN-content.  

2 Theoretical background  

2.1 Cold temperature flexibility 

Self-sealing materials such as rubbers or thermoplastic elastomers show elastic be-
haviour in their service temperature range, which is responsible for their sealing be-
haviour. When cooling such materials to the region of glass-transition and below, 
these materials gradually loose their elasticity and eventually their sealing function-
ality. In general, properties that characterize the glass transition temperature are 
corresponding to the minimum service temperature of a sealing material. Typical 
values are the E’’, max of a DMA analysis, Tg obtained via DSC, or the TR-10 value. 
However, the real minimum service temperature of a sealing material is also signifi-
cantly influenced by application details, such as (1) roughness of counter-surface, 
(2) interference of sealing material and housing, and (3) potential interaction of me-
dia to be sealed with sealing material (media that cause swelling of the sealing ma-
terial may act as plasticisers, with a positive influence on minimum service temper-
ature).  

2.2 Permeation   

Mass diffusion generally occurs between sites with different chemical potentials, in 
case of sealing applications caused by different gas pressures on both sides of the 
sealing material [1,2]. The higher upstream pressure p1 and the lower downstream 
pressure p2, at either side of a sample membrane, causes the gas molecules to 
permeate through the sample membrane to compensate for the pressure difference 
[3-5]. It can be assumed that the Henry sorption model and the Fick model for con-
centration-independent diffusion describe the sorption-desorption of gas molecules 
on the membrane surfaces and the diffusion of the gas molecules in the membrane, 
respectively, when the permeate is a gas with small molecules such as hydrogen 
(H2) and the sample membranes consist of elastomers or thermoplastic elastomers 
tested at temperatures above glass transition temperature [3, 6]. Since most mem-
branes have a much smaller thickness compared to their lateral dimensions, the 
mathematical problem of permeation through the membrane can be considered to 
be one-dimensional. A detailed description of the theoretical background to evaluat-
ing permeation properties from permeation measurements is given by [7]. 
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3 Experimental 

3.1 Materials 

A range of candidate materials with minimum service temperatures suitable for typi-
cal hydrogen applications (below -40°C) was selected, both commercially available 
and development grades. Table 1 gives an overview over the investigated materials.   

Table 1: Materials investigated for their suitability in hydrogen applications 

Material designation Polymer Hardness (Shore A) Nominal service 
temperature 
range (°C) 

TPU 1 TPE-U 95 -50 to 110 

TPU 2 TPE-U 95 -50 to 110 

EPDM 1 EPDM 90 -50 to 150 

NBR 1 NBR 85 -45 to 100 

NBR 2 NBR 85 -50 to 100 

 

While the thermoplastic Polyurethanes are unfilled, all rubbers were reinforced with 
carbon black as main filler. Both NBRs were selected as grades with low ACN-con-
tent, and NBR 2 was additionally modified with a plasticizer to investigate the effects 
on compatibility in hydrogen environment. TPU 1 and TPU 2 were supplied by SKF 
Sealing Solutions Austria GmbH, whereas the EPDM and NBR grades were supplied 
by Arlanxeo Deutschland GmbH as experimental grades.  

 

3.2 Cold temperature flexibility  

In order to characterize the minimum service temperature of sealing materials in 
gaseous media, a test rig originally developed for seal tests according to the oil and 
gas test standard API 6A Annex F [8] was modified to evaluate the minimum service 
temperature, under which a sealing material can be activated in nitrogen gas.  

Figure 1 gives a schematic overview over both test rig and sealing design. The seal 
design consists of a T-seal type design of the active sealing material, supported by 
back-up rings made of a PEEK material on both sides to prevent static extrusion. 
The cross-section of the active sealing material was varied in order to investigate the 
effect interference on the minimum temperature where the test assembly can be 
pressurized, which is also the minimum service temperature.  
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Figure 1: High pressure – low temperature test fixture and corresponding sealing design and 

backu-up ring 

Table 2 introduces the test parameters. The approach was selected as follows: First, 
the test rig was cooled down to -40°C and pressurized for at least 5 minutes. In 
subsequent steps, the temperature was then lowered in 5°C steps, until no further 
activation was possible. Next, temperature was raised again in 1°C steps until the 
minimum temperature, where the sealing assembly could be activated, was found.  

Table 2: Test parameters in high pressure- low temperature test fixture 

Gas Nitrogen 

Temperature -40°C to -70°C (theoretical minimum 
temperature of test rig) 

Pressure 875 bar 

Extrusion gap 0.17mm 

Test seals Machined T-seals, variation of cross-
section 

 

3.3 Permeation 

To measure permeation of hydrogen through the investigated materials, a test rig 
was developed that allows the measurement of hydrogen permeation at tempera-
tures up to 85°C and pressures of up to 1000bar. This test rig was developed within 
the COMET-module “Polymers4Hydrogen” at the HyCentA (Graz, Austria), with con-
tributions from the Polymer Competence Center Leoben GmbH (Leoben, Austria) 
and SKF Sealing Solutions Austria GmbH.  

Figure 2 shows an overview of the permeation test-set-up. On the upstream side, 
high pressure hydrogen is supplied to the material sample, whereas on the down-
stream side, nitrogen purges the permeated hydrogen as carrier gas to the hydrogen 
detection sensor, which is established via thermal conductivity.  
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Figure 2: Permeation-system test set-up [7] 

Figure 3 shows a detailed view of the permeation test cell. The material sample is 
supported by a sinter filter, which support the sealing materials so that a test pres-
sure of up to 1000bar can be applied. SKF developed a sealing system that prevents 
leakage of the pressurized hydrogen. A leakage bore and leakage detection system 
was installed additionally for safety reasons. The effective sample diameter (diame-
ter of the supporting sinter-disc) for the permeation measurement is 80mm. 
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Figure 3: Schematic view of high-pressure permeation test-cell [7] 

Table 3 shows the test parameters for the various candidate materials to investigate 
their permeation depending on pressure and temperature.  

Table 3: Test program for determination of permeation of candidate materials 

Material Temperature (°C) Pressure (bar) 

TPUs 0, RT, 50, 75°C 50, 400, 800 

EPDM RT, 75°C 50, 400, 800 

NBR 1 0, RT, 50, 75 50, 400, 800 

NBR 2 RT, 75°C 50, 400, 800 

 

3.4 Material compatibility tests to hydrogen including Tribology 

The topic of material compatibility to hydrogen gas was investigated in various ways. 
First, material samples were exposed to hydrogen 85°C and 1000bar pressure for 
168 hours. Mechanical properties of the materials were investigated both before and 
after the hydrogen exposure.  

In addition, an insitu-tribometer was developed by Bundesanstalt für Material-
forschung und -prüfung (BAM, Berlin, Germany), which allows the measurement of 
friction and wear under hydrogen atmosphere under a pressure of up to 100 bar. 
Pressurized tribo-experiments do allow the characterization of properties in pres-
ence of swelling, which was previously found to be critical for sealing materials [9,10]. 
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[11] gives a detailed description of the tribometer. It is designed as an insert in an 
autoclave made of stainless steel. Normal and frictional forces are measured using 
strain gauges that are attached to deformation bodies in a bridge circuit. Figure 4 
gives and overview of the test set-up. It uses a ball-on-disc configuration, where the 
ball is made of 316L stainless steel with a diameter of 6.0mm. The disk are respec-
tive samles of the sealing materials. A normal load of 5N, frequency of 10Hz and 
stroke of 2mm was found to be most suitable for stable operation for characterization 
of material fretting. A total of 20000 cycles was conducted per material, where the 
tests were performed in both reference environment (ambient air, moisture range 40-
50%), and in gaseous hydrogen (H2O content <500ppm), at both 1 bar and 100 bar 
pressure level. In order to investigate potential ageing effects of preceding hydrogen 
exposure on tribological behaviour, an additional tribological test setting was exe-
cuted for the rubber samples. These were tribo-tested after being pre-exposed to 
1000bar hydrogen for 168h at 85°C.  

 
Figure 4: Permeation-system test set-up [11] 

The following main results were evaluated for each material: average coefficient of 
friction for each condition, and wear volume, based on a 3D profile obtained with a 
3D profilometer (nanofocus, Oberhausen, Germany).  

4 Results and discussion 

4.1 Cold temperature flexibility 

Table 4 shows the results for the minimum temperature where pressure could be 
built-up in the cold temperature test rig for the example of TPU 1. This material 
shows glass transition temperature of -46.8°C, obtained with DSC, and a E’ onset 
temperature of -54.1 °C, obtained with dynamic mechanical analysis. It can be seen 
that activation is possible even below the E’ onset temperature which typically the 
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lower end where a seal can be activated in static sealing applications. In addition, 
the level of compression applied on the seal does affect the minimum activation tem-
perature as expected, where an increased compression reduces the minimum acti-
vation temperature.  

Table 4: Minimum temperature for sealing activation depending on compression of cross-
section on the example of TPU 1, nitrogen as medium, criteria: absence of leakage at a 

pressure of 875 bar for a minimum time of 5 minutes 
Compression (%) Minimum temperature for pressure 

build-up (°C) 
8.5 -55.3 
12.3 -57.3 
15.9 -63.3 

4.2 Permeation results 

This subchapter shows the results for permeation through sealing materials. Due to 
the fact that testing effort of these tests is high (roughly 24h for on data point) and 
the limitation that particularly rubbers could not be tested at the combination of high-
est pressure and highest temperature, a selection of pressure, temperature and ma-
terial was made and tested that is considered to representatively cover the material 
behaviour.  
Figure 5 (50 bar hydrogen test pressure) and Figure 6 (400 bar hydrogen test pres-
sure) show the temperature dependency of the hydrogen permeation, which is 
shown in (cm³ x cm / (cm² x s x bar)). All tested materials share an almost Arrhenius-
type dependency on temperature, which means that permeation at 75°C is roughly 
6 to 7 times as high compared to permeation at room temperature. Furthermore, a 
ranking for permeation through various materials can be done. While TPU 2 shows 
slightly higher hydrogen permeation compared to TPU 1, both polyurethanes show 
the lowest permeability, followed by NBR and EPDM. The plasticizer content of NBR 
2 does not seem to significantly influence the permeability, compared to NBR 1.  
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Figure 5: Hydrogen permeation results for different materials, obtained at 50 bar 

 

Figure 6: Hydrogen permeation results for different materials, obtained at 400 bar 
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Figure 7 shows the influence of pressure for the NBR materials, which are repre-
sentative for all investigated polymers. The pressure level was varied in the range of 
50 bar to 800 bar. It can be seen that rising pressure level reduces the permeability 
of the tested materials, however the effect is less pronounced than the temperature 
influence. A pressure increase of 750bar at room temperature roughly reduces the 
permeability by 50%.  

 
Figure 7: Influence of pressure on hydrogen permeation on the example of NBR 

4.3 Compatibility 

Table 5 and Table 6 show the change in properties of the investigated materials after 
storage in pressurized hydrogen, 2h after immersion and 48h after immersion. This 
was done to distinguish between physical effects such as reduction of density as 
consequence of hydrogen diffusion into the sealing material, and chemical ageing 
effects (e.g. hardening of rubbers). Comparing the hardness changes of both NBR 
and the EPDM rubber 2h after immersion and 48h after immersion, it can be seen 
that the initial decrease, which is correspondingly reflected in reduced density, is a 
fully reversible phenomenon and no longer measurable 48h after the exposure. It 
can therefore be assumed that the changes initially observed after the exposure are 
of physical nature and no chemical ageing phenomena could be observed. This is 
supported by the tensile properties, which show minor changes only. With the Poly-
urethanes TPU1 and TPU2, the effects of reduced hardness and density shortly after 
immersion could not be observed. While the amount of physical interaction (e.g. vol-
ume increase) under pressure is unknown as the autoclave in use had no window to 
assess volume changes in-situ, it is still an indication that the physical effects of 
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pressurized hydrogen on TPU is lower compared to EPDM and NBR rubbers. Like 
with the rubbers, both TPUs did not show any signs of chemical ageing, as property 
changes 48h after end of immersion were small and almost within measurement 
scattering.  

Table 5: Change of material properties measured 2h after exposure to Hydrogen at 1000bar, 
85°C for 168h 

 EPDM NBR1 NBR2 TPU1 TPU2 
Shore A Hardness -13 -8 -8 +0 -1 
Density -19.6 % -27.7 % -9.2 % -2.8 % -0.5 % 
Tensile strength +11.1 % -4.4 % 4.0 % -0.7 % -0.7 % 
Elongation at break -14.6 % -3.0 % -1.0 % 1.9 % 12.2 % 

 

Table 6: Change of material properties measured 48h after exposure to Hydrogen at 
1000bar, 85°C for 168h 

 EPDM NBR1 NBR2 TPU1 TPU2 
Shore A Hardness +0 +1 +0 +0 -1 
Density - +0.47 % +0.07 % -0.01 % -0.01 % 
Tensile strength +9.8 % +13.0 % -10.0 % +1.2 % -0.7 % 
Elongation at break -12.7 % +4.0 % -16.7 % +1.9 % +12.2 % 

 

4.4 Tribology 

This subchapter addresses the tribological fretting behaviour of the sealing materials 
in hydrogen atmosphere. Figure 8 shows the coefficient of friction obtained in the 
tribological experiment. It can bee seen that neither the pressure level, under which 
the tests are performed (1 bar and 100bar), nor the pre-exposure to pressurized 
hydrogen at elevated temperature, as was done for EPDM and the NBRs, has a 
significant negative impact on the obtained coefficient of friction. While EPDM shows 
a slight increase in friction with hydrogen atmosphere, NBRs and TPUs show a slight 
reduction compared to the reference measurement in ambient air.  
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Figure 8: Coefficient of friction obtained in tribological experiments under different media and 

pressures 

Figure 9 shows the wear volume resulting of the respective tribological experiments. 
For this result, no negative impact of the hydrogen atmosphere could be found on 
any of the materials: All wear results obtained under hydrogen were either equal or 
lower compared to the reference measurement in ambient air, but always in the 
same range. The main finding was the strong influence of the material polymer: As 
expected, both polyurethanes show their well-known superior wear resistance, and 
particularly under hydrogen atmosphere, showed wear results an order of magnitude 
below the next best material. Like with the other results shown in this paper, NBR 2 
containing a plasticizer showed comparable results to its corresponding NBR 1 coun-
terpart without plasticizer. Both NBRs showed wear still on a low level, particularly 
when compared to EPDM, for which the highest wear level was obtained by far, 
independent of hydrogen pressure or pre-exposure. Still, this is not an interaction 
caused by the hydrogen, as the reference test in air atmosphere showed very com-
parable results.  
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Figure 9: Wear volume obtained in tribological experiments under different media and pres-

sures  

5 Summary and Conclusion 

The experiments to determine the minimum temperature where a seal can be acti-
vated show that the glass-transition temperature is a good indicator for an estimation 
of this temperature. However, the variation of cross-sectional compression showed 
that in this temperature range, tolerances are of significant importance and need to 
be considered for reliable functionality of a seal.  

The measurements of permeability showed that permeation decreases with rising 
pressure level and increases with rising temperature level. Thereby, the effect of 
temperature is much more pronounced: an increase in temperature from room tem-
perature to 75°C leads to a roughly 7 times increase in permeation, whereas an 
increase of pressure by 750bar only reduced the permeation by about 50%. It could 
be clearly observed that material-wise, the applied polymer has the main influence. 
TPU 1 and TPU 2 showed to lowest permeability, followed by NBR and EPDM. While 
NBR 2 containing 10phr of plasticizer did show a minor increase in permeation com-
pared to NBR 1, the effect was comparably small and likely irrelevant for any appli-
cation.  

Immersion tests where material samples were exposed to 1000 bar hydrogen at 
85°C for 168h revealed that none of materials showed signs of chemical ageing. 
Both NBR and EPDM showed significant reduction in hardness and density when 
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being tested 2 hours after the immersion, which is likely caused by physical interac-
tion of the hydrogen diffusing into the rubber materials. Tests 48h after the immersion 
confirmed that these changes in hardness and density were fully reversible. While a 
small reduction in density was also measurable with the TPUs 2h after immersion, 
the effect was significantly smaller compared to the rubbers.  

The tribological experiments showed that hydrogen atmosphere, at both 1 bar pres-
sure and 100 bar pressure, did not have a negative impact on any of the 5 tested 
materials and resulting coefficients of friction as well as wear volume were in the 
range of the reference experiment in ambient air. However, EPDM by far showed 
the highest wear volume, whereas both TPU grades could demonstrate their out-
standing wear resistance. Like observed with other properties, the plasticizer in 
NBR 2 did only show a marginal effect on the tribological behaviour, which is much 
smaller than the effect of the polymer itself.  

To summarize, all 5 tested material grades are generally suitable for hydrogen ap-
plications. While none of the materials showed chemical ageing in hydrogen atmos-
phere, EPDM showed higher permeation, loss of hardness caused by hydrogen dif-
fusion, and wear volume compared to the other materials. Both TPUs showed ex-
cellent performance in all investigations and are therefore considered to be an ex-
cellent choice for sealing applications in pressurized hydrogen.  
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