FAT-Schriftenreihe 351
Compatibility of polymers for fuel cell automobiles

Compatibility of polymers for fuel cell automobiles

Forschungsstelle
Max-Planck-Insitut für Polymerforschung
Prof. Katharina Landfester / Dr. Svenja Morsbach / Dr. Kai Zhang

Das Forschungsprojekt wurde mit Mitteln der Forschungsvereinigung
Automobiltechnik e.V. (FAT) gefördert.

Final report for the research cooperation FAT – MPIP
„Compatibility of polymers for fuel cell automobiles”
Prof. Katharina Landfester / Dr. Svenja Morsbach / Dr. Kai Zhang

Content:
1.

General objectives........................................................................................................................................... 2

2.

Sample Overview ............................................................................................................................................ 3

3.

4.

2.1

Identified Materials.................................................................................................................................. 3

2.2

Treatment conditions .............................................................................................................................. 3

Results and Discussion ................................................................................................................................... 4
3.1

Morphological characterization ............................................................................................................... 4

3.2

Chromatographic characterization ........................................................................................................ 21

3.3

Thermal characterization ...................................................................................................................... 25

3.4

Characterization of mechanical properties............................................................................................ 38

3.5

Chemical analysis (NMR) ..................................................................................................................... 42

3.6

H2 adsorption ........................................................................................................................................ 51

Experimental Section..................................................................................................................................... 53
4.1

Sample treatment (storage conditions) ................................................................................................. 53

4.2

Materials ............................................................................................................................................... 53

4.3

SEM ...................................................................................................................................................... 53

4.4

GPC ...................................................................................................................................................... 54

4.5

DSC ...................................................................................................................................................... 54

4.6

TGA ...................................................................................................................................................... 55

4.7

Mechanical characterization ................................................................................................................. 55

4.8

Solid-state NMR.................................................................................................................................... 55

4.9

BET....................................................................................................................................................... 56

5.

Conclusion..................................................................................................................................................... 56

6.

References .................................................................................................................................................... 59

1

1. General objectives
The general aim of the project was to identify suitable methods for the characterization of polymer
materials in fuel cell automobiles. Within the current architecture of fuel cell automobiles, polymers
are applied in various places such as seals in the form of O-rings or polymer liners. Upon sustained
contact with hydrogen, different aging processes can occur, which potentially lead to hydrogen
leakage and, thus, pose significant security risks. Therefore, it is of utmost importance to develop a
set of obligatory specifications for the used materials, potentially resulting in standardization
guidelines or legal regulations for the automobile industry.
In this context, different physical and chemical analysis methods should be utilized to allow for a prescreening of polymers after accelerated aging conditions in contact with hydrogen. Ultimately, they
should give information about possible tests for standardization and regulatory aspects.
The applied characterization methods (as well as potential method developments/advancements)
should be evaluated concerning the following factors:
- operation effort
- reproducibility
- resources
- significance and robustness
In a first step, suitable polymer material samples should be defined (covering a range of different
materials and sample shapes/species). Secondly, treatment conditions for an accelerated aging
process in hydrogen atmosphere should be set up. This should include the characterization of the
initial thermal stability of samples to ensure that the materials are not compromised due to elevated
temperatures. Subsequently, all samples should undergo hydrogen aging treatment. All samples are
analyzed before and after the treatment and all possible changes are evaluated.
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2. Sample Overview
2.1 Identified Materials
Within the project group, several typical polymer materials were identified. These materials include 1)
thermoplastic polyurethane (TPU), 2) polyether ether ketone (PEEK), 3) polyurethane (PU), and 4)
fluoroelastomer (FKM). Additionally, two different sample species were selected: shouldered test
bars/flat cut specimen and O-rings. The following list includes the overview about all characterized
samples:
Table 2.1. List of samples and materials included in the project
Sample ID

Sample description

FAT_001

TPU – shouldered test bars + flat cut specimen

FAT_002

PEEK – shouldered test bars

FAT_003

PU – O-rings (blue)

FAT_004

PU – O-rings (turquoise)

FAT_005

FKM – O-rings

2.2 Treatment conditions
Treatment with hydrogen should be done under increased pressure and elevated temperature
conditions to accelerate the potential aging process and make changes detectable within
experimentally reasonable timeframes. Thus, all samples were subjected to thermogravimetric
analysis prior to the aging treatment to determine their respective decomposition temperatures
(detailed results see section 3.3) in N2 or synthetic air atmosphere. For all samples, it was found that
decomposition only occurred above a temperature of 200 °C or higher. Accordingly, the parameters
for incubation in hydrogen were fixed as follows:
T = 80 °C, p = 85 bar, t = 335 hours
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3. Results and Discussion
All samples were subjected to several characterization techniques before and after H 2 incubation
treatment. To evaluate different aspects of possible changes, the sample morphology, molecular
weight, thermal properties, rheological behavior, H2 absorption and chemical composition were
determined.

3.1 Morphological characterization
For morphological characterization of the samples before and after hydrogen incubation, scanning
electron microscopy (SEM) imaging was conducted on all samples in two different ways. First the
surface of each sample (i.e. the hydrogen contact area) was imaged at different magnifications.
Second, the freeze fracture surface of all samples was inspected by SEM. For this, samples were
cooled in liquid nitrogen and subsequently mechanically broken. The fracture surface was imaged at
different magnifications.
Figure 3.1 shows the sample surface of FAT_001 (TPU) before and after hydrogen incubation. Before
hydrogen treatment the surface was relatively smooth with minor roughness in the lower micrometer
range. After hydrogen incubation, the roughness of the surface increased significantly, indicating a
substantial reaction to the incubation conditions. In principle, this could either be a result of material
compression due to the high pressure or material that was ‘washed out’ from in between the
micrometer sized particles. However, it seems unlikely that under hydrogen atmosphere PU material
would be washed out. Rather, this could potentially be attributed to the different hardness of the PU
segments, meaning that softer segments in the material might be compressed to a higher degree
than the hard segments. In this case, the recorded effect might not be specific to hydrogen incubation
but also occur in other atmospheres. For future investigations, a control/reference experiment should
be performed by e.g. comparing to incubation in nitrogen atmosphere under the same conditions.
In figure 3.2, images of the freeze fracture surfaces of the same samples are shown. Both, before
and after the hydrogen incubation, small pores are visible throughout the material, which might be
result of the manufacturing process. The general appearance of the material did not change after
hydrogen treatment, indicating an overall effect only on the sample surface.
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Figure 3.1. Scanning electron microscopy (SEM) images of the sample surface of FAT_001 (TPU)
before (A, C, E) and after hydrogen incubation (B, D, F) shown at different magnifications.
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Figure 3.2. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample
FAT_001 (TPU) before (A, C, E) and after hydrogen incubation (B, D, F) shown at different
magnifications.
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Figure 3.3. Scanning electron microscopy (SEM) images of the sample surface of FAT_002 (PEEK)
before (A, C, E) and after hydrogen incubation (B, D, F) shown at different magnifications.
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Figure 3.4. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample
FAT_002 (PEEK) before (A, C, E) and after hydrogen incubation (B, D, F) shown at different
magnifications.
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Figure 3.3 shows images of the sample surface of FAT_002 (PEEK) before and after hydrogen
incubation. In both cases, irregular creasing can be detected probably stemming from the sample
manufacturing process. After the hydrogen treatment, in some areas cracks were found on the
surface. In all cases, the edges of the cracks were rather smooth. This might suggest, that the cracks
were already present in the material before the hydrogen incubation. However, this is not completely
clear, since the imaging was performed on two different sample specimen. For future investigations,
we suggest to image the same sample specimen before and after the hydrogen treatment.
In figure 3.4, freeze fracture surfaces of the same sample FAT_002 are shown before and after
hydrogen incubation. The material shows a roughness on the nanometer scale, but no significant
differences can be found in the two sample types. This also suggests that any changes potentially
resulting from hydrogen contact might only concern the sample surface.
Figure 3.5 shows the sample surface of FAT_003 (PU) before and after hydrogen incubation. The
sample surface in both cases contains regular indentations (spacing of roughly 150 µm) from the
manufacturing of the O-ring. Apart from this, the material surface appeared very smooth and did not
change before and after the hydrogen treatment.
In contrast, in figure 3.6 the freeze fracture surface of the material shown present a different result.
Before hydrogen incubation, seemingly crystalline domains spanning several tens of micrometers
could be found throughout the material with small nanometer sized particles probably acting as seed
crystals. After hydrogen incubation, these crystalline domains cannot be distinguished anymore.
However, the small particles were still visible. This suggests that a physical rearrangement of the
polymer might have occurred throughout the whole material, while the surface roughness of the
sample was unaffected.

9

Figure 3.5. Scanning electron microscopy (SEM) images of the sample surface of FAT_003 (PU)
before (A, C, E) and after hydrogen incubation (B, D, F) shown at different magnifications.
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Figure 3.6. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample
FAT_003 (PU) before (A, C, E) and after hydrogen incubation (B, D, F) shown at different
magnifications.
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Figure 3.7. Scanning electron microscopy (SEM) images of the sample surface of FAT_004 (PU)
before (A, C, E) and after hydrogen incubation (B, D, F) shown at different magnifications.
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Figure 3.8. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample
FAT_004 (PU) before (A, C, E) and after hydrogen incubation (B, D, F) shown at different
magnifications.
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Figure 3.7 shows the images of the sample surface of sample FAT_004 (PU) before and after
hydrogen incubation. Similar to sample FAT_003, the same indentations were visible, but the
hydrogen treatment had no obvious effect on the appearance of the sample surface.
Again, a different behavior was observed in the images of the sample freeze fracture surfaces. In
Figure 3.8, the same crystalline domains could be found on the sample material before hydrogen
contact, as shown before in figure 3.6. Similarly, after hydrogen treatment, these crystalline domains
could not be detected anymore. Taken together, the materials present in samples FAT_003 and
FAT_004 behaved in a similar way, meaning that also the overall chemical composition probably did
not differ significantly.
Figure 3.9 shows the images taken of the sample surface from sample FAT_005 (FKM) batch 1.
Additionally, images were recorded from a second batch after hydrogen incubation, to compare the
behavior of two different O-ring lots. The surface of the material shows roughness on the nanometer
scale in all cases (before and after hydrogen treatment), indicating the presence of a high amount of
particles. Based on the contrast, the particles seemed to be of inorganic origin. The hydrogen
treatment did not yield in any significant changes of the material surface.
In figure 3.10, the freeze fracture surfaces of the same samples of FAT_005 are shown. Again, the
comparison of two different batches after hydrogen treatment is provided. Also in the fracture
surfaces, the high amount of inorganic particles can be seen. However, again no significant effect of
the hydrogen treatment could be detected. Additionally, larger micrometer sized crystalline domains
became visible in the second batch of the provided O-rings. This strongly indicated a significant
degree of batch-to-batch variation regarding the material composition.
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Figure 3.9. Scanning electron microscopy (SEM) images of the sample surface of FAT_005 (FKM) before (A, D, G) and after hydrogen incubation (B,
E, H) for batch 1 shown at different magnifications. Additionally, images for a second batch (C, F, I) taken after hydrogen incubation are shown.
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Figure 3.10. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample FAT_005 (FKM) before (A, D, G) and after hydrogen
incubation (B, E, H) for batch 1 shown at different magnifications. Images for a second batch taken after hydrogen incubation are shown in (C, F, I).
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To clarify the nature of present inorganic particles in the sample FAT_005, additionally EDX spectra
were recorded from the areas imaged via SEM. The obtained results before and after hydrogen
contact, as well as for the second sample batch are shown in figures 3.11, 3.12 and 3.13, respectively.
In the spectra recorded for FAT_005 batch 1 significant amounts of carbon and fluorine could be
detected, which can be expected for the FKM material. Additionally, especially co-located with the
detected particles, high amounts of oxygen and zinc were detected, suggesting zinc oxide as an
inorganic filler material. Again, no significant changes related to the incubation with hydrogen could
be found. Regarding the composition of the O-ring from batch 2, the same organic elemental
composition was found. However, the inorganic components in that case was found to be calcium
instead of zinc, suggesting a different filler material. From the conducted measurements, it is not clear
how the change of the inorganic filler material might affect the stability against hydrogen, but it strongly
indicates that results from one batch should be verified across different lots.
In summary, the conducted SEM measurements indicate that sample imaging is a very useful tool to
obtain a first idea about the morphological changes associated with hydrogen treatments. Ideally, it
should be ensured that the same sample specimen is used for imaging before and after the incubation
to rule out potential differences stemming from the manufacturing process. Electron microscopy
provides a very detailed view on the samples, but is rather demanding in terms of resources. Other
microscopy methods might provide easier access to fast imaging, but not be suitable for very precise
analysis.
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Figure 3.11. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample
FAT_005 (FKM) batch 1 before hydrogen incubation together with results from EDX analysis. A)
Image of analyzed sample area with the spot marked for recording of EDX spectrum in green. B) EDX
spectrum corresponding to spot EDX1 marked in A). C) Overview of sample area used for recording
of EDX spectrum and heatmap. D) EDX spectrum corresponding to sample area shown in C). E)
Heatmap of the detection of Zn in the sample area shown in C).
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Figure 3.12. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample
FAT_005 (FKM) batch 1 after hydrogen incubation together with results from EDX analysis. A) Image
of analyzed sample area with the spots marked for recording of EDX spectrum in green. B) EDX
spectrum corresponding to spot EDX7 marked in A). C) Overview of sample area used for recording
of EDX spectrum and heatmap. D) EDX spectrum corresponding to sample area shown in C). E)
Heatmap of the detection of Zn in the sample area shown in C).
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Figure 3.13. Scanning electron microscopy (SEM) images of the freeze fracture surface of sample
FAT_005 (FKM) batch 2 after hydrogen incubation together with results from EDX analysis. A) Image
of analyzed sample area with the spots marked for recording of EDX spectrum in green. B) EDX
spectrum corresponding to spot EDX1 marked in A). C) Overview of sample area used for recording
of EDX spectrum and heatmap. D) EDX spectrum corresponding to sample area shown in C). E)
Heatmap of the detection of Ca in the sample area shown in C).
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3.2 Chromatographic characterization
For all samples, which show sufficient solubility in a solvent suitable for chromatography,
characterization of the relative molecular weights can be performed by gel permeation
chromatography (GPC). For the obtained samples, this was the case for TPU and PU samples, which
were soluble or partly soluble in tetrahydrofuran (THF). The first sample FAT_001 (TPU) was
completely soluble at room temperature before and after H2 incubation and yielded monomodal size
distribution curves (see figure 3.14). The molecular weight was calculated relative to linear

RI signal baseline corrected / a.u.

polystyrene standards and is shown in table 3.1 for comparison.
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Figure 3.14. GPC elution profile of FAT_001 (TPU) in THF before (blue line) and after H2 incubation
(red line).
Table 3.1. Molecular weight properties of FAT_001 (TPU) determined via GPC in THF before and
after H2 incubation.
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Before H2 incubation

After H2 incubation

Mn / g mol-1

68,500

81,000

Mw / g mol-1

133,400

143,400

Đ

1.95

1.77

According to the elution profile and obtained molecular weights, no significant change could be
detected due to the H2 treatment. Variations of the parameters are within accuracy of the method.
Since the sample was completely soluble before and after the treatment, it is safe to conclude that
the majority of the sample mass did not change regarding the polymer chain lengths and distribution.
The second sample FAT_003 (PU) was only partly soluble at room temperature before H2 incubation
(for the insoluble part, sample swelling was visible). After H2 incubation, the solubility increased but
still the sample was not fully soluble. In both cases, the soluble part was filtered and measured. The
GPC measurement again yielded monomodal size distribution curves (see figure 3.15). The molecular
weight was again calculated relative to linear polystyrene standards and is shown in table 3.2 for

UV signal (254 nm) baseline corrected / a.u.

comparison.
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Figure 3.15. GPC elution profile of FAT_003 (PU) in THF before (blue line) and after H 2 incubation
(red line).
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Table 3.2. Molecular weight properties of FAT_003 (PU) determined via GPC in THF before and after
H2 incubation.
Before H2 incubation

After H2 incubation

Mn / g mol-1

53,500

34,900

Mw / g mol-1

214,000

85,700

Đ

4.00

2.45

From the elution profiles in figure 3.15, it can be seen that the molecular weight of the soluble fraction
of PU changed significantly. After H2 treatment, the molecular weights are substantially smaller than
before the treatment (higher elution times = lower molecular weight). This is supported by the
calculated molecular weight values, which are approximately decreased by half after the treatment.
Since the change is substantial, it can be assumed that a change occurred throughout the whole
material, which is in line with the observations made during morphological characterization. However,
it should be noted that only the soluble fraction of the sample was characterized, so that information
about changes in the non-soluble fraction could not be obtained. As it is unlikely that substantial
changes in the chemical structure have occurred, the obtained differences might mainly result from a
different solubility behavior due to physical/physico-chemical changes like broken down polymer
chains or different intermolecular interactions after the compression.
The third sample FAT_004 (PU) was also only partly soluble at room temperature before H2 incubation
(for the insoluble part, sample swelling was visible). After H2 incubation, the solubility remained
roughly similar. In both cases, the soluble part was filtered and measured. The GPC measurement
yielded size distribution curves with several peaks (see figure 3.16), but with very low UV signal. For
the molecular weight determination, only the high Mw peak was evaluated as the other peaks do not
represent polymer material. The molecular weight was again calculated relative to linear polystyrene
standards and is shown in table 3.3 for comparison.
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Figure 3.16. GPC elution profile of FAT_004 (PU) in THF before (blue line) and after H 2 incubation
(red line).
Table 3.3. Molecular weight properties of FAT_004 (PU) determined via GPC in THF before and after
H2 incubation.
Before H2 incubation

After H2 incubation

Mn / g mol-1

15,700

21,615

Mw / g mol-1

31,800

48,115

Đ

2.03

2.23

Viewing the elution profiles shown in figure 3.16, no significant differences between the samples
FAT_004 before and after H2 incubation were found. For both samples, very low molecular weight
species could be detected along with the main polymer peak. These low Mw peaks were outside of
the calibration curve and ran into the solvent peaks. Thus, they probably result from small molecule
additives with high UV activity. The molecular weight values listed in table 3.3 are similar within the
accuracy of the measurement.
For the samples FAT_002 (PEEK) and FAT_005 (FKM), no suitable sample preparation for GPC
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could be performed. Depending on the material properties, PEEK can be dissolved in hot
dichloroacetic acid and then diluted with chloroform to obtain a final sample concentration of 2 g/L.
Then, the sample can be injected and measured with an eluent containing 80 vol% chloroform and
20 vol% dichloroacetic acid.[1] However, in this case, no solubility in hot dichloroacetic acid was
achieved for FAT_002 before and after H2 incubation, so that characterization via GPC was not
possible. Similarly, fluoroelastomers can in principle be dissolved in DMF containing 1 g/L LiBr at
elevated temperatures (in this case 80 °C) and measured in the same solvent.[2] Also for this
procedure, no significant solubility could be achieved for the samples under investigation (FAT_005)
before and after H2 incubation.
In summary, it can be concluded that GPC is a valid method to determine material changes after H2
treatment as long as sample solubility in the desired solvents can be achieved. Then, detected
molecular weight changes can give hints about the processes taking place during the treatment. For
example, a decrease of the molecular weight as observed for FAT_003, suggests a polymer
degradation taking place to a certain extent or a changed material solubility due to the compression
during the incubation process. To clarify whether these changes are a result of contact to hydrogen
or also occur in other atmospheres, control experiments should be performed. For materials that
possess a high stability against any kind of solvent or other aggressive chemicals, GPC is not a
method of choice to evaluate material properties.

3.3 Thermal characterization
Thermal characterization methods give important hints about the properties of a polymer material and
allow conclusions about its structure. Accordingly, in thermogravimetric analysis (TGA), the
decomposition temperatures and associated mass loss of polymers can be determined in different
gas atmospheres. Like this, the role of e.g. oxygen during the decomposition can be assessed. In
addition, thermal conversions can be detected with differential scanning calorimetry (DSC) – including
melting points and glass transition temperatures. These characteristic material properties depend
highly on the chemical structure and crystallinity in the sample.
Thus, each sample was first subjected to TGA and to DSC analysis as described in the experimental
section. The obtained TGA results for sample FAT_001 (TPU) before and after H2 incubation are
shown in figure 3.17 and table 3.4.
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Figure 3.17. TGA curves of FAT_001 (TPU) before and after H2 incubation measured in N2 or
synthetic air atmosphere normalized to initial sample mass.
Table 3.4. Detected decomposition steps and associated mass loss in TGA for FAT_001 as
determined from inflection points of thermograms reported in figure 3.17. Significant changes after H2
incubation are marked in light red for clarity.

N2

Air

Decomposition steps

Before H2 incubation

After H2 incubation

T1 (assoc. mass loss)

339 °C (19%)

368 °C (88%)

T2 (assoc. mass loss)

388 °C (71%)

622 °C (8%)

T1 (assoc. mass loss)

339 °C (77%)

336 °C (78%)

T2 (assoc. mass loss)

549 °C (16%)

547 °C (17%)

From the obtained thermograms, it can be observed that FAT_001 shows two distinct decomposition
steps in N2 as well as in air. In N2, these steps are significantly different after incubation in H2, while
in air they remain unchanged. In general, the material properties of TPU depend highly on the nature
of hard and soft segments in the polymer. The hard segment is usually composed of the diisocyanate
component, which can be aromatic or aliphatic. The soft segment is more variable and contains the
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diol component, which is mostly introduced as a polyol (polyether or polyester depending on
application) and can vary in chain length. The decomposition processes occurring are accordingly
influenced by the ratio and chemical structure of hard and soft segment as well as the type of polyol
used. During thermal degradation, the urethane bond can degrade in various ways involving e.g. the
dissociation into isocyanate and alcohol or the elimination of CO2 yielding a primary or secondary
amine. In literature, degradation ranges of ~300 to ~450 °C are reported in N2, with higher degradation
temperatures for TPU with higher fractions of hard segments.[3-6] This is also the case for the
examined sample FAT_001, which exhibits two degradation steps in this range. According to the
given literature references, the first step corresponds mainly to the liberation of CO2, while in the
second step H2O, HCN and other small molecules might be released. In synthetic air, an additional
degradation step between 500-600 °C was reported previously, which is also in line with the here
obtained results.[3] This step presumably corresponds to further decomposition of the previously
formed char in the presence of oxygen. After H2 incubation, only one degradation step was observed
under N2 for FAT_001, which could indicate that the two previous decomposition processes took place
at similar temperature due to a changed nature of the segments or that the type of decomposition
reaction has changed. Both scenarios include the precondition that changes throughout the material
occurred. Additionally, a new degradation step at even higher temperatures occurred (>600 °C),
leading to an overall higher mass loss (96%) vs. the thermal degradation before H2 treatment (90%).
Next, the samples were analyzed with DSC as shown in Figure 3.18. In both samples, a similar
heating curve was obtained, yielding a glass transition temperature Tg of -47 °C. A Tg below 0 °C can
be attributed to the soft segment of the polymer, while potential glass transition temperatures of the
hard segment should occur at much higher temperatures.[4-6] In addition, the change in heat capacity
Δcp can be determined for the glass transition points. For FAT_001, values of 0.477 J g -1 K-1 before
and 0.656 J g-1 K-1 after hydrogen incubation were obtained, which presents a significant difference.
Generally, lower Δcp values indicate a higher degree of crystallinity throughout the sample. Without
exact knowledge about the chemical composition it is, however, very hard to interpret the obtained
changes. Finally, other significant phase transitions than the Tg at low temperatures could not be
observed indicating a high crystallinity of the hard segment. Thus, we cannot conclude anything about
changes occurring during H2 treatment in the hard segment.
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Figure 3.18. DSC melting curves (heat rate 10 K min-1) of FAT_001 (TPU) before (blue) and after H2
incubation (red).
Similar to the analysis of sample FAT_001, also the PEEK material (FAT_002) was subjected to TGA
measurements. Figure 3.19 shows the obtained decomposition curves before and after hydrogen
incubation under different atmosphere. Temperatures and associated mass loss of each
decomposition step are listed in table 3.5. PEEK in general shows two distinct decomposition steps
independent from the different conditions. Under N2 atmosphere, a significant amount of char
formation was observed, meaning that roughly only 50% of mass loss was detected. This behavior
corresponds to the observations reported in literature and is a result of the high degree of aromatic
groups in the main polymer chain.[7] The onset of decomposition generally occurred roughly from
575 °C on. As a main mechanism degradation during the first decomposition step, random chain
scission of ether and ketone bonds reported. Products of this step are mainly phenol, CO and CO2.[8,
9] At higher temperatures under N2, the formation of radical intermediates and further decomposition
of these was reported. In air, the second decomposition step is attributed to oxidation of the
carbonaceous char formed in the first decomposition step. Comparing the materials before and after
H2 treatment, the only significant change that was found, corresponds to a higher stability of the
material under N2 in the second decomposition step. Here, less mass loss was detected at a higher
decomposition temperature. The reason for this effect has to be further examined in additional
experiments.
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Figure 3.19. TGA curves of FAT_002 (PEEK) before and after H2 incubation measured in N2 or
synthetic air atmosphere normalized to initial sample mass.
Table 3.5. Detected decomposition steps and associated mass loss in TGA for FAT_002 as
determined from inflection points of thermograms reported in Figure 3.19.

N2

Air

Decomposition steps

Before H2 incubation

After H2 incubation

T1 (assoc. mass loss)

592 °C (35%)

592 °C (39%)

T2 (assoc. mass loss)

650 °C (16%)

727 °C (4%)

T1 (assoc. mass loss)

589 °C (31%)

589 °C (31%)

T2 (assoc. mass loss)

653 °C (63%)

659 °C (62%)

Subsequently, thermal conversions occurring the sample were analysed via DSC. In figure 3.20, the
melting curves before and after hydrogen incubation are shown. In both experiments, one main phase
transition, corresponding to a melting point of 339 °C before and 340 °C after the treatment, was
observed. This exactly matches the literature reported melting point of 339 °C determined at 10 K
min-1.[10] Here, it can be concluded that the thermal properties of the material were not affected by
the hydrogen incubation procedure.
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Figure 3.20. DSC melting curves (heat rate 10 K min-1) of FAT_002 (PEEK) before (blue) and after
H2 incubation (red).
As described above, TGA measurements were next performed on the sample FAT_003 (PU). The
obtained decomposition curves are shown in figure 3.21 together with the corresponding
temperatures and mass loss fractions in table 3.6. Generally, similar degradation steps and
temperatures as for sample FAT_001 were found. Degradation under N 2 took place in two distinct
decomposition steps as seen before in a temperature range between 300-450 °C. In air, a third step
could be detected. Changes due to the hydrogen incubation are mainly visible in the measurements
under N2 atmosphere. Here, significantly less mass loss was found during the first decomposition
step, leading to an overall mass loss of only 70% versus 92% before the hydrogen treatment. Minor
differences can also be found in the high temperature regime under air, referring to the number of
distinguishable steps. Interestingly, these measurements suggest a higher thermal stability of the
material after hydrogen incubation.
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Figure 3.21. TGA curves of FAT_003 (PU) before and after H2 incubation measured in N2 or synthetic
air atmosphere normalized to initial sample mass.
Table 3.6. Detected decomposition steps and associated mass loss in TGA for FAT_003 as
determined from inflection points of thermograms reported in Figure 3.21.

N2

Air

Decomposition steps

Before H2 incubation

After H2 incubation

T1 (assoc. mass loss)

348 °C (40%)

353 °C (15%)

T2 (assoc. mass loss)

425 °C (52%)

421 °C (55%)

T1 (assoc. mass loss)

347 °C (31%)

341 °C (32%)

T2 (assoc. mass loss)

448 °C (39%)

427 °C (39%)

T3 (assoc. mass loss)

555 °C (25%)

559 °C (18%)

T4 (assoc. mass loss)

-

621 °C (3%)

Again, the sample FAT_003 was subjected to thermal analysis via DSC. The obtained melting curves
are shown in figure 3.22. Both melting curves before and after hydrogen incubation show a very
similar thermal behavior. As a main phase transition, a glass transition point at -68°C and -71 °C,
respectively, was detected, which is also in line with the Tg determined for FAT_001. Also, the change
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of heat capacity Δcp was determined and yielded values of 0.332 J g-1 K-1 before and 0.342 J g-1 K-1
after hydrogen treatment, which can be considered as similar. This means that, within the accuracy
of the measurement, no significant changes of the thermal properties were found. Several other minor
phase transitions were detected as well, probably resulting from additives. These were as well similar
under both conditions.
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Figure 3.22. DSC melting curves (heat rate 10 K min-1) of FAT_003 (PU) before (blue) and after H2
incubation (red).
FAT_004 was analysed as a next step similar to FAT_003 being composed of the same sample
material. The temperature range of detected decomposition steps shown in figure 3.23 and table 3.7
corresponds to the one detected for FAT_003, but the individual steps took place at slightly different
temperatures with different associated mass loss. This indicates a different chemical composition of
the PU material. Indeed, the decomposition profile is more similar to the one of FAT_001. Changes
after hydrogen incubation were only recorded in synthetic air atmosphere. Also here, decomposition
steps two and three were shifted to slightly higher temperatures with less overall mass loss,
corresponding to a higher thermal stability of the material.
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Figure 3.23. TGA curves of FAT_004 (PU) before and after H2 incubation measured in N2 or synthetic
air atmosphere normalized to initial sample mass.
Table 3.7. Detected decomposition steps and associated mass loss in TGA for FAT_004 as
determined from inflection points of thermograms reported in figure 3.23.

N2

Air

Decomposition steps

Before H2 incubation

After H2 incubation

T1 (assoc. mass loss)

356 °C (28%)

355 °C (26%)

T2 (assoc. mass loss)

406 °C (64%)

400 °C (65%)

T1 (assoc. mass loss)

360 °C (31%)

348 °C (37%)

T2 (assoc. mass loss)

405 °C (42%)

415 °C (36%)

T3 (assoc. mass loss)

544 °C (23%)

569 °C (16%)

DSC analysis of the sample FAT_004 yielded the thermal sample properties before and after
hydrogen incubation shown in figure 3.24. As expected, also in this material glass transition
temperatures of -55 °C and -52 °C, respectively, were recorded. The change of heat capacity Δcp
was determined to be 0.278 J g-1 K-1 before and 0.159 J g-1 K-1 after hydrogen incubation, presenting
a significant difference regarding the sample crystallinity. However, from the morphological
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characterization, the opposite trend could have been expected (lower crystallinity after incubation).
Additionally, as another main phase transition, a melting point of 229 °C before and 230 °C after
hydrogen treatment was determined. Again, for all phase transitions, no influence of the hydrogen
incubation was found.
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Figure 3.24. DSC melting curves (heat rate 10 K min-1) of FAT_004 (PU) before (blue) and after H2
incubation (red).
As a last sample, FAT_005 composed of FKM material was analysed regarding the decomposition
steps upon thermal treatment. Corresponding curves are shown in figure 3.25 together with the
recorded values in table 3.8. For this type of material, three different decomposition steps were found
under N2 as well as under air atmosphere. The main step under N2 was the second decomposition
step, while under air, the third step introduced another significant part of degradation reactions. In
literature, usually one single decomposition step in N2 is reported in the range of 430 – 500 °C,
depending on the monomer composition. [11, 12] The occurring degradation processes are described
to be very complex, but can generally be divided in to two main routes: decomposition of chain carbon
bonds (main) and decomposition by splitting off hydrogen and fluorine as HF (secondary).[13] During
thermal treatment, the oxidation of C-F bonds might take place in the presence of oxygen as described
in literature.[14] This could lead to the generation of carboxylic groups and subsequently further
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oxidation to CO2. In the TGA curves shown in figure 3.25, this process might correspond to the third
main degradation step in synthetic air.
Changes after hydrogen treatment were not found for the degradation under N 2, but for the
decomposition in the high temperature regime under air, indicating that the occurring oxidation
reactions might have changed. Additionally, the two sample batches received after hydrogen
treatment were compared as well, yielding no significant differences in their thermal decomposition
behavior.

FAT005_N2
FAT005_Clausthal_H2_N2
FAT005_Bosch_H2_N2
FAT005_air
FAT005_Clausthal_H2_air
FAT005_Bosch_H2_air

100

mass / %

75

50

25

0
200

400

600

800

T / °C

Figure 3.25. TGA curves of FAT_005 (FKM) before and after H2 incubation measured in N2 or
synthetic air atmosphere normalized to initial sample mass.
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Table 3.8. Detected decomposition steps and associated mass loss in TGA for FAT_005 as
determined from inflection points of thermograms reported in figure 3.25.
Decomposition steps
N2

Air

Before H2 inc.

After H2 inc.

After H2 inc. batch 2

T1 (assoc. mass loss) 434 °C (8%)

434 °C (6%)

434 °C (6%)

T2 (assoc. mass loss) 491 °C (44%)

490 °C (45%)

490 °C (44%)

T3 (assoc. mass loss) 561 °C (4%)

561 °C (5%)

561 °C (5%)

T1 (assoc. mass loss) 440 °C (5%)

425 °C (7%)

424 °C (6%)

T2 (assoc. mass loss) 492 °C (48%)

491 °C (47%)

490 °C (47%)

T3 (assoc. mass loss) 588 °C (37%)

544 °C (4%)

544 °C (5%)

T4 (assoc. mass loss) -

630 °C (34%)

605 °C (34%)

Finally, also the thermal phase transitions occurring in FKM were determined via DSC, before and
after hydrogen treatment. As shown in figure 3.26, the main reported phase transition was a glass
transition temperature at -54 °C before H2 as well as -54 °C (batch 1) and -53 °C (batch 2) after H2.
These temperatures did not change significantly related to the hydrogen incubation. The
determination of change in heat capacity Δcp yielded values of 0.148 J g-1 K-1 before and 0.080 J g-1
K-1 (batch 1) as well as 0.089 J g-1 K-1 (batch 2) after hydrogen incubation. Again, a significant
decrease was found, which is similar for both obtained batches (assuming a similar value for batch 1
and 2 before incubation). In principle, this indicates again a higher degree of crystallinity in the sample
after the treatment. Additionally, after hydrogen contact, a small peak corresponding to a melting point
became visible at around 0 °C. However, this peak was very small and is probably not a result of the
main polymer material. Other phase transitions occurring might be related to additives used in the Orings, similar to FAT_003 and FAT_004.
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Figure 3.26. DSC melting curves (heat rate 10 K min-1) of FAT_005 (FKM) before (blue) and after H2
incubation (red). Additionally, the melting curve of a second FAT_005 sample batch after incubation
is shown (black).
In summary, the conducted thermal characterization yields valuable information regarding material
properties before and after the conducted incubation processes. Occurring changes due to the
treatment were only visible by thermogravimetric analysis, which offers a rather fast and convenient
way to detect already minor material differences. Further investigations are needed, however, to
clarify the nature of these variations. Differential scanning calorimetry on the other side, allows to
estimate the influence on material performance based on its physical appearance (mainly the glass
transition point). In this study, changes were not detected in these measurements regarding the phase
transition temperatures, but the determination of change in heat capacity might present an opportunity
for further evaluation. But this is only possible if the chemical structure of the material is known exactly.
In general, the method might be valuable as a quality control step regarding the application of the
materials.
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3.4 Characterization of mechanical properties
To assess the influence of hydrogen incubation on the mechanical properties of the materials,
different investigations were performed with samples, where enough sample material (at least three
identical specimen) was provided. This was the case for FAT_001, FAT_002 and FAT_003.
Depending on the sample species, either tensile tests (shouldered test bars) or compression tests
(O-rings) were performed. These measurements were done on the basis of the norms DIN 53504 and
DIN ISO 815.
For FAT_001, during the tensile tests a significant amount of material elongation was recorded upon
drawing of the samples (see figure 3.27). A maximum elongation of ca. 800 % was achieved with a
tensile strength of slightly more than 10 MPa. For the flexible TPU material, this was expected to be
the case. A comparison of the samples before and after hydrogen incubation show a slight difference,
but it was not significant given the variation between samples. However, some hints are obtained that
higher stress might be required after hydrogen treatment to achieve the same strain as before. This
correlates with the observation that the material might have been irreversibly compressed obtained
from SEM. However, to yield meaningful results, the incubation parameters might have to be modified
(e.g. longer storage time, higher temperature or pressure) so that changes due to the treatment
become more visible.
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Figure 3.27. Stress vs. strain recorded for FAT_001 (TPU) shouldered test bars during tensile tests.
Curves are shown for three samples each from material before and after hydrogen incubation.

For FAT_002, stress vs. strain curves were as well recorded during tensile tests as shown in figure
3.28. As PEEK is generally a very hard and stiff material, almost no elongation upon drawing took
place. Only a little less than 1% of strain was achieved under the same conditions as for FAT_001.
No significant differences were detectable regarding the samples before and after hydrogen
treatment.
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Figure 3.28. Stress vs. strain recorded for FAT_002 (PEEK) shouldered test bars during tensile tests.
Curves are shown for three samples each from material before and after hydrogen incubation.

For the obtained O-ring samples, the mechanical properties were then recorded during compression
tests, which corresponds to the final application to these samples as sealing materials. Figure 3.29
shows the obtained force vs. compression curves recorded from five cycles of three individual O-rings
each before and after hydrogen incubation. Samples were compressed up to a compression ratio of
10% and subsequently decompressed again. Also in this case, the variation between individual
samples was higher than the difference between samples before and after hydrogen treatment. As
such, no significant effect could be detected on the performance of the O-rings.
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Figure 3.29. Force vs. compression strain recorded for FAT_003 (PU) O-rings during compression
tests. Curves are shown for three samples each from material before and after hydrogen incubation.

Concluding the rheological testing, the performed measurements were not suitable to detect changes
due to hydrogen treatment in this study. This might be due to the fact that present differences were
too small to have a significant impact on the overall rheological performance. However, under more
severe treatment conditions, these effects might become considerable, so that rheological
measurements might present an important quality control tool, especially to assess the sealability of
O-rings. In general, the rheological measurements do not require a high amount of resources as
tensile and compression tests can be performed with the same device. However, a high amount of
sample material is required to yield statistically relevant information.
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3.5 Chemical analysis (NMR)
To assess changes in the chemical composition of the obtained samples before and after hydrogen
treatment, solid state NMR (nuclear magnetic resonance) spectroscopy measurements were
performed where possible. For the samples FAT_003 (PU), FAT_004 (PU) and FAT_005 (FKM)
enough suitable sample material was available. In all cases, spectra were recorded for the isotopes
1H

and 13C.

For the first sample (FAT_003) 1H NMR spectra before and after hydrogen treatment are shown in
figure 3.31. The main obtained signals correspond to two distinct regions of chemical shift: Signals in
the range of δ = 8.5 – 7.0 ppm correspond to aromatic protons, most likely originating from the
diisocyanate component (possibly toluene-2,4-diisocyanate), while signals in the range of δ = 3.4 –
1.5 ppm stem from aliphatic -CH2 groups of the diol component (higher chemical shift corresponds to
CH2 in α-position to oxygen of the urethane group). Comparing the spectra before and after the
hydrogen incubation, no significant changes can be detected.
Figure 3.32 shows 13C spectra recorded for the same samples. Again, signals can be assigned
corresponding to the diisocyanate and diol components. A chemical shift of δ = 154 ppm originates
from the carbonyl groups of the diisocyanate, δ = 137 – 119 ppm originates from aromatic carbon
atoms. Signals between δ = 75 – 20 ppm stem from aliphatic carbon atoms, mostly from the diol
component. Again, higher chemical shift corresponds to carbon in proximity to oxygen atoms of the
urethane group. As already seen for the 1H spectra, no significant changes before and after hydrogen
incubation were detected in the material. Thus, it can be concluded that no changes related to the
general chemical structure occurred during the treatment as most of the structure is composed of
hydrogen and carbon.
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Figure 3.31. 1H NMR spectra of FAT_003 (PU) before (A) and after hydrogen incubation (B) recorded
at 300 MHz. The inset shows an enlarged view of the range of δ = 9 – 5 ppm.
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Figure 3.32.

13C

NMR spectra of FAT_003 (PU) before (A) and after hydrogen incubation (B)

recorded at 300 MHz.
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Next, the same analysis was performed for FAT_004 (PU), which was presumed to have very similar
chemical characteristics. As seen in figure 3.33, very similar signals were obtained for the 1H NMR
spectra before and after hydrogen incubation and they can be assigned to the same structural
elements as described above. Again, no significant differences were detected with respect to
hydrogen treatment. Similarly, in figure 3.34 the 13C NMR spectra of FAT_004 are shown. Also these
show signals that can be assigned to the structural elements (diisocyanate and diol components) as
described above. Again, no changes before and after hydrogen treatment were visible.
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Figure 3.33. 1H NMR spectra of FAT_004 (PU) before (A) and after hydrogen incubation (B) recorded
at 300 MHz. The inset shows an enlarged view of the range of δ = 9.5 – 5.5 ppm.
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Figure 3.34.

13C

NMR spectra of FAT_004 (PU) before (A) and after hydrogen incubation (B)

recorded at 300 MHz.
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Finally, 1H and

13C

NMR spectra were recorded for FAT005. After hydrogen incubation,

measurements were performed for both FKM batches. As expected only one main signal was
detected at a chemical shift of δ = 2.67 ppm both before and after the hydrogen treatment. This signal
can be attributed to -CH2 groups stemming from vinyliden fluoride (VDF) used as a monomer. Other
typical monomers used for the synthesis of FKM materials do not possess hydrogen in their structure.
In figure 3.35 A) and B) slight tailing of the peak towards lower chemical shifts is visible. In figure 3.35
C), a more pronounced signal at δ = 0.04 ppm was detected. These signals probably originate from
small fractions of silicone grease or similar compounds present in the FKM material. Obviously, this
fraction varies between the two different O-ring batches shown in B) and C). As already seen for the
other material samples, also in this case no influence of hydrogen treatment was visible.
Last, 13C NMR spectra were recorded for the FKM samples shown in figure 3.36. In this case, again
one main signal was observed at δ = 35 ppm, which as well can be attributed to carbon atoms from CH2- groups.[15, 16] In figure 3.36 C), another very weak signal can be seen at around 150 ppm. This
signal might also be present in the other spectra, but covered by the baseline noise. Structurally, it
might originate from carbon bound to fluoride (-CF2- or -CF3). Overall, also in this case, no evidence
for structural changes due to hydrogen incubation were found. However, to completely assess the
chemical composition for FKM, 19F NMR spectroscopy measurements would be recommended as
reported in literature.[17] In this study, no effects of high pressure hydrogen on the chemical nature
of FKM were found, which is good agreement with the here described findings.
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Figure 3.35. 1H NMR spectra of FAT_005 (FKM) before (A) and after hydrogen incubation, batch 1
(B) and batch 2 (C) recorded at 300 MHz.
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Figure 3.36. 13C NMR spectra of FAT_005 (FKM) before (A) and after hydrogen incubation, batch 1
(B) and batch 2 (C) recorded at 300 MHz.
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3.6 H2 adsorption
Finally, for all samples the general hydrogen adsorption capacity was determined via BET (Brunauer
–Emmet-Teller) measurements. These measurements were performed on the samples without any
pre-treatment. For each sample, a defined mass was placed in the measurement cell. Then, vacuum
was drawn on the measurement cell and subsequently the pressure of hydrogen was slowly
increased. The amount of adsorbed hydrogen per sample mass was monitored depending on the
relative hydrogen pressure (see figure 3.30). For each sample, the final amount of adsorbed hydrogen
is summarized in table 3.9 together with the sample surface area calculated according to the BET
theory. The calculation is performed under the assumption that only physical interaction between
hydrogen and the sample takes place. However, in these measurements it is not possible to
distinguish between physisorption and chemisorption. Under the given conditions a chemical reaction
between hydrogen and the sample material seems unlikely.
The determined amount of adsorbed hydrogen was relatively similar for four out of the five available
materials. TPU, PU and FKM samples all adsorbed hydrogen in a range of 0.004 – 0.012 mmol g-1
corresponding to surface areas of 0.08 – 0.37 m2 g-1, which corresponds to a generally very low
hydrogen adsorption. For PEEK, a higher amount of adsorbed hydrogen was recorded (0.124 mmol
g-1), which also corresponds to a higher available surface area (3.01 m2 g-1).

0.14

FAT_001 TPU
FAT_002 PEEK
FAT_003 PU
FAT_004 PU
FAT_005 FKM

H2 adsorption / mmol g-1

0.12
0.10
0.08
0.06
0.04
0.02
0.00
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

relative pressure (P/P0)

Figure 3.30. Hydrogen adsorption determined via BET for all samples without pre-treatment.
Measurements were performed at 298 K.
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Table 3.9. Values for hydrogen adsorption and determined surface area at 298 K and 1 atm.
sample
FAT_001 TPU
FAT_002 PEEK
FAT_003 PU
FAT_004 PU
FAT_005 FKM

H2 (adsorbed) / cm³
g-1
0.161952
2.771328
0.266784
0.261632
0.090496

H2 (adsorbed) /
mmol g-1
0.00723
0.12372
0.01191
0.01168
0.00404

BET surface area/
m² g-1
0.1726
3.0116
0.3694
0.2231
0.0847

In summary, the amount of hydrogen interacting with a given material surface can be determined via
BET measurements. Differences between the materials can be identified, but definite interpretations
of the ongoing interaction mechanisms are not possible. It might be that hydrogen diffuses into the
materials to a certain extent depending on the material properties (like micro- or nano-porosity).
Otherwise, the gas can associate mainly on the sample surface. As the measurement times are rather
short and no elevated pressure or temperature conditions are present, these interaction mechanisms
seem to be favored. For the analysis of hydrogen compatibility, BET measurements might be helpful
to evaluate the sample surface areas available for interaction. The higher the available surface area,
the higher is the potential for irreversible hydrogen aging effects. For the determination of hydrogen
uptake (physical or chemical) under the chosen storage conditions (335 h, 80 °C, 85 bar), BET
measurements are not suitable.
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4. Experimental Section
4.1 Sample treatment (storage conditions)
After receipt of the samples, they were stored in the dark at a constant temperature of T = 20 °C for
the duration of the project.

4.2 Materials
Tetrahydrofuran (HiPerSolv CHROMANORM) was purchased from VWR International. N,NDimethylformamide (99.9%) was obtained from AppliChem GmbH. Dichloroacetic acid (>99%) was
purchased from Acros Organics. Lithium bromide (LiBr, 99%) was procured from Merck KGaA.

4.3 SEM
Polymer samples were cut into 1 x 1 cm pieces (shouldered test bars) or 1 cm long O-ring cut-outs.
For each sample, the native surface as well as a freeze fracture surface was investigated. To produce
fracture planes, 1 cm sample pieces were scratched on the surface, mounted to two holders and
subsequently immersed into liquid nitrogen. After the cooling-down of the sample was completed (no
bubbling observed anymore), the sample was cracked manually with a second holder along the
scratch-line. As an exception, PEEK samples were taken out of the nitrogen and cracked afterwards
to achieve better handling possibilities (samples required more force to be cracked).
Morphological characterization of the polymer samples was then performed via Low Voltage Scanning
Electron Microscopy (LV-SEM). Imaging was performed on a Leo 1530 Gemini Schottky FEG-SEM
microscope with 0.1-1.0 kV landing voltage (exact value is given for each specific micrograph). The
application of modern field emission scanning electron microscopes (FE-SEM) allows imaging the
native sample surface without sputter-coating.
FKM samples were additionally characterized via EDX (energy dispersive x-ray) spectroscopy
measurements on a Hitachi SU8000 FEG-SEM equipped with a Bruker XFlash 5010 Silicon Drift
Detector. EDX spectra were recorded and analysed using the ESPRIT 2.1 software.
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4.4 GPC
For relative molecular weight determinations, PSS SECcurity Agilent 1260 Infinity setups (Polymer
Standards Service GmbH (PSS)) were used, including a PSS SECcurity UV detector (254 nm) and a
Shodex RI detector.
TPU (FAT_001) and PU samples (FAT_003, FAT_004) were dissolved in THF at a concentration of
1 g L-1 and filtered through 0.45 µm Millex-FH filters (Merck, Germany) before injection. Both PU
samples were not completely soluble in THF, so that only the solution supernatant containing the
soluble fraction was used for analysis. The samples were analysed on a setup containing a column
combination from PSS (SDV 106, 104, 500 Å, 300x8 mm) maintained at 30 °C with THF as eluent and
a flow rate of 1 mL min-1. For evaluation, either the UV (PU - FAT_003, FAT_004) or the RI detector
signal (TPU - FAT_001) was used and the molecular weights were determined relative to linear
polystyrene (PS) standards provided by Polymer Standards Service (PSS).
PEEK (FAT_002) was subjected to solubility experiments according to a protocol from Agilent
Technologies.[1] The obtained sample (FAT_002) was heated in dichloroacetic acid for several days.
However, no solubility could be achieved.
FKM (FAT_005) was as well subjected to solubility experiments according to literature.[2] The
obtained sample was heated in DMF with 1 mg mL-1 LiBr, but again no solubility could be achieved.

4.5 DSC
Samples were transferred into DSC sample aluminum pans (100 µL volume, Mettler-Toledo GmbH,
Gießen, Germany) and covered with aluminum lids. DSC measurements were performed on a DSC
823 instrument (Mettler-Toledo GmbH, Gießen, Germany). Heating-cooling-heating cycles were
recorded with a heating/cooling rate of 10 K min-1 between -140 and +520 °C for PEEK (FAT_002)
and -140 and +280 °C for all other samples. The measurements were performed under nitrogen
atmosphere with a flow of 30 mL min-1. For all samples, the second heating cycle was evaluated to
avoid effects due to sample history.
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4.6 TGA
Samples were transferred into aluminum oxide sample pans (ME-24124, 150 µL volume, MettlerToledo GmbH, Gießen, Germany). TGA measurements were performed on a TGA/DSC 3 instrument
(Mettler-Toledo GmbH, Gießen, Germany). Heating curves were recorded with a heating rate of 10 K
min-1 between RT and 900 °C for all samples. The measurements were performed for all samples
once under nitrogen and once under synthetic air atmosphere with a flow of 50 mL min-1 each. For all
samples, the mass loss was normalized according to initial sample mass.

4.7 Mechanical characterization
Tensile tests: Measurements were performed using a materials testing machine Z005 (Zwick/Roell,
Germany). Shouldered test bars with thicknesses around 4 mm were drawn with a pre-load of 0.1 N
and a rate of 10 mm min-1 for TPU (FAT_001) and 1 mm min-1 for PEEK (FAT_002) at room
temperature. Dependencies of stress vs. draw ratio were recorded in three independent experiments
performed at the same conditions.
Compression tests: Measurements were performed using a materials testing machine Z005
(Zwick/Roell, Germany). O-ring shape samples (PU - FAT_003) with thicknesses around 4 mm and
inner/outer diameter of 2.5 cm/3.3 cm were compressed with a rate of 0.5 mm min-1 at room
temperature. Dependencies of force vs. compression strain were recorded over five cycles of
compression/decompression in three independent compression experiments performed at the same
conditions. As the cross-section area of the O-ring shaped samples was not well defined, the stress
was not calculated.

4.8 Solid-state NMR
For sample preparation, the polymers were shredded with a commercial Waring Laboratory Blender
for 5 minutes at highest stage. After filling the measuring rotors, solid state 1H and 13C CP MAS NMR
measurements were carried out using a Bruker Avance II solid state NMR spectrometer operating at
300 MHz Larmor frequency equipped with a standard 4 mm magic angle spinning (MAS) double
resonance probe head. Adamantane and L-Alanine were used as reference materials.
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4.9 BET
The samples were degassed at 120 °C for 6 h under vacuum. The H2 absorption behavior of the
samples was measured on a 3Flex Adsorption Analyzer of Micromeritics at 298 K. The saturated
pressure was 760 mmHg (1 atmosphere), the pressure change rate was ca. 5 mmHg min-1. The data
were analyzed using the software MicroActive by Micromeritics. The BET surface area and H2 uptake
were calculated via non-local density functional theory (NLDFT) models.

5. Conclusion
In this project, five different sample types were selected, subjected to hydrogen aging treatment and
subsequently characterized with different analytical methods. For the aging treatment, an elevated
temperature of 80 °C was chosen after thermogravimetric analysis, which revealed that all samples
were stable under these conditions. Subsequently, various analytical techniques were applied,
showing that for all samples differences before and after hydrogen incubation could be detected. This
indicates that the chosen treatment conditions (80 °C, 85 bar, 335 h) were suitable to simulate aging
processes of the selected materials. In table 5.1, an overview about the performed measurements is
shown. Additionally, it is reported whether differences before and after hydrogen treatment were
found.

Table 5.1. Overview about performed measurements and results concerning detected differences
before and after hydrogen aging treatment.
Sample

Electron
microscopy

GPC

TGA

DSC

FAT001
X
✔
✔
✔
(TPU)
FAT002
X
X
X
✔
(PEEK)
FAT003
X
✔
✔
✔
(PU)
FAT004
X
✔
✔
✔
(PU)
FAT005
(FKM,
X
X
✔
✔
batch 1)
Differences visible: X = no, ✔ = yes, N.D. = not determined
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Mechanical
characterization

ssNMR

X

N.D.

X

N.D.

X

X

N.D.

X

N.D.

X

BET

comparison
of shortterm H2
adsorption
capability

In summary, mainly the application of two techniques was very useful to detect changes occurring
after hydrogen aging treatment: With electron microscopy, a visual inspection of the material
morphology is possible and gives very fast information about the material condition. For fundamental
research regarding the individual materials, the high resolution available via electron microscopy is
ideal, but for fast screening of a high sample number the resource demand is very high (high
equipment cost, personnel effort). Other microscopy methods might be an alternative, but it has to be
clarified whether the accessible resolution is suitable to resolve the aging effects. The second method
by which it was possible to detect material changes was thermogravimetric analysis. With this
technique, aging effects were found for every material sample, which means it is relatively sensitive
with respect to the occurring processes. The instrument cost is moderate and also required time and
personnel resources are acceptable for sample screening.
In contrast to TGA, only very little effects were visible with differential scanning calorimetry (DSC).
The observed effects (differences in heat capacity change) are difficult to interpret and require further
knowledge about the materials and effort to obtain meaningful information. Further material changes
were only detected via gel permeation chromatography (GPC) but with limited information about the
actual processes. Only one material (TPU) showed complete solubility in the available solvents, so
that a full characterization via GPC was not possible. Therefore, GPC is not recommended as a
routine characterization technique in this study.
Via mechanical characterization and solid state NMR, no aging effects could be found for the chosen
materials. This might be due to the fact that not all samples were analysed. Nevertheless, mechanical
analysis poses a valuable technique to assess the final material performance (e.g. sealing ability)
when it comes to the application. As a significant number of sample specimen is required to obtain
reliable statistics, this method might be applied at a later stage, but its inclusion is strongly
recommended regarding material safety evaluation. On another note, solid state NMR is able to
resolve very detailed chemical information of the sample materials. However, the resource demand
is very high (high instrument cost, personnel and time effort) and it is not a routine technique. In this
study, no chemical aging effects were found, which is in agreement with the expectations as
presumably no double bonds available for hydration are present in the materials. Thus, the application
of ssNMR for evaluation of aging effects is not recommended.
Finally, BET measurements were applied to measure the hydrogen adsorption of the materials. Here,
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information was obtained for all materials, but it is not possible to distinguish between chemisorption
and physisorption. Also, the measurement timescale is much shorter than in the aging conditions and
temperature as well as pressure are different. Thus, it is not clear whether the information obtained
can be related to real material applications.
The evaluation of all applied techniques is summarized in table 5.2.
Table 5.2. Evaluation of characterization techniques regarding their recommendation for the analysis
of hydrogen aging effects. Scale ranges from +++ (highly recommended) to 0 (not recommended).
technique
(Electron) microscopy

recommendation
++

GPC

0

TGA

+++

DSC

+

Mechanical
characterization

+++

ssNMR

0

BET

+

remarks
High resource demand (cost, personnel), very high
resolution
Poor solubility of many materials, little information
obtained
Highest detection rate of aging effects, relatively low
resource demand
Relatively low resource demand, requires more
research effort to interpret effects
Relatively low resource demand, very meaningful
information regarding material performance/application,
high amount of sample material required to obtain
statistical relevance
High resource demand (cost, personnel), information
only about chemical changes obtained which seem
unlikely, easier options are available
Conditions are not similar to aging treatment, moderate
resource demand

Open questions and recommendations
To further obtain insight about the processes occurring upon the material incubation, it needs to be
clarified whether the detected effects are indeed a result of the contact to hydrogen. It is also possible
that they are caused by the incubation conditions such as the elevated temperature and pressure.
Therefore, future investigations should include reference samples that were incubated under the
same conditions but in inert atmosphere, e.g. nitrogen. Further, it is advised to perform microscopy
measurements on the same sample specimen before and after the treatments. Only then, production
based sample defects can be excluded. In case other sample materials that are potentially prone to
hydrogenation will be studied, infrared (IR) spectroscopy is recommended as an alternative technique
to analyse the chemical structure of polymers.
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In summary, the conducted study presents an overview about possible testing procedures and their
applicability for the development of standardization guidelines and yields information about effects
occurring after accelerated hydrogen aging treatments.
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