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Abstract. Thermoplastic polymers can provide solutions for many liquid
hydrogen storage and distribution applications, especially for weight sensitive
applications. However, it remains unclear whether thermoplastics can operate
consistently at cryogenic temperatures particularly after long term exposure to
hydrogen-rich environments. This study measured the mechanical behaviours of
three thermoplastics at room and cryogenic temperatures (77 K and 20 K), and
compared the results of hydrogen charged and uncharged samples. All materials
showed increased ultimate tensile strengths and reduced ductility at cryogenic
temperatures compared to results at room temperature. The amount of hydrogen
absorbed may have a positive correlation to their molecular weight. However, the
method of hydrogen charging applied in this work appear to have marginal effects
on the thermoplastics. Further chemical examinations is in progress to reinforce.

1. Introduction

Confirming the reliability and performance of materials at 20 Kelvin (K) remains a key challenge.
Thermoplastic polymers have emerged with potential solutions for liquid hydrogen storage and
distribution. High density thermoplastics have already been used as the liner material in Type IV
tanks holding compressed hydrogen gas at room temperature (RT) and 350 bar pressure [1].
Thermoplastics may also provide solutions for seals in components like pipeline joints, valves,
and pumps [2,3]. Figures 1a-b show why the same thermoplastics could be crucial in unlocking
the development of safe and reliable hoses for liquid hydrogen transfer [4,5]. Current composite
hoses offer superior flexibility to metallic hoses. They use stacks of thin films in the construction
of the hose wall to deliver this characteristic, but need confirmation of thermo-mechanical and
permeation characteristics of the polymeric films at liquid hydrogen temperatures to bring these
designs to fruition. Wang et al. conducted the first study of the strain rate effects on the mechanical
behaviours of thermoplastics [6]. Other knowledge gaps include determining if they can suffer
mechanical deterioration after longer term exposure to hydrogen-rich environments. This study
will begin to explore this area and the effects of hydrogen aggression on the tensile properties of
thermoplastic down to 20 K. Polypropylene (PP) (low molecular weight), FEP (medium molecular
weight) and PEEK (high molecular weight) are selected to inspect possible variations with
molecular weight. All materials are tested as thin films to encourage more rapid hydrogen
diffusion and absorption into the material. A hydrogen gas charging technique is deployed to soak
samples, and the follow up tensile tests on films were performed at two temperatures 300 K and
77 K, and at 20 K upon unconditioned samples to observe the trends.
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Figure 1. a) cross-section of Dunlop’s cryogenic hose [4], b) photograph of Trelleborg cryogenic hose [5]

2. Setup of tensile tests and hydrogen conditioning

The samples were cut from 0.125 mm to 0.127 mm thin films using an ISO 37 Type 1 dumbbell
die cutter, and a hydraulic press applying a compressive load of 2 tonnes. This was sufficient to
cut samples with “clean” edges without any damage at the radii. Photos of the film sample are
shown in Figure 2a. To better understand the effects of exposing polymeric films to hydrogen rich
environments, and to compare the relative performances of different thermoplastics; three
different environments were simulated to condition batches of samples: i) uncharged samples
were cut from thin films and directly tested in tension at three test temperatures, ii) hydrogen
charged samples were cut and placed inside a chamber filled with hydrogen for at least 45 hours,
iii) heated control samples were cut and baked at 333 K in an oven for the same duration as
hydrogen charged samples.

The setup in Figure 2b shows a servo-mechanical Instron 3369 test machine fitted with a
bespoke stainless-steel stage arrangement used to support the bottom grip and provide access to
install a Dewar when required. A pair of thick stainless-steel plates held the dumbbell in place
with bolts and Belleville washers. All tensile tests at 300 K, 77 K, and 20 K were executed on the
same frame. A crosshead speed of 10 mm/min was selected for all tests based on the experiences
of Wang et al.’s and recommendations in ISO 37 [6]. The film samples were too thin for an
extensometer, and instead the displacement of crosshead was used to post-calculate the strain,
assuming negligible deformation occurring during compliance of the entire test frame. Each
sample was marked with guidelines to help locate it in the grips, and ensure the gauge length was
maintained across all tests. These same lines also ensured the sample were vertically aligned and
remained parallel to the movement of the crosshead. A double wall vacuum insulated Dewar was
installed from underneath and slid upwards to fully encapsulate the grips and sample for
cryogenic tests. For the tensile tests at 77 K, liquid nitrogen was decanted through a funnel to fill
and create a liquid level above the top grip holding the sample. The stainless-steel pillars that
support the stage were also cooled by the bath to minimise the pre-loading generated by any
differential thermal contractions. (Note: the pre-load from contraction could be sufficient to
prematurely fail the samples). Each 77 K tensile test was executed after the sample and fixtures
had been fully immersed for at least 15 minute to achieve a quasi-static condition. For the 20 K
tests, a similar setup as shown by Wang et al. [6] was used to conduct the tests. A conditioning
transfer line delivered the cold helium gas to the encapsulating Dewar to cool down the sample to
20 K (Figure 2b). A detailed description of the 20 K test setup is expanded in Wang et al. [6].



Figure 2. (a) sample shape; (b) cryogenic tensile test setup; (c) setup of PCTPro-2000.

The film samples were charged with hydrogen until they were fully saturated using an instrument
called the PCTPro-2000 (PCTPro), shown in Figure 2c. This test instrument is used to measure
the gas sorption properties of materials. It can take measurements of gas sorption over a range of
pressures (0 - 230 bar), temperatures (300 - 430 K), and sample sizes (micron size powders to
solid pellets of 6 mm in diameter). For these tests, a size K (230 bar) gas bottle of hydrogen was
connected to the instrument to provide the conditioning gas and test pressure. The film samples
were coiled around a stainless-steel dowel and placed in the sample chamber. The dowel was used
as a tool to ensure the coiled films could be safely loaded and extracted from the chamber without
damaging edges, whilst also limiting the gas volume needed to fill the chamber. A thermocouple
temperature sensor was inserted into the bottom of the chamber. The chamber was sealed and
thermal insulation placed around the chamber for efficient heating. The samples were charged at
150 bar and 333 K. The test temperature was limited to stay well below the softening temperature
of the PP film, and thus setting a consistent test temperature for comparison with the other
thermoplastics. The gas absorption over time was traced until the plot exhibited a plateau, which
indicated the sample had become fully saturated. The charged samples were extracted from the
PCTPro, and exchanged immediately into a “cold box” until they were tested to slow down the
dynamics of any hydrogen desorption.

3. Results and discussion

3.1 Hydrogen conditioning results

Figure 3a presents the data collected by the PCTPro-2000 hydrogen absorption measurement.
The three materials can be seen to become saturated with hydrogen after ~20 hours with the
small oscillations brought about by slight fluctuations of the chamber temperature caused by the
day-night background changes in the laboratory. The figure indicates that PEEK absorbed the
highest amount of hydrogen gas (avg. 23.87 mmol), FEP absorbed the second highest amount
(avg. 21.97mmol), and PP the lowest amount of hydrogen (avg. 20.02 mmol). It appears the
amount of absorbed hydrogen has a positive correlation to the molecular weight of the particular
thermoplastics. Additionally, FEP exhibited the slowest hydrogen absorption rate, and possible
due to the absence of any hydrogen in its original molecular content.



0.030 100 T

Original PEEK
Exposed to H,
98 E

99 4

)

o
[=1
n
a

97

0.020 96

! 95 1
0015 |

—— PEEK H, absorption history
FEP H, absorption history

93 4

Transmittance / %

g o010 Polypropylene H, absorption history

— - -H, saturation value of PEEK
- - = - H, saturation value of FEP
H, saturation value of Polypropylene

92

Absorption of hydrogen (mol

91 4

o
=]
=]
(4]
T

90

L L L . 89 T T
5 10 15 20 25 30 35 40 45 2000 1500 1000 500

Time (hours) Wavenumber / cm’
(a) (b)
Figure 3. (a) The hydrogen absorption history of the three types of films in the chamber; (b) FTIR spectra
of PEEK film (i) before exposure to hydrogen, and (ii) after exposure to hydrogen.
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Fourier Transform Infrared Spectroscopy (FTIR) spectra of the PEEK films were recorded before
and after exposure to hydrogen to quantitatively examine whether hydrogen had infiltrated the
polymer chains and presented any evidence of increased hydrogen content. The FTIR spectra plot
of the uncharged PEEK (Figure 3b) has characteristic peaks similar to those reported by Gaitanelis
et al. [7]. After hydrogen exposure, there are some small changes in peak ratio at 1141 cm- and
1155 cm, indicating possible hydrogenation of some ester bonds. Overall, the changes identified
by the FTIR spectra plots are relatively small indicating the degree of the possible hydrogenation
is minimal.

3.2 Tensile test results

To investigate the effects of cryogenic temperature with and without hydrogen charging on the
mechanical properties of PEEK, PP and FEP materials; a series of tensile tests were conducted at
room temperature (300 K), 77 Kand 20 K. As indicated in Table 1, and Figures 4a-b, the effect of
hydrogen charging on the tensile performance appear to be minimal for all polymers tested at 300
K and 77 K, which is consistent with the conclusions ascertained from FTIR measurements. In
Table 1, comparing the results from the heated control samples with those subjected to hydrogen
charging; the increase observed in ultimate tensile strength (UTS), and reductions in failure strain
could in fact be caused predominately by the heat treatment endured as part of the hydrogen
charging procedure. The final curves presented in Figures 4a-c are the best representatations of
the overall trends and selected from five repeat tests carried out for each variation of test
conditions. Some evidence of premature failure (i.e. at a lower strain reading than anticipated)
was identified after closely examining the tensile test data, and particularly those recorded at 77
K. The onset of failure seemed to be caused by the accumulation of stress concentration during
application of transverse force needed to clamp the sample at the end for avoiding micro-slippage.
The post-examination of early failing samples showed how the typically failed outside the defined
gauge region, and instead very close to start of the gripped region. For all mechanical tests
conducted at cryogenic temperatures (77 K and 20 K), they all show reduction in ductility and
increase in UTS and Young’s modulus when compared to 300 K data. Comparing the tensile
properties at 77 K to 20 K; all three materials showed an increase in Young’s modulus and
reduction in ductility at 20 K. Furthermore, the UTS for PP and PEEK were reduced from 77 K
down to 20 K. The PEEK result is consistent with measurements conducted on 2 mm thick PEEK
sheet [6]. However, the UTS of FEP did not reduce. At this stage, it is unclear if this a true



representation of the real behaviour of FEP, but could be associated with variations in constiuent
incredients in the makeup of FEP’s.

Table 1. Mechanical properties of PEEK, PP, FEP under 20 K, 77 K and room temperature

Testing Young's modulus (GPa) UTS (MPa) Failure Strain(mm/mm)

Temperature [St. Dev.] [St. Dev.] [St Dev.]

/Material

U H c* U H C U H C

20 K/PEEK 3.97 N/A N/A 165.60 N/A N/A 0.05 N/A N/A
[0.21] [12.77] [0.01]

77 K/PEEK 2.24 2.36 N/A 180.06 18258 N/A 0.11 0.1 N/A
[0.45]2 [1.73]% [2.54]2 [1.96]% [0.01]2 [0.01]"2

RT/PEEK 1.47 1.29 0.73 68.74 109.80 90.06 0.68 1.25 1.47
[0.86] [1.31] [0.58] [3.93] [3.40] [2.59] [0.53] [0.09] [0.10]

20 K/PP 2.45 N/A N/A 52.11 N/A N/A 0.01 N/A N/A
[1.28] [22.30] [0.00]

77K /PP 1.07 2.86 N/A 77.81 73.19 N/A 0.08 0.06 N/A
[0.33] [0.13] [9.17] [N/A]™? [0.04] [N/A]™

RT/PP 0.82 N/A 0.81 38.76 N/A 46.55 8.60 N/A 7.50
[0.14] [0.85] [6.35] [0.97] [0.11] [0.06]

20 K/FEP 4.22 N/A N/A 14220 N/A N/A 0.04 N/A N/A
[0.31] [8.78] [0.00]

77 K/FEP 1.76 4.20 N/A 8847 88.20 N/A 0.09 0.07 N/A
[1.11] [0.84] [1.96] [3.96] [N/A]2  [0.03]

RT/FEP 0.78 0.36 0.43 15.76 25.29  21.70 1.15 3.7 3.49

1.06]  [0.06] [0.07] [0.48] [0.11] [0.12] [1.10] [0.18] [0.06]

*1U: untreated sample; H: hydrogen charged sample; C: heated but not charged sample (heated control).
*2 lack of repeat data due to premature failure caused by stress concentration in the test.

120 L —-—- PEEK-untreated 77K PP-untreated
-+ - PEEK-heated control 180 |- P PP-H, charged
PEEK-H, charged wo b s | e FEP-untreated
100 - PP-untreated Vi . == FEP-H, charged
' PP-heated control 140 | ¢ | —-- PEEK-untreated
= 80 FEP-untreated = / . PEEK-H, charged
[ e £ FEP-heated control a 120 ; 1
= — - - FEP-H, charged 2 ol :
0 60 n !
IS 2 il :
= & 80 | ’/, ---*n.-.wm!-r.-.,:w—»_.-_‘.
40 80 : 1
Ef i I
40 i 1
20 i : N
20 | .
[/ vl
0 I :I 1 1 0 p 1 1 1 i .\ l 1 1 1 L
0 2 4 5 8 10 000 002 004 006 008 010 0.12 0.14 016 0.18 0.20
Strain(mm/mm) Strain(mm/mm)

(a) (b)



200

20K
180 |-
160 | —— PEEK-untreated
— — PP-untreated
140 | FEP-untreated

Stress(MPa)
o o (=3 o o

N
o
T

0
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Strain(mm/mm)

(c)

Figure 4. Effects of hydrogen charging on tensile properties of PEEK, FEP, PP: (a) 300 K; (b) 77 K; (c) 20 K.

4., Conclusion

To understand the potential of using thermoplastic polymeric films as the liner of cryogenic
hydrogen gas/liquid transportation hoses, this study experimentally investigated the tensile
behaviours of three thermoplastics at room and cryogenic temperatures and compared their
behaviours of hydrogen charged and uncharged samples. The key findings are listed below:

PEEK absorbed the highest amount of hydrogen gas and PP absorbed the lowest amount,
which indicates that the hydrogen absorption of thermoplastics may have a positive
correlation to their molecular weight.

All materials showed significantly improved strengths [max. 800 %], and reduced ductility
at cryogenic temperatures when compared to their behaviours at room temperature.
The effects of hydrogen charging applied to each polymer appear to be minimal. Potential
changes in the polymer caused by hydrogenation at elevated temperatures and pressures
also appear negligible. Further worked is needed to confirm if any changes in molecular
structure and crystallinity can be identified, which will enlighten discussion about
potential embrittlement mechanisms.

Further investigation is required to resolve stress concentration issues discovered as a
result of gripping methods. Evaluation of a roller grip design able to function at 20K is
needed to confirm the best method for measuring thin films during cryogenic tensile tests.
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