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Influence of hydrogen environment on friction properties of
silicone rubber

Hikaru Hashimoto, Suguru Norikyo, Ayako Aoyagi, Hiroyoshi Tanaka,
Takehiro Morita, Yoshinori Sawae, Joichi Sugimura

To elucidate the effect of hydrogen on the friction properties of silicone rubber, sliding tests
were conducted in hydrogen and air with various moisture contents. The friction coefficient in
hydrogen was higher than that in air. Regarding moisture content in hydrogen, the rubber
surface after sliding test in humid hydrogen showed severe wear compared to that in dry hy-
drogen. These results suggested that gas atmosphere and moisture content of gas had influ-
ences on the friction between silicone rubber and austenitic stainless steel and the wear of
silicone rubber. The surfaces of silicone rubber and austenitic stainless steel after sliding tests
were analysed using optical microscopy, confocal laser scanning microscopy, FT-IR micros-
copy and SEM/EDS to explore the influence of hydrogen on the wear process.

1 Introduction

In recent years, the utilisation of hydrogen energy has gained importance in order to
achieve carbon neutrality. Safe utilisation of hydrogen energy requires establishment
of new technologies for ensuring reliability and durability of machine elements used
in hydrogen networks, and the role of sealing materials is essential in achieving this
goal. Examples of sealing elements used in high-pressure hydrogen gas applications
include piston rings for reciprocating compressors and rubber O-rings for flanges,
couplings and pressure vessels. Although O-rings are used as static seals for pre-
venting gas leakage, they are subject to repeated micro-movements within the
groove during compression-decompression cycles. Consequently, these O-rings ex-
perienced sliding against the metal groove surface in hydrogen gas. Especially, un-
expected high friction of the O-ring causes excessive elastic deformation and possi-
bly induces serious mechanical failure [1-12]. For these reasons, researches have
intensively been conducted to understand frictional properties of rubber [13-17] and
thermoplastics [18-21] in hydrogen.

In this study, the effect of hydrogen on friction between silicone rubber and stainless
steel was investigated. Reciprocating sliding tests were performed with a pin-on-disk
apparatus in air and hydrogen.

2 Experimental Methods

21 Material

Silicone rubber and austenitic stainless steel (AISI 316L steel) were selected as a
representative material for O-rings and their metal sliding counterface, respectively,



212 22 |SC

in high-pressure hydrogen gas applications. The silicone rubber pin specimen had a
hemispherical shape with a diameter of 5 mm. The surfaces of the stainless steel
disks were polished using 3 ym diamond slurry to have a surface roughness of 0.02
pm Ra. After that, the disks were cleaned ultrasonically using a mixture of acetone
and hexane for three minutes.

2.2 Sliding test

Friction and wear of the silicone rubber-on-stainless steel sliding pair was evaluated
by using a pin-on-disk apparatus installed in the vacuum chamber (Figure 1 (a)). The
vacuum chamber was evacuated with a scroll and turbomolecular vacuum pumps.
Then, the gas was introduced to raise the chamber to ambient pressure. The gas
continued to flow in and out of the chamber during the sliding tests. Gas leaving the
chamber was directed to a moisture sensor (HUMICAP®HM70, VAISALA). The
gases were continued to flow during the sliding tests. Subsequently, load to press
the rubber pin against the stainless steel disk was applied by dead weights through
the loading lever. The applied load and friction force were measured using a biaxial
load cell. Friction coefficients were calculated by friction force divided by load. Figure
1(b) shows the speed of stainless steel disk and the relative displacement of rubber
pin to stainless steel disk during sliding test. The stainless steel disk rotated at a
constant speed in a certain direction and quickly switched back to the other direction.

The purity of hydrogen was 99.999%. The vacuum chamber was equipped with a
precision moisture controller which was developed by Fukuda [22] and used to adjust
the trace moisture content of hydrogen gas environment. Several sliding tests were
performed in hydrogen, which was moisturized by using this moisture controller. All
sliding tests were performed for 10000 seconds. All experimental conditions are
summarized in Table 1.
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Figure 1: (a) Schematic diagram of pin-on-disk tribometer equipped with advanced atmos-
phere control system, (b) Motion of servo-controlled motor

Table 1: Conditions of sliding tests

Motion Reciprocating sliding
Environment Air, hydrogen
Load 5N
Sliding speed 4.5 mm/s
Sliding distance 3 mm
Temperature 25°C
Pressure 0.1 MPa

2.3 Surface analysis

2.3.10ptical Microscopy and confocal laser microscopy

The worn surfaces of rubber specimens were observed by using optical microscope
(VH7000, KENYENCE) at a magnification of 50. In addition to that, the specimens
were observed by using a confocal laser microscope (VK-X1000, KENYENCE) at
magnification of 10 to obtain 3D topography, arithmetic average roughness (Ra) and
maximum roughness (Rz). The roughness parameters were measured on five posi-
tions near the top of rubber surface.

2.3.2IR spectroscopy

Infrared (IR) spectroscopy (FT/IR 4X, IRT-7100, JASCO) was performed to collect
spectra from silicone rubber and stainless steel. The IR spectra of silicone rubber
confirming the wave number range of 400 to 4000 cm-' were obtained by using at-
tenuated total reflection (ATR) method with a diamond prism. The spectra from stain-
less steel surfaces were obtained by reflection method. The aperture size was 50 x
50 ym and the number of scans was 16.
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2.3.3SEM/EDS

Scanning electron microscopy and energy dispersive X-ray spectrometry
(SEM/EDS) (SEM SU3500 Oxford EDS EMAX Evolution, Hitachi) was performed to
observe the surface of specimen and to collect EDS spectra from silicone rubber and
stainless steel. The accelerating voltage was 15kV, and operating pressure was
30Pa.

3 Results
31 Friction in various environments

3.1.1Measurement of friction coefficient

Figure 2 (a)~(c) shows the transition of friction coefficient (COF) of silicone rubber
in dry air and hydrogen together with the moisture content. Figure 2 (d)~(l) shows
enlarged views of (a), (b) and (c), expressing the shape of the friction curves. Mois-
ture contents in hydrogen ranged from 0.4 to 0.9 ppm (hereinafter called dry hydro-
gen) and from 83 to 110 ppm (humid hydrogen), while that in air (dry air) was from
1.4 t0 2.0 ppm.

Comparing the results among the gases which have similar moisture content, the
friction coefficients after 2000 seconds in dry hydrogen were higher than those in
dry air. Furthermore, the friction coefficients after 2000 seconds in dry hydrogen
was higher than those in humid hydrogen.
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Figure 2: Transition of friction coefficient (a) in dry air, (b) in dry hydrogen, (c) in humid hy-
drogen, (d)(e)(f) Enlarged view of the result in dry air, (g)(h)(i) Enlarged view of the result
in dry hydrogen, (j)(k)(l) Enlarged view of the result in humid hydrogen

The shape of the friction curve also depended on the environment (Figure 2
(d)~(1)). After 60 seconds from measurement start, the shape of friction curves was
similar among all gases. The shape has plateau region, indicating that the silicone
rubber slipped on the surface of stainless steel. The shape changed to a triangular
shape after 2000 seconds, which suggests that silicone rubber sticked to stainless
steel and did not slip on it. After 9900 seconds, the duration on the plateau region
in the friction curve in dry hydrogen was shorter than that in dry air. In addition to
that, that in dry hydrogen was shorter than that in humid hydrogen.
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3.2 Surface analysis after sliding test

3.2.1Morphology measurement

(@)

Light reflection

Y

Figure 3: Microscope image and 3D image of (a) virgin rubber before the friction test,
(b) rubber after the friction test in dry air, (c) rubber after the friction test in dry hydro-
gen,(d) rubber after the friction test in humid hydrogen

Figure 4: Microscope image of stainless steel after the friction test

(a) in dry air (b) in dry hydrogen (c) in humid hydrogen
The microscope images and 3D shape obtained using confocal laser scanning mi-
croscopy are shown in Figure 3. The rubber surface after the sliding test in humid
hydrogen (d) showed severe wear compared to that in dry air (b) and that in dry
hydrogen (c). There was no clear difference between the rubber surface after sliding
testin dry hydrogen and that in dry air. As shown in Figure 4, the stainless steel after
sliding test in humid hydrogen exhibited a clear wear track, in addition to the severe
wear on the rubber surface.
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3.2.2Investigation of chemical composition change

IR spectra of rubber surface were measured in order to analyse chemical composi-
tion changes. The spectra were shown in Figure 5. The peaks were observed at 787,
1006, 1258 and 2962 cm-' for silicone polymer and 452 and 1068 cm-' for silica filler.
The observed peaks were reasonable because silicone rubber was composed of
silicone polymer and silica filler. The IR spectra were normalized at 787 cm-!, which
was assigned to Si-C bonds of silicone polymer. The peak intensity at 452 cm' and
at 1068 cm' increased after sliding tests compared to the spectrum of silicone rubber
before sliding test. It suggested that the amount of silicone polymer decreased com-
pared to that of silica filler after sliding test. The amount of silica filler on rubber sur-
face after sliding test in humid hydrogen was greater than that in dry hydrogen. The
amount of silica filler on rubber surface after sliding test in dry hydrogen was greater
than that in dry air.
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Figure 5: IR spectra of rubber surface normalized at 787 cm’’

Although the observed wear appearance and wear debris were different in degree
among the three conditions, the results in FTIR and SEM/EDS were similar.
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Therefore, the analysis results for humid hydrogen were particularly shown in Fig-
ure 6. As shown in Figure 6(b), the IR spectra at the edge of the friction tracks have
peaks at 1100, 1258 and 2962 cm-'. The peaks at 1258 and 2962 cm' were as-
signed to Si-C and C-H bonds of silicone polymer. The peak at 1100 cm' was as-
signed to Si-O-Si bonds of silicone polymer and silica filler. The EDS mapping of
silicon also indicated that the particles includes silicon atoms (Figure 6(c) and (d)).
Thus, debris of silicone rubber were transferred on the stainless steel surface. On
the other hand, grooves directed to sliding direction were observed at the centre of
the stainless steel (Figure 6(e)).

(a) (b)
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4000 3000 2000 1000 0
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Figure 6: The analysis of countersurface after sliding test in humid hydrogen (a) Mi-
croscope image of stainless steel surface after sliding test, (b) IR spectrum obtained
from the edge of wear track, (c) SEM image at the edge of wear track, (d) EDS ele-
mental distribution map of silicon atom, (e) SEM image at the centre of wear track

4 Discussion

All the results described above suggest influences of the hydrogen environment and
moisture content on the friction behaviour of silicone rubber.

As for the influence of hydrogen, friction coefficients in hydrogen after reaching its
peak were higher than that in air at a similar moisture content. After sliding test in
dry hydrogen, the amount of silica filler on the rubber surface increased compared
to that in dry air. These phenomena may have been caused by the absence of oxi-
dative reaction in hydrogen. When oxidative reaction occurred on rubber surface in
dry air, the hardness of rubber surface increase, resulting in lower friction coefficients
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and reduced exposure of silica filler. However, there are other possibilities, such as
the influence of hydrogen to silicone rubber. Further study will be necessary to un-
derstand the respective aspects.

Tribological characteristics of the silicone rubber were also sensitive to moisture con-
tent. Friction coefficient in dry hydrogen after reaching its peak is higher than that in
humid hydrogen. After sliding test in humid hydrogen, the amount of silica filler on
the rubber surface increased compared to dry hydrogen. These results may have
been caused by hydrolysis reaction of silicone polymer. Similar change in IR spec-
trum was reported by Nagasawa [23]. Hydrolysis of silicone polymer may enhance
the degradation of silicone polymer, resulting in low friction coefficients and in-
creased exposure of silica filler. In another possibility, lower friction coefficients and
increased exposure of silica filler in humid hydrogen may have been caused by the
time difference in rubber slipping on stainless steel. Further study will be necessary
as well.

Deep grooves were observed on the stainless steel after the sliding test in humid
hydrogen. These grooves appear to have have been caused by the wear resulting
from the exposed silica on the rubber surface.

5 Conclusions

In order to clarify the features of friction in hydrogen, influences of gas and moisture
content to friction and wear were investigated.

As for the influence of hydrogen, friction coefficients in hydrogen were higher than
those in air at a similar moisture content. Moisture content also influenced friction
coefficients. The friction coefficients in the dry condition were higher than those in
high humidity conditions. As moisture content increases, silicone polymer was se-
lectively removed from the rubber surface during sliding test. As a result, the silica
fillers were exposed on the rubber surface and the groove may have been generated
on the stainless steel.
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