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ABSTRACT

The transition to hydrogen as a clean and efficient energy carrier is impeded by challenges in the
compatibility of hydrogen with materials used within hydrogen infrastructure. Elastomers, crucial
in sealing components, often exhibit premature failures in high-pressure hydrogen environments
due to excessive swelling. This study employs an innovative in-situ view cell system to assess the
swelling behavior of hydrogenated nitrile butadiene rubber (HNBR) under various hydrogen
conditions. The system, designed to withstand pressures up to 96.5 MPa, incorporates Digital
Image Correlation (DIC) for strain measurements and volume estimation. Results reveal non-linear
volume increases during depressurization, challenging conventional assumptions. Furthermore,
investigations into peak hydrogen pressures and pressure-holding scenarios during decompression
highlight complex swelling trends. The introduction of a novel computer vision (CV) method
enhances precision in volume estimation, overcoming DIC limitations. The study provides insights
into mitigating elastomer swelling, crucial for developing robust materials to support future

hydrogen-driven energy systems.
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INTRODUCTION

The industrial revolution marked the beginning of combustion as the primary method of energy
conversion for most human endeavors. However, our current reliance on fossil fuels in numerous
sectors — from residential to transportation and power generation [1] — accounts for a significant
portion of global CO> emissions that are intensifying global climate change. Recognizing the
gravity of the situation, world leaders are setting ambitious targets to curtail greenhouse gas
emissions with the aim of eventually achieving net-zero emissions in the coming decades [2,3],
and researchers are exploring renewable and low-to-no carbon fuels that can be integrated into
high energy-demand sectors. Hydrogen emerges as a promising contender due to its superior
gravimetric energy density — it possesses three times the energy density of gasoline. Additionally,
burning hydrogen releases no carbon emissions, and it can be sourced from abundant materials
like natural gas and water. [4,5] However, there are significant headwinds to the large-scale
adoption of hydrogen. Producing hydrogen in an environmentally friendly manner can be either
expensive—when derived from renewable sources like water—or harmful if extracted from fossil
fuels. [6-8] Distribution represents another hurdle. Hydrogen production sites often differ from
usage points, necessitating efficient and safe transportation and storage mechanisms. [9,10]
Furthermore, hydrogen infrastructure must be both safe and reliable, which is especially
challenging since high-pressure hydrogen is known to degrade both metals and polymers. [11]
Certain metals like steel and titanium can form hydrides when exposed to hydrogen, for example,
leading to embrittlement and potential structural failures. Polymers, on the other hand, risk
mechanical failures; explosive decompression failure (XDF) is one notable consequence of
polymer seals exposure to high-pressure hydrogen [11]. Given the variability in how materials

respond to hydrogen and given that a single material's response can vary under different conditions,



each material must be evaluated within its specific operational context. Only by doing so can we
gain a comprehensive, science-based understanding of how materials will fare in future hydrogen

infrastructure.

The hydrogen infrastructure comprises four critical elements: production, delivery, storage, and
end-user applications. Within this framework, elastomers are extensively used in various sealing
components, including O-rings and gaskets. However, in high-pressure hydrogen environments,
these elastomer components have shown a propensity for premature failures. The primary cause
of these failures is excessive swelling due to hydrogen absorption, which can lead to issues like
blister fractures and extrusion fractures, thereby compromising sealing efficacy. [12-14] A pivotal
study by Yamabe ef al. [15] from over a decade ago evaluated the performance of nitrile butadiene
rubber (NBR) and ethylene propylene diene rubber (EPDM) compounds, both filled (with carbon
black and silica) and unfilled, under hydrogen exposure at pressures up to 10 MPa. They found
that unfilled compounds experienced more severe blister damage compared to their filled
counterparts. Additionally, their study undertook a fracture analysis on a NBR O-ring used in a
high-pressure hydrogen vessel rated for 100 MPa, providing insights into the origin and
progression of internal cracks via a strain analysis using the finite element method. [16]
Subsequently, Yamabe et al. [17] delved deeper into the fracture behavior of peroxide-crosslinked,
filled EPDM O-rings under hydrogen pressures ranging between 10 and 70 MPa and ambient
temperatures from 30 to 100°C. Optical microscopy revealed that the severity and frequency of
cracks increased with repeated hydrogen exposure cycles. In another study, Fujiwara et al. [18]
conducted comprehensive tests on both filled and unfilled NBR compounds after 40 cycles of
exposure to 90 MPa hydrogen. Their findings suggested that the hydrogen exposure disrupted the

filler-gel structure, leading to a decline in the materials’ elastic modulus. In a follow-up study, they



utilized a specialized high-speed 2D measurement system to observe volume changes in NBR
compounds during hydrogen diffusion post-pressurization. [19] Interestingly, carbon black was
found to better limit volume swelling compared to silica. Our research group made notable
observations on the phase separation and migration of an oil-based plasticizer in NBR post 27.6
MPa hydrogen exposure. [20] We employed multiscale imaging techniques to elucidate the
relationship between high-pressure hydrogen and morphological or structural damages across
varied length scales. [21] However, the damage mechanisms of hydrogen on polymers can be
temporally dependent, primarily due to hydrogen outgassing after exposure. This phenomenon
makes ex situ and postmortem measurements of hydrogen-induced material property changes both

challenging and potentially misleading.

While there is a plethora of in situ measurement technologies for metal hydrides and complex
hydrides — examples include in situ X-ray diffraction analysis (XRD)/synchrotron XRD, in situ X-
ray absorption spectroscopy (XAS), in situ neutron diffraction (ND), and in situ scanning and
transmission electron microscopy (SEM and TEM) [22] — there remains a conspicuous gap in
technologies available for real-time examination of hydrogen's effects on polymeric materials. A
notable breakthrough was achieved by Alvine ef al., [23] who introduced a tensile test apparatus
tailored to fit within an autoclave. This apparatus permits in sifu testing of slim polymer specimens
in hydrogen environments, experiencing pressures up to 42 MPa. In a parallel development, an in
situ tribometer [24,25] was showcased, capable of gauging the friction and wear behaviors of NBR
and EPDM materials under a hydrogen pressure of 27.6 MPa. Kane-Diallo ef al. [26] designed an
advanced high-pressure testing system. This system amalgamates a hydraulic tensile machine with
a pressure vessel, capable of withstanding conditions up to 40 MPa and 150 °C. A standout feature

of this setup is its 28-mm diameter viewing window, facilitating optical monitoring of the interplay



between hydrogen and polymers, as well as tracking resultant morphological shifts under varying
decompression scenarios. In a similar vein, Ono et al. [27] employed an in-situ observation
apparatus incorporating a 70-mm thick sapphire glass window into a pressure-tight vessel,
enabling optical inspection of an EDPM compound undergoing pressure cycling with hydrogen up
to 15 MPa. The team captured imagery using a high-definition camera, processing the visual data
through image process using ImageJ for an intricate analysis of hydrogen-triggered damage.
Despite these developments, researchers still lack a full set of tools to observe and understand
hydrogen-induced damage in polymers, especially with higher pressures (>40 MPa). Existing in-
situ observation setups have been limited to only 40 MPa, far short of the typical conditions of the
refueling and storage systems. Therefore, there exists a need for a versatile in situ measurement
technique that is tailored to accommodate the diverse pressure ranges (e.g., high pressures in the
range of 70-90 MPa) typical of polymeric materials within the hydrogen infrastructure, all the
while offering precise and sensitive metrics to gauge polymer responses to assorted hydrogen

conditions.

Herein, we introduce an innovative in-situ view cell system developed by our team and
manufactured by LJ Star Incorporated, a leader in comprehensive process observation equipment.
Our system is compatible with various gases, including hydrogen and helium, and can withstand
pressures of up to 96.5 MPa. This state-of-the-art system facilitates real-time monitoring of
changes in sample dimensions and morphology through 2D digital image correlation (DIC),
enabling full-field strain measurement across the entire specimen surface. To benchmark its
capabilities, we conducted a detailed examination using a hydrogenated nitrile butadiene rubber
(HNBR) model compound as a test subject. Our primary objective was to discern the swelling

behavior of the HNBR under varying hydrogen conditions. A secondary objective was pursuit of



swelling mitigation strategies, and so we systematically explored operational variables, including
reduced pressure swing, hold time duration, and peak hydrogen pressure. In response to the
challenges associated with the limited effectiveness of DIC in measuring sample edges, we
implemented computer vision techniques to enhance analysis. With this approach, we are able to
detect contours and the apply advanced algorithms to accurately calculate the volume change of
HNBR samples during exposure to hydrogen. These efforts contribute to the advancement of in-
situ view cell systems and facilitate the development of effective swelling mitigation strategies in

diverse hydrogen applications.

MATERIALS AND METHODS

The in-situ View Cell System

A custom view cell (Figure 1) was designed to accommodate elastomer pucks measuring
approximately 10 mm in diameter and 3 mm in height. The view cell's base is constructed from
316 stainless steel and features removable soda-lime glass sight windows with a 1.02-inch-wide
aperture. The system is capable of withstanding up to 96.5 MPa (14,000 psi) of hydrogen at
200 °C. Note, however, that all work presented in this paper was conducted at room temperature.
The in-situ view cell assembly is comprised of two large threaded holes designed to align the
sight windows concentrically over the base and sample expansion chamber (internal diameter =
23.3 mm and internal height = 11.7 mm). This alignment allows users to illuminate samples and
observe/record them visually during initial pressurization, pressure holding, and eventual
depressurization. O-ring grooves on the base of the view cell ensure that hydrogen pressure is

maintained in the system.



To capture images for use in the DIC analysis, a 5.0-megapixel camera (Point Grey GRAS-
50S5M) was mounted to the same frame as the view cell with two LED lights providing
illumination, as shown in Figure 2. A 50-mm lens (Zeiss Planar T* 1.4/50) was used with a 10-

mm extension tube to reduce working distance.

Specimen Preparation

We procured HNBR sheet (sample ID: HNBR-nF) from Takaishi Industries. More
specifically, the HNBR matrix used in this work is Zeon Zetpol® 3300, characterized as having
an acrylonitrile content of 23.6% and an I value of 10. Disk-shaped specimens, 10 mm in
diameter and roughly 3 mm thick, were extracted from the sheet. To ensure optimal test
conditions, the specimens were stored in a desiccator at ambient temperature for a minimum of
one week before testing. To prepare the specimens for digital image correlation, spray paint was
used to apply an appropriately sized speckle pattern. White paint was used as a base layer,

followed by black paint for the speckles.

High-Pressure Hydrogen Testing

To establish a baseline, the model HNBR compound was tested using high-purity hydrogen
gas (approximately 99.9% purity grade) at a peak pressure of 96.5 MPa. The pressure cycle was
as follows: (1) pressurize briefly (~5 min) to the gas supply bottle pressure at ~13 MPa and then
further up to 90 MPa at a rate of approximately 45 MPa/min using a Haskel hydrogen gas
booster (model AGT-62/152); (2) hold at 90 MPa overnight (~20 hours); (3) depressurize to
atmospheric pressure at a rate of approximately 8 MPa/min through the combined use of a needle
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valve and a metering valve; (4) maintain at atmospheric pressure for about 4 hours. In ensuing
references, this procedure is referred to as the “standard test.” During these stages, high-
resolution images of each sample were taken continuously by the DIC system and further

processed to analyze the swelling behavior of the model material.

To understand the influence of peak hydrogen pressure on the volume swelling of the model
compound, specimens were exposed separately to three different peak hydrogen pressures (i.e.,
ca. 30 MPa, 67 MPa, and 95 MPa). Hydrogen infrastructure involves various pressure levels
depending on the stage of the hydrogen lifecycle, such as production, storage, transportation, and
utilization. The choice of three distinct peak hydrogen pressures is crucial to optimizing
efficiency, safety, and application suitability. For instance, during the compression stage,
pressures typically range from 20 to 30 MPa. In contrast, pressures at refueling stations can be
significantly higher, ranging from 70 to 90 MPa. This higher pressure is necessary to ensure

efficient and rapid refueling of hydrogen-powered vehicles.

The pressurization rate, depressurization rate, and hold time remained unchanged from the
standard test. To investigate the effects of a reduced pressure swing and the duration of holding
at that pressure, we modified the standard test by introducing a pressure-holding step during
depressurization, again keeping all other parameters the same. Three distinct scenarios for the

pressure-holding step were evaluated:

(a) the pressure was reduced from 96 MPa to 4 MPa at a rate of § MPa/min and then held
at 4 MPa for approximately 2 hours before being further reduced to atmospheric
pressure at the same depressurization rate;

(b) following the same process as (a) but extending the hold duration at 4 MPa to 24 h;

(c) following the same process as (a) but changing the hold pressure to 7.4 MPa.
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DIC Analysis of HNBR Swelling Behavior

The DIC analysis in this study utilized Vic-2D software (Correlated Solutions, Inc., 2010).
The analysis employed a subset size of 41 pixels with a step size of 14 pixels. The filter size used
was 15. The principal strain was computed and subsequently averaged across the entire specimen
surface. In Figure 3, the principal strain contour during depressurization is illustrated. Notably, a
defect in the soda-lime glass windows resulted in a blurred region at the window's center. To
enhance the quality of the averaged data, this portion of the image was excluded from the
analysis. The average principal strain value was then employed to determine the change in
volume of the specimen throughout the pressurization and depressurization phases. For these
volume calculations, isotropic swelling behavior of the material in all directions (i.e., X, y, and z
directions) was assumed. It is important to highlight that the exclusion of the blurred area from

the analysis contributed to refining the accuracy of the obtained results.

Video Analysis via Contour Detection

To address the inherent limitations of DIC in accurately capturing the edges of the sample and
thus improving the precision of volume increase estimation, we conducted a thorough
investigation of video analysis methods. The goal was to complement the DIC volume
calculations for polymer samples in view cell tests through contour detection and computer
vision techniques. In our methodology, each individual image underwent a series of processing
steps. First, a pre-trained convolutional neural network model was employed to effectively

remove background artifacts, ensuring a clear and focused view of the sample. Subsequently, we
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utilized segmentation and matting techniques to precisely identify and separate the foreground
object, i.e., the sample, from the surrounding background in every image. To further refine our
analysis, the extracted sample image was converted into grayscale and binary representations,
which were pivotal for contour detection. We harnessed the capabilities of the OpenCV library in
Python [28] to execute this vital step. After successfully detecting the round contour of the
sample, we applied the Green formula [29] to calculate the area enclosed by the sample contour
and its corresponding radius. This allowed us to quantify changes in volume in response to
pressure fluctuations. We assumed that the swelling or compression of the sample under varying
pressure conditions exhibited isotropic behavior. This comprehensive approach ensures a more

precise and robust estimation of volume changes in polymer samples during view cell tests.

RESULTS AND DISCUSSION
The In-situ View Cell System

To assess the reliability and consistency of the in-situ view cell system, we conducted
quadruplicate tests with HNBR-nF exposed to hydrogen, adhering to the standard test, and
employing a new specimen for each measurement. The results are visually represented in Figure
4, where we've plotted normalized volume-time curves and pressure-time curves on the same

timestamp.

Figure 4a provides a comprehensive overview of a standard test, spanning from the initial
pressurization through the pressure-holding phase to the subsequent depressurization. We
observed slight variations in peak pressure across the four tests from 88 to 92 MPa, primarily

attributed to the small volume of the view cell sample chamber (approximately 3.2 cm®) and the
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mechanics of the pressurization process, which relies on the stroke action of the gas booster. We
anticipate the impact of this small (~2%) deviation from our target pressure on our test results to
be negligible. In general, all four independent tests yielded highly comparable outcomes,

underscoring the system's consistency and the robustness of our test protocol.

Figure 4b narrows the focus to the pressurization phase for all four tests. The pressure profiles
illustrate a two-stage pressurization process. The initial, slower stage (0 to 13 MPa) is governed
by the pressure of the gas supply bottle, while the subsequent rapid pressurization (13 to 90
MPa) is driven by the Haskel gas booster. During this latter phase, the specimens experienced an
average size contraction of 2.65% (£0.12%) due to external pressure-induced compression. This
contraction partially relaxed within 60 to 90 minutes, stabilizing at around 1.45% (£0.03%) as

the hydrogen gas diffused into the rubber matrix and reached saturation.

Figure 4c provides insight into the swelling behavior of HNBR-nF during the rapid
decompression from 90 MPa. The significant volume swell observed during depressurization is
commonly attributed to the combined effects of limited hydrogen diffusion within the material
and the substantial pressure differential between the interior and exterior caused by the sudden
removal of pressure. The combination of a needle valve and a metering valve enabled relatively
linear depressurization rates, as evident from the slopes of the pressure curves in the lower
section of the figure. Interestingly, a hysteresis effect was observed between depressurization and
material volume increase, as the normalized volume curves were not linear. The maximum
normalized volume was typically reached sometime after the completion of decompression. The
normalized volume profile of Test 4 displayed more fluctuations than the other three tests, likely

due to more significant surface blistering in the Test 4 specimen, leading to the formation of
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high-strain areas, which in turn impacted the DIC analysis. Figure 5 shows the DIC strain maps

for all four tests at different levels of swell.

Figure 6 shows volume swell vs. pressure for HNBR-nF during the entire standard test with
hydrogen. Notably, the volume of HNBR-nF did not have a simple, linear relationship with the
pressure during depressurization. Instead, relatively little swelling occurred during the initial
phase of depressurization — only 13% swelling, on average, was observed during the release of
the first 89% of the pressure. Subsequently, swelling increased significantly, and the samples
nearly doubled in size as the pressure fell from 10 MPa to ambient conditions (that is, only the
last 11% of the pressure). This (to the authors’ knowledge, previously unreported) observation
suggests that most of the volume swelling in HNBR-nF occurred towards the end of the
decompression phase and post-decompression, rather than being a linear process throughout the
entire decompression course. Table 1 lists the values of the volume increase observed at various
points during decompression. This swelling behavior may be attributed to the increasing pressure
differential between the interior and exterior of the material during depressurization. This
pressure disparity leads to heightened stress induced by the swelling, eventually surpassing the
material's elastic limit, which, in turn, triggers a rapid and significant volumetric expansion from

that point onward, as noted previously [30].

Effects of Peak Pressure

In this section, we describe the impact of peak hydrogen pressure on the swelling behavior of
materials within specific pressure ranges relevant to hydrogen refueling stations [31]. HNBR-nF

was evaluated at three distinct peak pressure levels: 30 MPa, 67 MPa, and 95 MPa. The results
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are shown in Figure 7. A prior study by Yamabe et al. [32] explored the correlation between
hydrogen content, volume increase, and hydrogen pressure for a range of NBR compounds.
Their findings suggested a generally linear relationship between volume increase and hydrogen
pressure. However, the current investigation showed no significant change in maximum volume
increase between 67 MPa and 95 MPa, though a reduction in volume swell was observed at a

peak pressure of 30 MPa.

Table 2 provides swelling values during depressurization at various pressure levels. Despite a
substantial 30% difference in pressure, the specimens subjected to 67 MPa and 95 MPa peak
pressure demonstrated nearly identical volume increase trajectories. This phenomenon may be
attributed to the expansion of hydrogen gas within the specimens exceeding the material's
maximum strength in both cases. Consequently, severe cavitation occurred, leading to the

coalescence of voids and extensive damage.

This observation raises the possibility of a critical pressure threshold, beyond which the
volume swelling of a material may no longer be directly influenced by peak pressure. It is
conceivable that this critical pressure threshold is contingent upon the specific properties of the
material, thereby varying between different materials and potentially informing material

selection for this application.

Pressure Holding during Decompression

The non-linear relationships we have observed using the view system between volume swell
and pressure during decompression of hydrogen gas reveal a notable trend in the swelling

behavior of elastomers, specifically HNBR-nF. Elastomers appear to exhibit a propensity for
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significant swelling towards the latter part of the decompression phase and post-decompression,

as opposed to a uniform expansion throughout decompression.

Figure 8 illustrates the distinctive swelling behavior of HNBR-nF when a pressure holding
step is introduced during decompression. Three stages of volume swell occur: (1) an initial swell
when the pressure drops from its peak to the hold pressure, (2) volume recovery during the
pressure holding period, and (3) a final swell as the remaining pressure is released. Notably, both
two-hour hold experiments resulted in essentially equal maximum volume swell percentages
(75% for 4 MPa and 74% for 7.4 MPa; see Table 3). This signifies a remarkable 35% reduction
in volume swell compared to similar tests without a pressure hold (Figure 6 and Table 1), which
exhibited around 116% volume swell. Despite variations in hold pressure, the two-hour hold
experiments displayed a consistent trend in volume increase, with percentages closely aligned at
various pressure levels (Table 3). Intriguingly, although the initial volume increases differed
(17% for 7.4 MPa and 31% for 4 MPa), both tests ultimately recovered from volume swell to the

same extent (~61%) by the end of the pressure hold.

To delve further into the impact of pressure hold duration, we extended the hold time from 4
hours to 24 hours. The prolonged hold time facilitated greater diffusion of hydrogen gas out of
the compound, resulting in a more substantial volume recovery (from 34% to 6%) compared to
the two-hour hold case (recovering from 31% to 20%). This, in turn, led to a reduced amount of
remaining hydrogen in the polymer matrix available for expansion upon resumption of
depressurization. The model HNBR compound exhibited a maximum volume increase of only
29%, a remarkable 75% decrease in volume swell relative to scenarios without a pressure hold.
Consequently, we posit that the duration of a pressure hold exerts a more pronounced influence

on mitigating the volume swell of HNBR-nF compared to the hold pressure itself.
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Video Analysis via Contour Detection

Due to inherent limitations [33], DIC often proves ineffective in measuring areas near or at a
free edge, as evidenced in this study (refer to Figures 3 and 5). Notably, DIC consistently
excludes a fixed area, approximately 19% of the total surface area of the sample, around the
edges. To address this limitation in DIC, we explored a computer vision (CV) method for
contour detection based on video analysis of view cell tests. To facilitate a direct comparison,
two sets of standard hydrogen test results were processed using both the CV method and DIC.
The outcomes are presented in Figure 9. Initially, the CV curves and DIC curves are in excellent
agreement, overlapping throughout most of the pressure range and test duration. However, a
significant deviation between the two methods emerged during the depressurization stage, where
DIC consistently yielded normalized volume values 40-50% higher than those obtained with CV.
This discrepancy can be primarily attributed to DIC's sensitivity to high-strain areas (e.g., the
"hot" areas illustrated in Figures 3 and 5) at the surface. In contrast, CV overlooks local
information, focusing solely on dimensional changes in the sample from a holistic perspective.
These high-strain areas are likely to be surface-related rather than extending into the bulk,

potentially resulting in much higher volume increase estimates with DIC than with CV.

In this context, CV emerged as a superior method for quantifying the swelling behavior of our
model materials under the current experimental settings. However, the CV method is not without
its limitations. Firstly, it may lose accuracy if the sample exhibits excessive out-of-plane
deformation or swell, as it cannot account for such behavior. Secondly, a more intricate
algorithm would be required for contour detection when the sample assumes a different or

irregular shape or geometry. Lastly, given that CV relies on video analysis, capturing high-
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quality recordings of the experiment becomes crucial for producing meaningful post-analysis

results.

CONCLUSIONS

This study delves into the intricate challenges associated with elastomer swelling in high-
pressure hydrogen environments, offering a comprehensive exploration of the swelling behavior
of hydrogenated nitrile butadiene rubber (HNBR) under various hydrogen conditions.
Leveraging an innovative in-situ view cell system, capable of withstanding pressures up to 96.5
MPa, we have scrutinized various influences on the performance of elastomers typically used in
hydrogen infrastructure. Our findings challenge conventional assumptions, revealing non-linear
volume increases during depressurization, particularly emphasizing significant swelling towards
the latter stages of decompression and post-decompression. This phenomenon underscores the
importance of understanding the temporal dependency of material responses to hydrogen
exposure, shedding light on the challenges associated with ex-situ and postmortem

measurements.

Exploring the effects of peak hydrogen pressures and pressure-holding scenarios during
decompression, we identified unexpected behavior in elastomer swelling. We observed a critical
pressure threshold beyond which peak pressure no longer distinctly influences volume swelling.
This critical pressure threshold may vary between materials, indicating the need for tailored
approaches in material selection and design for diverse hydrogen applications. The introduction
of a novel computer vision method, in tandem with digital image correlation, significantly

enhances the precision of volume estimation, overcoming inherent limitations in measuring

17



sample edges. The CV method proves to be a superior tool for quantifying swelling behavior,

offering accuracy even with the presence of high-strain surface areas.

Our study not only contributes to advancing understanding of elastomer swelling under
hydrogen exposure but also has practical implications for the development of robust materials in
future hydrogen infrastructure. By providing insights into swelling mitigation strategies and
introducing innovative measurement techniques, this research paves the way for enhancing

material compatibility and reliability in the evolving landscape of hydrogen energy technologies.
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TABLES

Table 1. Volume increase (%) of HNBR-nF at various pressure levels during decompression

7((;21;04/53 s(gé\oaga 3((;;\40/;&‘ 18 i\g)a 5 MPa (5.6%) 1 MPa (1.1%) dexi’l‘pfr’;’:;on
Test 1 2% 1% 2% 9% 18% 56% 125%
Test 2 3% 10% 12% 22% 32% 82% 114%
Test 3 1% 2% 3% 14% 25% 65% 122%
Test 4 2% 0% 2% 8% 18% 55% 103%
Average 2% 3% 5% 13% 23% 65% 116%

*Note: negative values indicate that the specimens are under the compressed state; all volume increases are relative
to the initial volume values at the very beginning of the exposure; percentages in the parenthesis following the
pressure indicate the remaining percent of pressure relative to the peak pressure.
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Table 2. Volume increase (%) of HNBR-nF during decompression after exposed to different

peak pressures

70 MPa 50 MPa 30 MPa 10 MPa 5 MPa 1 MPa delc\g:pﬁg:;m
30 MPa - - - 1% 4% 33% 48%
67 MPa - - 1% 7% 16% 54% 100%
95 MPa 1% 1% 3% 10% 21% 60% 95%
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Table 3. Volume increase (%) of HNBR-nF with a pressure hold during decompression
M et HoldEmd HoldOmer  End TP dcgomprension
2h @ 4MPa 11% - - 31% 20% 42% 75%
i“Mh P@E 13% . - 34% 6% 16% 29%
e | e ' ' e
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Figure 1. Schematic diagram of the in-situ view cell.
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Figure 2. A photo of the in-situ view cell setup.
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Figure 3. DIC principal strain contour of a specimen during depressurization. The average
principal strain value is used to calculate the change in volume of the specimen throughout the
pressurization and depressurization. Isotropic behavior of the material is assumed for all volume
calculations. The missing spot in the middle is caused by glare induced by ambient lighting.
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Figure 4. Normalized volume (V/Vy) vs. time curves (solid) and pressure vs. time curves
(dashed) for HNBR-nF during a) entire course of a standard test with hydrogen, b) zoomed in to
show pressurization detail, and ¢) zoomed in to show depressurization detail. The test was
performed in quadruplicate to evaluate the reliability and consistency of the in-situ view cell
system.

28



<1 (%] - angr.
166298

15.5503

145505

135116

124722

= 114328

] 103935

9.35415

83148

~ 727545

B 5.2361

5.19675

4.1574

3.11805

20787

1.03935

V. £ : £ °
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Figure 7. Normalized volume (V/Vy)-pressure curves of HNBR-nF exposed to hydrogen at three
different peak pressures: 30 MPa (black), 67 MPa (red), and 95 MPa (blue).
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