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The study investigates the sealing performance of nitrile butadiene rubber (NBR) seals in hydrogen facilities, with a focus on safety
and reliability through extensive experimental analysis and accelerated aging simulations. This research involved a range of
characterization tests, including tensile strength, swelling, hardness, and resistivity measurements, as well as scanning electron
microscopy (SEM) morphological examinations, to assess material degradation under hydrogen pressures up to 5000 psi at room
temperature. The results revealed significant changes in mechanical and physical properties, including reductions in tensile
strength and hardness, increased resistivity, and material swelling, all of which were attributed to hydrogen-induced structural
degradation. Morphological analysis via SEM highlighted surface roughening and microcrack formation at higher pressures. A
Multivariate regression model was developed to predict key properties such as tensile strength, resistivity, weight, and hardness as
functions of hydrogen pressure. Additionally, a hybrid machine learning model incorporating convolutional neural networks
(CNNs) for feature extraction with fully connected layers for regression was also developed, demonstrating strong predictive
performance for NBR’s material properties using both numerical features and SEM images. These findings contribute to the
development of safer and more reliable sealing materials, crucial for the hydrogen energy industry, ensuring that seals can
withstand the unique challenges posed by hydrogen storage and transportation.

1. Introduction

Hydrogen, increasingly recognized as a crucial component in
the transition to clean energy, introduces distinct challenges,
particularly concerning its tendency to permeate through seal-
ing materials [1, 2]. A major concern is hydrogen’s tendency to
permeate through seals, potentially resulting in significant leak-
age risks. These risks are of paramount concern within the
hydrogen industry, where even minor leaks can result in severe
safety hazards, including the potential for explosive conditions
[3]. This challenge stems largely from hydrogen’s exceptionally
small molecular size, which enables it to diffuse more readily
through sealing materials compared to larger gas molecules.
Unlike traditional hydrocarbons, hydrogen’s compact structure

makes it particularly difficult to contain, posing greater chal-
lenges for material integrity and system safety [3]. As a result,
the development of advanced sealing materials and technolo-
gies becomes essential to ensure the safe and efficient use of
hydrogen as a sustainable source of energy [3, 4]. These
advancements need to meet the challenging requirements of
hydrogen storage, transportation, and application, prioritizing
both safety and efficiency [5]. This involves developing seals
that can withstand extreme temperatures and resist hydrogen
permeation, sustain their structural integrity under extreme
pressures and temperatures, and remain durable over time.
Addressing these challenges is essential for the hydrogen indus-
try to unlock the full potential of hydrogen as a decarbonized
energy system, while minimizing the associated risks [4, 6, 7].
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The implications of hydrogen leakage are diverse, involving
not only safety risks but also the accelerated deterioration of
materials and potential environmental harm. One of the pri-
mary challenges is the degradation of materials caused by
hydrogen, which can weaken the reliability of storage and
transportation systems, leading to increased vulnerability to
failures and additional safety hazards. A critical challenge is
hydrogen embrittlement, where exposure to hydrogen gas
reduces material ductility and increases susceptibility to frac-
ture. This phenomenon is particularly problematic in sectors
where structural integrity is crucial, such as aerospace and
energy [8]. The combination of hydrogen-induced material
degradation and embrittlement compromises the reliability of
systems, increasing the risk of failures and heightening safety
concerns. Research indicates that certain metals, including
steel, can experience hydrogen embrittlement, emphasizing
the need for thorough assessments of sealing materials [5].
Hence, to ensure hydrogen can be safely and efficiently used
as a sustainable energy source, it is crucial to address these
challenges by developing durable sealing materials and
advanced technologies. This shows the importance of ongoing
innovation in the field.

In addition to hydrogen-induced embrittlement, the purity
of hydrogen gas plays a crucial role in influencing the long-
term performance and degradation behavior of sealing materi-
als. While hydrogen itself can permeate and interact with
elastomeric compounds like nitrile butadiene rubber (NBR),
the presence of impurities, such as water vapor, oxygen, carbon
monoxide, or trace hydrocarbons, can significantly intensify
chemical degradation processes. These contaminantsmay react
with functional groups in the polymer matrix or catalyze oxi-
dative or hydrolytic reactions at elevated temperatures and
pressures, ultimately compromising the mechanical integrity
and sealing effectiveness of the material [9, 10]. Understanding
the effect of hydrogen purity is vital for simulating realistic
service conditions, particularly in industrial hydrogen applica-
tions where gas purity may vary depending on the production
or supply method. Studies have shown that even low concen-
trations of impurities can accelerate aging, surface cracking,
and microstructural changes in elastomers over time, thereby
reducing their operational lifespan and reliability. In this con-
text, evaluating NBR under different hydrogen purities helps
inform material selection and improve the design of seals that
are both durable and compatible with real-world hydrogen
environments.

Hydrogen’s high flammability poses a serious risk, as leaks
in substantial quantities, if ignited, can cause fires or explosions.
Addressing these hazards necessitates a thorough understand-
ing of how different sealing materials perform under varying
hydrogen concentrations and operating conditions [11]. Seal-
ing materials, ranging from elastomers to metals, face rigorous
conditions in hydrogen environments. For example, hydrogen
can permeate throughmaterials, leading to issues like blistering
in elastomeric materials, a phenomenon observed in rubbery
O-rings due to rapid decompression of highly pressurized
hydrogen gas [12, 13]. This emphasizes the necessity for devel-
oping specialized seals capable of withstanding the unique chal-
lenges posed by hydrogen. Given the tendency of hydrogen to

permeate and degrade conventional materials, it is essential to
design seals that maintain their integrity under such demand-
ing conditions. The performance of seals is crucial in prevent-
ing hydrogen leakage and ensuring the integrity of equipment,
pipelines, and hydrogen storage systems [14]. Effective seals are
essential to maintain the integrity of these systems by ensuring
a secure barrier that withstands high-pressure hydrogen envir-
onments [14, 15].

As the hydrogen industry aims to replace traditional energy
sources, it is crucial to understand how sealing materials per-
form in hydrogen environments to ensure the safety, reliability,
and longevity of hydrogen infrastructure [16, 17]. Proper seal-
ing is essential to maintaining the integrity of storage, trans-
portation, and distribution systems, preventing leaks, and
mitigating potential risks associated with hydrogen’s flamma-
bility and permeability [18, 19]. Research in this area seeks to
reveal how hydrogen affects these seals, including how it might
damage or weaken them. This knowledge is key to developing
better seals that can handle the unique challenges of hydrogen.
By gaining insights into these interactions, we can create mate-
rials that are more durable, ensuring the safe and effective use
of hydrogen technology across different applications. NBR is a
key sealing material in the hydrogen industry due to their
unique properties under challenging environmental conditions
[20]. It is preferred for its strong resistance to oils and chemi-
cals, providing reliable performance in hydrogen fuel cells and
storage systems where hydrocarbon oils and fuels are involved.
As hydrogen technologies advance, it is crucial to study these
materials extensively.

Ongoing research aims to ensure that materials can sustain
their integrity and performance under the challenging condi-
tions of high-pressure, elevated temperatures, and chemical
reactivity that are common in hydrogen energy systems. This
study specifically investigates (NBR), analyzing how its sealing
performance is impacted by exposure to hydrogen under vari-
ous operating conditions. A series of characterization tests,
including tensile strength, swelling, hardness, resistivity mea-
surements, and scanning electron microscopy (SEM) morpho-
logical analysis, were conducted to evaluate material
degradation.

As sealing performance is highly nonlinear and influenced
by complex interactions between pressure, temperature, and
hydrogen diffusion, machine learning methods, particularly
hybrid deep learning models, have been increasingly used to
model these behaviors. Studies have demonstrated that convo-
lutional neural networks (CNNs) combined with fully con-
nected neural networks (FCNNs) are effective in capturing
spatial patterns and predicting material degradation metrics
with high accuracy. Inspired by these advancements, the cur-
rent work applies a similar CNN-based hybrid model tailored
to NBR performance in hydrogen environments [21, 22].

Building upon these advancements, the present study
implements a tailored CNN–FCNN hybrid model to predict
key performance properties of NBR under hydrogen exposure.
The model is trained using experimental data obtained from a
series of characterization tests, including tensile strength, swell-
ing, hardness, and electrical resistivity, along with morphologi-
cal analysis through SEM. This hybrid learning approach not
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only enhances predictive accuracy but also provides deeper
insights into how NBR degrades under hydrogen-rich condi-
tions. Such predictive capabilities are critical for the design and
selection of robust sealing materials capable of maintaining
structural integrity and barrier properties under the demanding
conditions of hydrogen storage and transport systems.

2. Materials and Methods

2.1. Materials. NBR is a copolymer composed of acrylonitrile
and butadiene [23]. NBR is utilized in manufacturing O-rings,
gaskets, and hoses that are essential in hydrogen fuel cells and
hydrogen refueling stations, where robust and durable seals are
crucial for operational efficiency and safety [24]. The chemical
structure of NBR arises from its monomer units: acrylonitrile
(CH2═CH─CN) and butadiene (CH2═CH─CH═CH2).
Through copolymerization, these monomers form a repeating
unit structure along the polymer chain. The general structure of
NBR can be depicted as follows:

─(CH2─CH(CN))x─(CH2─CH═CH─CH2)y─
Here, x represents the proportion of acrylonitrile units, and

y represents the proportion of butadiene units in the copolymer
chain. The ratio of these units can vary, typically with acrylo-
nitrile content ranging from 18% to 50% by weight, affecting
the physical and chemical properties of the resulting NBR
polymer. This structural configuration significantly influences
the material’s performance, particularly under medium-
pressure hydrogen aging conditions, which are investigated
in this study.

NBR is extensively employed in the hydrogen industry,
primarily due to its remarkable resistance to gases and oils.
This unique combination of properties makes NBR an ideal
material for critical sealing applications in hydrogen storage
and transportation systems [25]. Its exceptional mechanical
strength, coupled with excellent chemical resistance, ensures
the reliable containment of hydrogen by effectively preventing
leaks and maintaining system pressure. These capabilities are
particularly crucial in environments where temperatures and
pressures fluctuate, as NBR demonstrates superior perfor-
mance in maintaining the integrity and safety of hydrogen
containment systems. Table 1 provides a detailed overview of
the composition of NBR, highlighting the material’s chemical
structure and its role in delivering these desirable properties.

Carbon blackwas included as a reinforcing filler to enhance
the mechanical properties of the NBR compound. It improves
tensile strength, elasticity, and wear resistance, which are essen-
tial for maintaining seal integrity in demanding hydrogen
environments. Additionally, carbon black helps reduce gas per-
meability, contributing to the compound’s effectiveness in pre-
venting hydrogen leakage under pressure [26, 27].

A commercial NBRO-ring was considered to carry out the
experiment. But elastomeric materials of the same chemistry

from different vendors can vary in residual thermal stress
depending on the mode of manufacture. Therefore, NBR was
subjected to an annealing process to relieve stress before expo-
sure to high-pressure hydrogen exposure. The annealing pro-
cess involves heating the NBR to a temperature of around
100°C to 120°C.

2.2. Experimental Approach. Figures 1 and 2 display the actual
aging chamber and the schematic diagram of the experimental
setup, respectively, used during the hydrogen charging process
for the specimens. Selected samples were exposed to hydrogen
gas using a commercial hydrogen gas cylinder. The pilot plant
was designed keeping the provision of using nitrogen gas for
flushing the chamber and tubing in between two batches. A
pressure accumulator has been installed to boost the pressure.
The use of pneumatic valves in conjunction with solenoid
valves allows for indirect control of the hydrogen gas to ensure
that no one is in the vicinity of the equipment during the
charging of the samples. One of the key design criteria is to
minimize gas losses during the prolonged charging of high-
pressure hydrogen for aging purposes [17]. AISI 316 stainless
steel alloy was used as constructionmaterial for the piping used
to transport hydrogen gas, commercially available tubing, fit-
tings, and pneumatically actuated piston valves [28]. The
booster employed in the experiment was designed for high-
pressure applications and allowed the use of O-ring seals
made from suitable materials to contain hydrogen. While the
use of polymer seals in the pressure accumulator can lead to
gradual gas leakage due to material degradation, routine
inspections and maintenance were performed to maintain
the reliability of the experimental results. Stable operating con-
ditions throughout the experimental period were ensured by
employing a pressure transducer along with remotely operated

TABLE 1: Composition of NBR (40) polymer.

Filler-reinforcing Processing aid Antioxidant Curing agent

Carbon Black (50) 1,2-Benzenedicarboxylic acid (6) 2-Benzimidazolethiol (2) Sulfur (2)

Note: Numbers in () are weight ratios in %.

FIGURE 1: Experimental setup with aging chamber and accessories.
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pressure regulators. The control software was configured to
continuously monitor the internal pressure of the chamber
and automatically adjust the inlet valve, thereby maintaining
a constant hydrogen pressure during the aging tests. This soft-
ware, developed in the LabVIEW environment from National
Instruments, provided a flexible platform for integrating essen-
tial sensors to track parameters such as pressure, exposure time,
and temperature. Once the NBR samples were prepared, they
were secured in stainless steel holders, which were then placed
inside a cylindrical pressure vessel for the experiment [29].

Before loading the samples, the entire system was cleaned
with isopropyl alcohol (IPA). The test chamber was connected
to a high-pressure setup supplied by ultrapure hydrogen and
nitrogen cylinders. To eliminate residual oxygen and avoid any
risk of hydrogen–oxygen explosion, the chamber was purged
three times with nitrogen, with each purge followed by a com-
plete vent at room temperature. This was followed by hydrogen
purging, where the chamber was filled and vented three times
at 3000 psi. After completing the purge cycles, the chamber was
finally pressurized with 99.9999% ultrapure hydrogen to the
designated test pressure at room temperature. The samples
were then aged for 192 h under pressures ranging from 500
to 5000 psi at room temperature. Following the exposure, the
deformed polymer seals were retrieved and evaluated. Three
specimens of NBR were analyzed, and the mean values were
reported. Mechanical and physical properties were measured
both before and immediately after hydrogen exposure to deter-
mine the influence of aging on sealing performance [30, 31].

2.3. Characterization Tests to Assess Material Compatibility.
A complete characterization of NBR as a sealing material in

hydrogen environments; including tensile strength, swelling,
hardness, resistivity, and morphology was performed to obtain
insight into their behavior and durability. Tensile strength tests
measure mechanical integrity and ductility, while swelling tests
indicate dimensional stability and the extent of hydrogen
absorption. Hardness tests show changes in rigidity and elas-
ticity, which are critical for maintaining sealing function. Resis-
tivity measurements determine electrical insulation capacity,
which is important in specific applications. Morphology anal-
ysis using SEM identifies microstructural changes and surface
damage, helping to predict long-term performance. Taken
together, these tests create a baseline for assessing the reliability
and suitability of NBR as sealing materials in hydrogen ser-
vice [29].

2.3.1. Tensile Strength Test. The tensile strength of NBR spe-
cimens was examined to determine the effect of hydrogen
permeation, following ASTM D412, the standard method
for tensile testing of plastics. NBR samples were subjected
to uniaxial tension until failure, providing data on both
strength and ductility. The tests were carried out at room
temperature with a crosshead speed of 0.083mm/s to ensure
consistency and to avoid thermal effects on the results. The
main parameter measured was the ultimate tensile strength
(UTS), representing the maximum stress the material can
withstand before necking. This information revealed how
hydrogen exposure influences the plastic deformation capa-
bility of the material. A reduction in ductility indicates a
tendency toward brittleness, which increases the risk of fail-
ure under applied stress [32].
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FIGURE 2: Schematic of the hydrogen assisted aging facility.
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2.3.2. Hardness Test. The hardness test is an important step in
assessing the mechanical performance of O-ring seals, espe-
cially after exposure to hydrogen. It is performed according
to ASTM D2240, Standard Test Method for Rubber Property
—DurometerHardness, which outlines the procedure formea-
suring the hardness of elastomeric materials commonly used in
seals. In this method, a durometer is applied perpendicularly to
the specimen surface, and the resistance to indentation is
recorded as the hardness value. This value reflects thematerial’s
elasticity and its ability to recover its shape after deformation.
For NBR aged in hydrogen, the test is particularly relevant as it
identifies changes in rigidity that may affect sealing capability.
A reduction in hardness indicates softening of the material,
which can compromise sealing effectiveness. Results from
this test, following ASTM D2240, provide critical information
on whether the agedO-rings retain sufficientmechanical integ-
rity to function as reliable seals or if hydrogen exposure has led
to performance degradation [31].

2.3.3. Resistivity Analysis. Resistivity testing is a key method
for evaluating the performance of polymer-based seals, such as
O-rings, after hydrogen exposure. Conducted in line with
ASTM D257, Standard Test Methods for DC Resistance or
Conductance of Insulating Materials, the test assesses changes
in the electrical insulation properties of polymers, which typi-
cally possess very high resistivity. This property is important in
applications where electrical insulation and material stability
are critical. For hydrogen-aged seals, specimens are prepared
with dimensions of 70mm in diameter and 2mm in thickness
as specified in the standard. The samples are placed between
four electrodes to ensure proper contact, after which a constant
voltage of 100VDC is applied for 60 s to stabilize the current
and minimize transient effects. Resistance is measured using a
high-sensitivity ohmmeter, and volumetric resistivity is then
calculated. A significant reduction in resistivity may indicate
deterioration in material structure or integrity, while values
comparable to unaged samples suggest that the polymer has
retained its insulating performance. As a nondestructive tech-
nique, resistivity analysis provides valuable information on
durability and functional reliability, linking electrical property
variations to the effects of hydrogen exposure and helping
determine the long-term suitability of NBR seals in demanding
service environments [33, 34].

2.3.4. Morphology Analysis.Morphology analysis using (SEM)
is a critical aspect of characterizing the performance of NBR
seals subjected to hydrogen aging. This analysis provides
insights into the structural and surface changes that occur in
polymer materials under specific environmental conditions.
The primary objective of this analysis is to understand how
hydrogen exposure affects the microstructural properties of
these seals, which is important for assessing their suitability
and durability in practical applications. When polymer seals
are exposed to hydrogen, various physical and chemical
changes can take place at themicro and nanoscale levels. These
changes can significantly impact the material’s performance,
including its mechanical strength, flexibility, and sealing effi-
ciency. The hydrogen-aged polymer seals were carefully sec-
tioned, coated, and prepared for electron microscopy. Once

prepared, SEM imaging was conducted. This involves setting
up the microscope with optimal parameters such as accelera-
tion voltage and focus to capture high-resolution images. The
focused beam of electrons in SEM interacts with the sample,
producing secondary electrons that render a detailed view of
the surface morphology. These images provide information on
surface roughness, which can influence how the seal interacts
with other materials and its overall sealing performance. The
images also reveal the presence of microcracks, voids, or other
forms of degradation that could influence the seal’s integrity.
Such defects are critical to identify, as they can lead to seal
failure under operational conditions.

Another key aspect that SEM analysis sheds light on is the
changes in porosity and crystallinity of the polymer. These
factors greatly affect the mechanical properties of the material.
An increase in porosity weakens the material strength, while
changes in crystallinity could alter its flexibility. Additionally,
SEM can detect chemical alterations in the polymer structure
due to hydrogen exposure. These alterations could potentially
impact the material’s resistance to gaseous hydrogen. The
insights gained from this analysis guide material selection,
design considerations, and processing techniques, ensuring
that the polymer seals used in various applications are durable,
efficient, and suited to the specific challenges posed by the
operational environments [35, 36]. Figure 3 represents the
block diagram of the investigation.

3. Results and Discussion

3.1. Characterization of Seals Under Hydrogen Environment.
This section presents a detailed analysis of NBR sealing materi-
als subjected to medium-pressure hydrogen aging, focusing on
the characterization of NBR samples after exposure to the
hydrogen environment. The focus is on evaluating how these
seals perform and degrade in a hydrogen environment through
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Hardness and swellingResistivity
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FIGURE 3: Block diagram of the workflow process.
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various characterization tests. These tests include measure-
ments of swelling, tensile strength, resistivity, hardness, and
morphological analysis of the NBR seals. The properties at 0
psi represent the original state of the virgin polymer, serving as
a baseline to evaluate the effects of hydrogen aging, with the
highest pressure tested being 5000 psi. Each test provides criti-
cal insights into how hydrogen exposure impacts the material’s
properties and integrity, which is essential for assessing its
effectiveness and durability in hydrogen applications. Three
sets of tests at each respective pressure were carried out to
assess if any property is statistically significant and requires
additional tests.

3.1.1. Swelling. Figure 4 depicts the change in weight of NBR as
a function of hydrogen pressure following 192 h of aging. The
increase in mass and volume is attributed to hydrogen mole-
cules infiltrating the amorphous regions of the NBR. The trend
continues with further increases in pressure, reaching a peak
weight at 5000 psi. This phenomenon is closely linked to the
microstructure of NBR, where the amorphous regions provide
pathways for hydrogen diffusion. This phenomenon of weight
increase due to gas exposure and subsequent swelling in poly-
mers was also observed in similar studies. Cross-linked hydro-
gels exhibit substantial swelling when exposed to gases or
solvents as they absorb gas molecules. This absorption causes
the polymer chains to expand, resulting in an increase in vol-
ume and weight due to gas uptake [37]. Similarly, Amberlite
polymers exposed to organic solvents such as ethanol and hep-
tane shows an increase in weight and volume as these solvents
penetrate the polymer matrix. The degree of swelling and mass
increase varies with the type of solvent and the polymer’s
porosity, which dictates how much the polymer can absorb
[38]. The swelling of polymers exposed to high-pressure gases
like CO2, and methane has also been observed before [39].
From Figure 4, it is observed that at low pressures (0 to 1500
psi), the weight gain is relatively modest, which suggests that
the hydrogen uptake is limited by the initial availability of free
volume in the polymer matrix. However, as the pressure
increases, particularly at 3000 psi, a significant rise in weight
is observed. This suggests a threshold effect where the free

volume in the amorphous regions of NBR becomes more satu-
rated with hydrogen, leading to greater expansion and absorp-
tion. This process results in a volume expansion and an
increase in weight, a phenomenon critical in applications like
hydrogen gas seals where polymer-hydrogen interactions affect
sealing integrity. Being a polar elastomer, NBR ismore prone to
hydrogen uptake under high-pressure conditions, with the
highest weight change observed at 5000 psi due to pronounced
polymer swelling.

3.1.2. Tensile Strength. As shown in Figure 5, the tensile
strength of NBR varies with hydrogen pressure after 192 h of
aging. Initially, the tensile strength decreases only slightly up to
around 500 psi, but beyond this point, a more consistent
decline is observed as the hydrogen pressure increases. This
reduction in tensile strength is indicative of the detrimental
effects of hydrogen on the polymer structure. At higher pres-
sures, hydrogen diffusion into the NBR matrix can lead to
polymer chain scission, cross-linking, or plasticization, which
weakens the material’s mechanical properties. This phenome-
non, often referred to as hydrogen embrittlement, where pro-
longed exposure to high-pressure hydrogen environments
causes degradation in elastomeric materials, resulting in a
loss of tensile strength and overall durability.

A similar study found that when NBR was exposed to
hydrogen pressures up to 70MPa, its tensile strength decreased
significantly. This reduction was attributed to hydrogen diffu-
sion into the polymer matrix, which led to the formation of
microvoids, ultimately compromising the material’s mechani-
cal integrity [40]. In another study, it was found that tensile
strength in silicone rubber decreased when exposed to gases
like CO2 andmethane due to gas diffusion and plasticization of
the polymer matrix [41, 42]. Therefore, under high-pressure,
hydrogen molecules diffuse into the NBR matrix. This leads to
swelling, as the polymer chains are forced apart by the gas
molecules. The ingress of hydrogen creates microvoids within
the polymer structure. These voids act as stress concentrators,
weakening the material. High pressure can break cross-links
between polymer chains. This reduces the network integrity,
further compromising mechanical properties. Hydrogen can
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interact with the nitrile groups (─CN) in the polymer, leading
to further degradation of the polymer structure. Here is a

simplified diagram showing the possible paths in polymer
structure where void formation can take place as follows:

−CH2 − CH CNð Þ − CH2 − CH¼ CH − CH2 − CH2 − CH CNð Þ − CH2 − CH¼ CH − CH2−

↑      ↑      ↑      ↑      ↑

Microvoids and swelling f rom hydrogen permeation

These structural changes may be further analyzed to
explain the observed decrease in tensile strength [40].

3.1.3. Resistivity. Figure 6 demonstrates the relationship
between pressure and resistivity in NBR, showing that resistiv-
ity increases as pressure rises. This behavior can be explained as
hydrogen penetration into the NBR matrix, leading to micro-
void formation and swelling. As hydrogen permeates the poly-
mer, it induces physical expansion, which separates conductive
filler particles and disrupts conductive pathways, resulting in
an increase in resistivity. It is also observed that pressure-
induced densification of polymer chains enhances the overlap
between molecular orbitals, promoting charge transport and
increasing resistivity. Although hydrogen exposure does not
break primary chemical bonds but induces physical alterations
such as increased free volume and reduced cross-link density.
These structural disruptions may impact the rise in resistivity.
The relatively stable behavior of NBR’s resistivity under pres-
sure can also be explained by its copolymer structure. The
acrylonitrile component inNBR likely enhances chemical resis-
tance and maintains the polymer’s integrity, mitigating the
hydrogen-induced degradation.

These findings are consistent with earlier studies. Fujiwara
[43] observed significant volume expansion and increased
resistivity in NBR due to hydrogen absorption, confirming
that hydrogen can disrupt the polymer matrix through micro-
void formation. Similarly, Theiler et al. [44] demonstrated that
NBR’s resistivity increases under high-pressure hydrogen
environments, a result of polymer matrix disruption and filler
particle separation. Additionally, studies on other polymers,
including polyethylene and polypropylene, have also

demonstrated similar increases in resistivity when exposed to
gases such as hydrogen and CO2. The gas-induced swelling in
these polymers supports the general conclusion that gas per-
meation leads to increased resistivity due to the disruption of
conductive pathways [45].

3.1.4. Hardness. Figure 7 demonstrates the decreasing trend in
the hardness of NBR as a function of increasing hydrogen pres-
sure. The hardness of the unaged NBR is initially measured at
approximately 78 Shore A, but as hydrogen pressure rises to
5000psi, the hardness gradually decreases to around 75 Shore A.
This consistent decline in hardness suggests that elevated hydro-
gen pressures significantly affect the mechanical integrity of
NBR. This behavior can be explained by the penetration of
hydrogen molecules into the elastomeric matrix of NBR, result-
ing in microstructural changes. Hydrogen has the ability to dif-
fuse into the amorphous regions of elastomers, leading to
swelling and disruption of the polymer’s cross-link network.
As gas molecules permeate into the polymer, increasing the
free volume and forcing the polymer chains apart. This phenom-
enon weakens the internal cohesion between chains, reducing
the material’s stiffness and, consequently, its hardness. In NBR,
the nitrile groups (─CN) in the copolymer with butadiene can
absorb hydrogen, exacerbating this softening effect. As pressure
increases, more hydrogen diffuses into the polymer, resulting in
greater chain separation, decreased cross-link density, and fur-
ther reduction in hardness.

The trend observed in this plot is consistent with previous
studies on the behavior of elastomers and polymers under
high-pressure gas environments. A study on ethylene propyl-
ene diene monomer (EPDM) under high-pressure CO2
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exposure observed a similar reduction in hardness. In this case,
CO2 penetrated the EPDM matrix, causing a swelling effect
that reduced the material’s stiffness and hardness due to
increased chain mobility and disruption of cross-linked net-
works [45]. Similarly, studies on polyurethane under high-
pressure nitrogen exposure have also reported a decrease in
hardness, attributed to the plasticization effect of gas diffusion.
Nitrogen molecules, like hydrogen, permeate the polymer
structure, causing swelling and a corresponding reduction in
hardness as the internal structure of the polymer becomes less
rigid [39].Moreover, the softening ofNBRunder high-pressure
hydrogen can be attributed to hydrogen embrittlement, a phe-
nomenon typically observed in both metals and polymers. In
this context, hydrogen absorption induces microvoids and
defects in the polymer matrix. These defects act as stress con-
centrators, further weakening the material. Cross-link scission
may occur in severe cases, reducing the elastomer’s ability to
retain its mechanical integrity under load. As the pressure
increases, hydrogen molecules can penetrate deeper into the
material, exacerbating the softening effect and amplifying the
reduction in hardness. Flaconnèche et al. [46] explored gas
transport properties in various polymers and reported that
gas-induced swelling leads to a decline in hardness, especially
under high-pressure conditions where gas absorption is maxi-
mized [43, 44, 47].

Figure 8 presents a direct comparison between crack den-
sity and hardness across increasing hydrogen pressures. As
pressure increases, the crack density sharply rises, while hard-
ness consistently declines. This inverse relationship demon-
strates that the morphological degradation observed in the
SEM images—quantified as increasing crack density—
correlates strongly with the mechanical softening of the mate-
rial. The formation and propagation of cracks weaken the
integrity of the NBR matrix, disrupt load-bearing continuity,
and contribute to reduced surface resistance to indentation.
Thus, the decreasing hardness of NBR under hydrogen expo-
sure is not only chemically induced through molecular inter-
actions but is also morphologically manifested through
increased cracking, confirming a strong structure-property
relationship under high-pressure hydrogen environments.

3.1.5. Morphology. The primary goal of this study is to evaluate
the effect of increasing hydrogen pressure on the morphologi-
cal integrity of NBR by analyzing the formation and propaga-
tion of cracks under different pressure conditions. By
segmenting SEM images and quantitatively analyzing crack
formation, we aim to gain insights into the failure mechanisms
of the material when exposed to hydrogen. Understanding
these changes is critical for sealing systems, where crack prop-
agation can significantly impact material performance. To
achieve the objective, we employed a combination of multilevel
Otsu thresholding andwatershed segmentation for crack detec-
tion. Multilevel Otsu thresholding is used to identify intensity-
based regions in the images, which are then refined using
watershed segmentation to improve precision in identifying
crack boundaries. The morphological closing operation helps
reduce noise and enhance image features by filling small gaps.
These techniques allow for a robust analysis of crack formation
across different pressures, providing a clear visualization of
material degradation. Multilevel Otsu thresholding works by
dividing the pixel intensity range into multiple classes. This
allows for distinguishing between regions of interest (such as
cracks) and the background more effectively compared to sim-
ple binary thresholding. The watershed algorithm is a powerful
segmentation technique, particularly when dealing with over-
lapping objects or features, like cracks, which require fine delin-
eation. Figure 9 shows the segmented images of NBR under
different pressures using the techniques described. The combi-
nation of Otsu thresholding and watershed segmentation is
ideal for this study because it balances the need for precision
in crack detection with the ability to handle noise and over-
lapping regions effectively. Cracks in materials like NBR often
appear as thin, irregularly shaped regions, making them diffi-
cult to detect using basic thresholding techniques. The water-
shed method excels in this scenario because it treats image
intensity as a topological surface, enabling better separation
of closely packed cracks or defects. Furthermore, the multi-
level thresholding aspect allows for segmentation of different
intensity levels, which is particularly useful in detecting cracks
at varying depths and severities within the material.

The segmented images distinctly reveal the progression of
crack formation with increasing pressure. At lower pressures,
such as 0 psi and 500 psi, few cracks are visible, indicating that
the material remains relatively intact. However, as pressure
increases to 1500 psi and beyond, the number of cracks
increases significantly, as evidenced by the prominent white
regions in the segmented images. This suggests that higher
pressures are inducing more extensive mechanical failure in
the material, leading to the formation and growth of cracks.

The black areas in the images represent intact material,
while the white areas correspond to detecting cracks or regions
of damage. The crack quantification data in Figure 10 reveals a
sharp increase in the number of cracks as pressure increases. At
0 psi, the material shows very few cracks, but at 500 psi, the
cracks begin to formmore frequently. By 5000psi, the material
has accumulated a significant number of cracks, indicating
substantial structural degradation.
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FIGURE 8: Comparison between crack density and hardness across
NBR.
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The study demonstrates that NBR undergoes significant
morphological changes under high pressure, leading to crack
formation and propagation. The segmented images and crack
quantification provide crucial insights into how NBR behaves
under increasing hydrogen pressure. At low pressures, NBR
demonstrates good resistance, with minimal cracking. How-
ever, at higher pressures, the material becomes significantly
more brittle, leading to extensive crack formation. This behav-
ior is consistent with findings from similar studies, where elas-
tomeric materials exposed to hydrogen at high pressures
exhibit embrittlement and failure due to crack propagation.

To further strengthen the quantitative morphological
assessment, crack density was calculated as the number of

cracks per 10,000 pixels for each pressure condition in
Figure 11. The results indicate a consistent increase in crack
density with rising hydrogen pressure, supporting the trend
observed in the segmentation results. At 0 psi, the material
exhibits no significant cracks. However, crack density rises
sharply at 500 psi and continues to increase with pressure,
reaching over 60 cracks per 10,000 pixels at 5000 psi. This
quantification confirms that hydrogen exposure significantly
compromises the surface integrity of NBR, leading to progres-
sive microcrack formation.

3.2. Hydrogen Absorption Into the NBR O-Ring Matrix. The
hydrogen absorption into the NBR O-ring matrix was

Pressure: 0 psi (Segmented) Pressure: 500 psi (Segmented)

Material (intact)
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FIGURE 9: Segmented images of NBR under different pressures.
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quantitatively evaluated under different applied hydrogen pres-
sures using a higher-order nonlinear model, combining the
effects of surface adsorption and bulk diffusion. The focus is
on calculating the mass of hydrogen absorbed based on the
diffusion depth, solubility, and the geometry of the O-ring.

The solubility of hydrogen in NBR is modeled using an
extended form of Henry’s Law, which introduces nonlinear
terms to account for saturation effects at higher pressures.
This is considered because, at high-pressure, hydrogen absorp-
tion in polymers like NBR begins to deviate from linear behav-
ior as the material reaches a saturation point. The equation
used for solubility is as follows:

C ¼ KH ⋅ P
1þ α ⋅ P þ γ ⋅ P3 ;

where

• C is the solubility of hydrogen in NBR (mol/m3), which
represents how much hydrogen the NBR material can
hold at a given pressure.

• KH=Henry’s Law constant (31.4mol/m3) for hydrogen
solubility in NBR [48].

• P is the aging pressure (MPa) applied to seals by
hydrogen.

• α= 0.01MPa−1; introduces first-order nonlinear effects
in solubility to model deviations from the ideal gas law at
high pressures [49, 50].

• γ= 10−6MPa−3 accounts for higher-order nonlinear
effects, particularly saturation behavior, which occurs as
the material approaches its absorption capacity [49, 50].

The diffusion of hydrogen into the NBR polymer is mod-
eled as a pressure-dependent process, as diffusion rates vary
with the applied pressure. Both linear and quadratic pressure
terms were introduced to include the influence of pressure on
the diffusion coefficient. The equation is as follows:

D Pð Þ ¼ D0 ⋅ 1þ β ⋅ P þ γ2 ⋅ P2ð Þ;
where

• D0= 10−10m2/s is the baseline diffusion coefficient for
hydrogen in NBR at standard conditions [48].

• β= 0.001MPa−1 is the pressure dependence factor, cap-
turing the linear increase in diffusion rate as pressure
rises [49, 50].

• γ2= 0.0001MPa−2 is a higher-order pressure-dependent
term to account further changes in diffusion rates at high
pressures [50].

The diffusion depth (δ) is calculated using Fick’s Law to
determine how deeply hydrogen penetrates the NBR material.
This relates the diffusion coefficient and time to the depth of
penetration. The diffusion depth directly affects the volume of
the material that absorbs hydrogen, and thus impacts the total
mass of hydrogen absorbed.

δ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ⋅ D Pð Þ ⋅ tf gp

;

where

• δ is the diffusion depth (meters) representing how far
hydrogen diffuses into the NBR.

• D(P) is the pressure-dependent diffusion coefficient.
• t= 192 h (691,200 s) is the aging time over which the
hydrogen exposes

Subsequently, the volume of the diffusion region (Vd) was
calculated based on the geometry of the O-ring using the fol-
lowing formula. This equation calculates the volume of the
region into which hydrogen diffuses. It accounts for the
cross-sectional area of the O-ring and the diffusion depth,
which are to determine the total volume of the material that
is exposed to hydrogen.
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FIGURE 10: Crack quantification data of NBR material at different
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Vd ¼ π ⋅
d2outf g − d2inf g

n o

4
:δ

where

• dout= 0.03m is the outer diameter of the O-ring.
• din= 0.025m is the inner diameter of the O-ring.
• δ is the calculated diffusion depth with different pressure.

With the solubility (C) and the volume of the diffusion
region (Vd) calculated, the moles of hydrogen absorbed (nH)
can be determined using the following formula:

nH¼ C × Vd;

where

• nH is the number of moles of hydrogen absorbed into
the NBR material.

• C is the solubility of hydrogen at a given pressure, calcu-
lated in Step 1.

• Vd is the volume of the diffusion region.

Finally, the mass of hydrogen absorbed (MH) is calculated
by converting the number of moles of hydrogen absorbed into
mass. The molecular weight of hydrogen (2.016mg/mol} is
used for this conversion.

MH ¼ nH × 2:016mg=mol;

where

• MH is the mass of hydrogen absorbed, measured in
milligrams.

• nH is the number of moles of hydrogen absorbed.
• 2.016 is the molecular weight of hydrogen.

Figure 12 shows the theoretical relationship between pres-
sure (MPa) and the change of weight (%) in NBR O-rings,
using the higher-order nonlinear model. The trend exhibits a
nonlinear increase in hydrogen absorption as pressure
increases, particularly noticeable at higher pressures. This
behavior is consistent with the expected saturation of hydrogen

in the NBR material, where the absorption capacity of the
polymer slows down as the pressure approaches higher values.

The nonlinear absorption behavior observed, where hydro-
gen absorption slows down at higher pressures, is consistent
with findings from previous studies on gas permeability and
solubility in polymers. Flaconnèche et al. [46] demonstrated on
polyethylene, polyamide 11, and poly(vinylidene fluoride) that
gas absorption tends to show a linear increase at lower pres-
sures but levels off at higher pressures due to saturation effects
in the polymer matrix [46].

4. Machine Learning Model to Predict
Tensile Strength

4.1. Data Variables and Model. The dataset consists of obser-
vations for four response variables—tensile strength, resistivity,
weight, and hardness—and one predictor, pressure. The
dependent variables are continuous, and a multivariate linear
regression (LR) model was applied to explore the influence of
pressure on each material property. Multivariate regression is a
powerful statistical technique used to model relationships
between multiple dependent variables and one or more inde-
pendent variables. A multivariate regression model is used
when we have more than one dependent variable (also called
response variables) that we are trying to predict or explain
using one or more independent variables (predictors). The
general form of a multivariate regression model is as follows:

Y ¼ Xβ þ ε;

where

• Y is an n× p matrix of dependent variables (with n
observations and p response variables).

• X is an n× k matrix of independent variables (with k
predictor variables, including a column of ones if we
have an intercept).

• β is a k× p matrix of regression coefficients (one set of
coefficients for each response variable).

• ε is an n× p matrix of error terms (representing the
residuals or noise in the data).

The fitted equation for each response variable Y j (where
j¼ 1; 2;…; pÞ can be written as follows:

Yj ¼ β0j þ β1jX1 þ β2jX2 þ…þ βkjXk þ εj

Here, β0j is the intercept for the j-th response variable, and
β1j are the coefficients for the

i-th predictor in relation to the j-th response variable.

4.2. Model Output Analysis

4.2.1. Scatter Plot With Regression Lines. The scatter plot at
Figure 13 visualizes the relationship between Pressure (inde-
pendent variable) and fourmaterial properties: tensile strength,
resistivity, weight, and hardness (dependent variables). The
regression lines fit to the data points represent the linear
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FIGURE 12: Absorption pattern of hydrogen with pressure.

Advances in Polymer Technology 11

 1631, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/adv/2715691 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [27/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



relationship between pressure and each property. The relation-
ships between various material properties and pressure reveal
distinct linear trends.

The relationships between various material properties and
pressure reveal distinct linear trends. For tensile strength vs.
pressure, a negative linear trend indicates that higher pressure
values correspond to lower tensile strength, suggesting that
increasing pressure weakens the material’s ability to resist ten-
sile stress, making it more prone to failure or deformation. In
contrast, resistivity vs. pressure exhibits a positive linear trend,
indicating that as pressure increases, the material’s resistivity
also rises, suggesting decreased electrical conductivity, which
could affect performance in applications requiring conductiv-
ity. Additionally, the weight vs. pressure relationship shows a
positive linear trend, indicating that as pressure increases, the
material’s weight also rises, likely due to increased density or
mass from compression or structural changes, potentially
impacting usability where weight is critical. Last, the hardness
vs. pressure relationship reveals a negative linear trend, sug-
gesting that higher pressure leads to decreased hardness,
implying that the material may become softer or more prone
to deformation, thus reducing its durability in high-pressure
applications.

The results of the regression analysis are presented in four
separate model summaries, one for each response variable.
These summaries include the estimated coefficients, p-values,
and R2 values to assess the model fit.

4.3. Model Strength Analysis. The analysis results from Table 2
show that pressure has a statistically significant impact onmul-
tiple material properties, with varying effect sizes and model
fits. For tensile strength, the pressure coefficient is −0.0031,
indicating a significant negative effect. This implies that tensile
strength decreases modestly by approximately 0.0031 units for
every unit increase in pressure, with the model explaining
66.56% of the variance (R2= 0.6656). In the case of resistivity,
the pressure coefficient of 37,306 reveals a substantial positive
relationship between pressure and resistivity, where resistivity
increases significantly as pressure rises. This model demon-
strates a strong fit, accounting for 80.61% of the variance
(R2= 0.8061). The relationship between weight and pressure
is also positive and highly significant, though the effect size is
relatively small. Each unit increase in pressure leads to an
increase in weight by 9.77e–06 units, and this model shows
the strongest predictive power, explaining 91.14% of the vari-
ance (R2= 0.9114). For hardness, however, the results indicate
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a nonsignificant negative relationship with pressure. The
pressure coefficient of −0.00051, combined with a p-value
of 0.0971, suggests that while hardness decreases slightly
with increasing pressure, the relationship lacks statistical sig-
nificance, and the model explains only 53.79% of the variance
(R2= 0.5379). This implies that other factors beyond pressure
may be more influential in determining hardness. Overall,
pressure plays an important role in determining resistivity
and weight, as reflected in the high R2 values, while its effect
on tensile strength is significant but smaller. This study
demonstrates that pressure is a significant factor influencing
the material properties of tensile strength, resistivity, weight,
and hardness. The regressionmodels revealed varying degrees
of sensitivity to pressure, with resistivity and weight showing
strong relationships. These findings provide valuable insights
for industries where pressure variations are common, guiding
material selection and engineering design based on specific
performance criteria under pressure conditions.

Future research could explore nonlinear effects of pressure
or consider other environmental variables to further elucidate
the relationships between material properties and external
conditions.

4.4. CNN. We developed a CNN model to predict four critical
material properties—tensile strength, resistivity, swelling
(weight), and hardness—based on grayscale SEM images of
NBRmaterials exposed to hydrogen environments. The objec-
tive was to utilize deep learning for feature extraction directly
from high-resolution morphology, eliminating the need for
manual descriptors and enabling end-to-end prediction.

4.5. Model Architecture and Hyperparameter Tuning. The
initial architecture consisted of three convolutional layers fol-
lowed by batch normalization, max pooling, and fully con-
nected dense layers. A systematic hyperparameter
optimization strategy was employed to identify the ideal num-
ber of filters (ranging from 32 to 128), convolutional depth (2–4
layers), and learning rate (0.0001–0.01). The final model was
trained over 10 epochs using the Adam optimizer, with perfor-
mance evaluated on an independent test set using Mean
Squared Error (MSE).

To address concerns about model capacity, we revised the
architecture to include five convolutional layers with residual
connections, enabling deeper feature extraction and mitigating
vanishing gradient issues. This improved architecture led to
notable gains in prediction accuracy acrossmostmaterial prop-
erties. As shown in Table 3, the residual CNN reduced theMSE
for tensile strength from 75.71 to 45.61, for hardness from 4.45
to 2.96, and slightly improved swelling prediction. Although

resistivity prediction remains a challenge due to its extreme
numeric scale, performance improved relative to the baseline.

4.6. Benchmarking Against Traditional Models. To support
our claim that the CNN model outperforms traditional meth-
ods, we conducted a comparative analysis using LR and Sup-
port Vector Regression (SVR) as baselines. Table 4 presents
MSE values across the same train-test split. The CNN model
consistently achieved lower error than both LR and SVR for
hardness and swelling and showed improved performance for
tensile strength and resistivity as well. These results confirm the
value of image-based feature learning and support the use of
CNNs for predictive modeling in materials science.

4.7. Integration With CNN-Hybrid Modeling Approaches.
Our approach builds on recent advances in CNN-hybrid
modeling, which combines convolutional networks with
regression frameworks to enhance material property predic-
tion. Prior studies have shown that CNNs, when integrated
with ensemble methods or processing metadata, significantly
improve generalization and interpretability. For example,
Zhang et al. [51] demonstrated that CNNs fused with physical
descriptors could accurately predict strength degradation in
composite systems. Similarly, Zhao et al. [52] employed
CNN hybrids for polymer electrolyte analysis, showcasing
superior performance over traditional pipelines. Inspired by
these works, our model treats CNN-extracted image features
as the primary predictors and can be extended to hybrid con-
figurations in future studies.

4.8. Generalization and Data Augmentation. Considering the
relatively small size of the SEM image dataset, we applied sev-
eral data augmentation techniques—including random rota-
tions, horizontal/vertical flips, brightness and contrast
perturbations, and random cropping—to reduce overfitting
and enhance model robustness. An ablation study revealed
that these transformations had mixed results: swelling predic-
tion marginally improved (MSE reduced from 2.59× 10−4 to
2.55 × 10−4), while other properties experienced slight
increases in error, indicating that excessive augmentation
may introduce noise in limited datasets. Further exploration
of synthetic data generation or domain adaptation could help
overcome these limitations.

4.9. Summary of Predictive Results. Figure 14 visualizes the
performance of the CNNmodel acrossmaterial properties. The
lowest MSE was achieved for swelling, reflecting strong align-
ment between predicted and actual weight values. Hardness
and tensile strength yielded moderate error, while resistivity
remained the most challenging to predict. The results

TABLE 2: Regression results for pressure impact on various
properties.

Property Coefficient Estimate p-Value R2

Tensile strength Pressure −0.0031 0.0477 0.6656
Resistivity Pressure 37,306 0.0151 0.8061
Weight Pressure 9.77e– 06 0.0030 0.9114
Hardness Pressure −0.00051 0.0971 0.5379

TABLE 3: CNN model performance for predicting material proper-
ties under hydrogen exposure.

Material property Original CNN MSE Residual CNN MSE

Tensile strength 7.571e+ 01 4.561e+ 01
Hardness 4.450e+ 00 2.960e+ 00
Resistivity 1.225e+ 15 5.161e+ 15
Swelling 2.200e− 04 2.640e− 04
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demonstrate that deep convolutional models can effectively
learn microstructural cues from image data and support tar-
geted enhancement strategies—such as architectural redesign
and preprocessing refinement—for improving predictive
outcomes.

We developed a CNN model to predict four material
properties—tensile strength, resistivity, weight, and hardness
—from grayscale images of materials subjected to varying
levels of pressure. A hyperparameter tuning approach was uti-
lized to improve themodel’s performance, with key parameters
such as the number of convolutional layers, the number of
filters in each layer, and the learning rate of the optimizer being
optimized. The results for each property, evaluated using the
MSE metric, are discussed in detail below.

Table 3 summarizes the performance of the CNNmodel in
predicting the material properties under hydrogen exposure.
For tensile strength, the model achieved a MSE of 75.71, indi-
cating moderate effectiveness with room for improvement.
This error is within an acceptable range, given that the tensile
strength values in the dataset range from approximately
59.94–75.97, suggesting the model’s predictions are reasonable
but could benefit from further refinement. Resistivity predic-
tion yielded an extremely high MSE of 1.225× 1015, highlight-
ing significant accuracy shortcomings. This suggests potential
overfitting or underfitting, likely due to the large numerical
range of resistivity values, and warrants further investigation
into preprocessing techniques to improve model performance.
In contrast, the model performed exceptionally well in predict-
ing weight, with an MSE of 2.20× 10−4. This extremely low
error indicates that the model can predict material weight from
images with high accuracy. The close alignment between pre-
dicted and actual values reflects the model’s effectiveness, par-
ticularly given the relatively small range of weight values in the
dataset (approximately 1.087–1.144). For hardness, the model
produced an MSE of 4.45, indicating a moderate level of pre-
dictive accuracy. Given that the hardness values range from
74.6 to 78.2, the error is proportionally lower than for tensile
strength, indicating reasonable performance. Although the
error is not as low as in weight prediction, this outcome is
acceptable for an initial model and could be improved with
further tuning and additional data.

Figure 14 presents the MSE values for four material prop-
erties predicted by the CNN: tensile strength, resistivity, weight,
and hardness. The CNNmodel demonstrated strong predictive
capability for weight with a low MSE, indicating consistent
data. Hardness showed moderate predictive accuracy with an
MSE of 4.45, suggesting room for improvement. Tensile
Strength had a higher MSE of 75.71, indicating the need for
refinement in predictions. Conversely, resistivity faced

significant challenges, evidenced by an extreme MSE,
highlighting the necessity for better preprocessing or feature
engineering. Overall, the results underscore the varying effec-
tiveness of the model and the need for targeted strategies to
enhance resistivity predictions, while maintaining strength in
weight forecasting.

4.10. Hyperparameter Tuning and Model Optimization. The
effective optimization of keymodel hyperparameters, including
the number of convolutional layers (ranging from 2 to 4), the
number of filters in each layer (32 to 128), and the learning rate
of the Adam optimizer (between 0.0001 and 0.01). This
approach facilitated a systematic exploration of various hyper-
parameter combinations, ultimately identifying the model con-
figuration that minimized validation Mean Absolute Error
(MAE). The final model was trained for 10 epochs on the
training dataset and evaluated on the test set. The model per-
formed well in predicting weight and moderately well in pre-
dicting tensile strength and hardness; the prediction of
resistivity remains problematic.

5. Discussion

Hydrogen’s potential as a clean energy carrier has led to signif-
icant advancements in storage and transportation technologies.
However, the performance of sealingmaterials under hydrogen
exposure remains a critical challenge due to hydrogen’s small
molecular size, high diffusivity, and reactivity. These factors can
cause material degradation, compromise sealing integrity, and
pose safety risks in hydrogen systems. This study focuses on
NBR, a widely used sealing material, and investigates its
mechanical and morphological behavior under medium-
pressure hydrogen exposure through experimental characteri-
zation and predictive modeling. The findings contribute to

TABLE 4: Model performance comparison (MSE).

Material property CNN MSE Linear regression MSE SVR MSE

Tensile strength 7.571e+ 01 1.223e+ 02 8.892e+ 01
Hardness 4.450e+ 00 6.130e+ 00 5.770e+ 00
Resistivity 1.225e+ 15 2.036e+ 15 1.743e+ 15
Swelling 2.200e– 04 3.150e– 04 2.950e– 04
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FIGURE 14: Comparison of MSE for material property predictions
using CNN model.

14 Advances in Polymer Technology

 1631, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/adv/2715691 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [27/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



understanding the factors influencing sealing performance and
provide insights into material selection and design for hydro-
gen energy applications.

Tensile strength, a key mechanical property, reflects a
material’s ability to resist breaking under tension. This
mechanical property is critical for polymers used in sealing
applications because it indicates their ability to withstand
mechanical stress without failure. Polymers with high tensile
strength, such as thermoplastic polyurethanes (TPUs) and
thermoplastic vulcanizates (TPVs), exhibit robust molecular
structureswith strong intermolecular forces andwell-entangled
molecular chains, which enhance their durability and mechan-
ical performance under stress. The chemical structure of poly-
mers plays a significant role in determining their tensile
strength and sealing efficiency. Cross-linked polymers, where
polymer chains are interconnected through covalent bonds,
display superior tensile strength and sealing resistance due to
reduced chain mobility and enhanced structural integrity. For
instance, vulcanized rubbers and cross-linked polyethylenes are
notable for their high tensile strength and exceptional sealing
capabilities. Additionally, the incorporation of fillers like car-
bon black or silica further strengthens the polymer matrix by
enhancing tensile strength, abrasion resistance, and sealing
efficiency. Cross-link density is a critical parameter in evaluat-
ing a polymer’smechanical performance and sealing capability.
A higher cross-link density reduces the permeability of the
polymer matrix, thereby improving its ability to withstand
high-pressure environments without compromising sealing
integrity. This relationship is well captured by models such as
the Flory–Rehner equation, which correlates crosslink density
with material properties like tensile strength and swelling resis-
tance. In hydrogen applications, where pressure-induced per-
meation is a significant concern, polymers with high crosslink
density are particularly effective in mitigating degradation and
maintaining long-term performance. When subjected to pres-
sure, seals need to deform to create a tight seal without ruptur-
ing. Polymers with high tensile strength can endure these
stresses, providing reliable and durable seals. The mechanical
durability of elastomers, evaluated in terms of their tension and
compression set (CS) behaviors, shows that materials like TPV
maintain their sealing properties better than others, like
EPDM, under high-temperature aging conditions.

In the energy industry, sealing materials must meet specific
tensile strength requirements to ensure reliability and safety.
Generally, a minimum tensile strength of at least 10MPa is
required for sealing applications. However, for high-
performance applications, such as those in the hydrogen energy
sector, tensile strengths of 20–30MPa or higher are often nec-
essary. These higher tensile strengths ensure that the seals can
withstand extreme pressures, temperatures, and chemical
exposures typical in such demanding environments. The pre-
dictive model developed in this study can be instrumental for
the sealing industry, especially in the hydrogen energy sector.
By accurately predicting the tensile strength of polymers based
on numerical and image data, the model allows for the assess-
ment of a polymer’s suitability for sealing applications without
extensive physical testing. This capability is crucial for devel-
oping seals that can withstand the unique challenges of

hydrogen storage and transportation, including high pressures
and low temperatures. The model can expedite the material
selection process, reduce costs associatedwith empirical testing,
and enhance the reliability of seals used in hydrogen applica-
tions. By ensuring that only polymers with adequate tensile
strength are selected, the model helps in designing seals that
are both safe and efficient, contributing to the broader adoption
of hydrogen as a clean energy source [53, 54]. By leveraging this
model, the sealing industry can enhance the development of
high-performance seals, ensuring the safe and efficient use of
hydrogen as a sustainable energy source.

The findings of this study have several direct applications in
hydrogen infrastructure, especially in the design, selection, and
maintenance of sealing systems used in hydrogen storage,
refueling, and transportation. The observed degradation in ten-
sile strength, hardness, and increased resistivity and swelling
under hydrogen pressure exposure demonstrates that conven-
tional NBR formulations may face performance limitations
when used in medium- to high-pressure environments
(3000–5000 psi). This information is particularly relevant for
O-ring and gasket manufacturers, as these components must
maintain integrity in hydrogen compressors, pipeline flanges,
and refueling couplings. The swelling behavior and microcrack
propagation revealed through SEM imaging underscore the
importance of pressure-specific material qualification stan-
dards, especially as hydrogen embrittlement and leakage can
lead to hazardous outcomes in high-risk environments [12, 14].
Furthermore, the predictive models developed, including the
CNN-based image-to-property framework, can serve as early
diagnostic tools for identifying degraded seals before cata-
strophic failure. By integrating these models into inspection
workflows, maintenance teams in hydrogen refueling stations
or electrolyzer facilities can potentially reduce downtime,
improve safety, and extend component life. This approach
aligns with the ongoing industry efforts to quantify hydrogen
compatibility and build robust seal performance databases
[24, 25]. This work contributes to standardizing polymer selec-
tion for hydrogen systems, informs design engineers on
pressure-sensitive performance limits, and provides a path for-
ward for data-driven predictive maintenance strategies in the
clean energy sector.

6. Conclusion

This study provides valuable insights into the behavior of NBR
seals under medium-pressure hydrogen environments,
highlighting the critical challenges associated with material
degradation. The experimental analysis revealed notable reduc-
tions in tensile strength and hardness, increased resistivity, and
swelling due to hydrogen-induced deterioration, accompanied
by the development of surface roughening and microcracks.
These structural and mechanical changes underscore the vul-
nerability of NBR in hydrogen applications, emphasizing the
importance of enhancing material design for improved sealing
performance. The integration of a hybrid machine learning
model in this research marks a significant step forward in pre-
dicting material performance. By combining numerical fea-
tures and SEM-based image data, the model achieved high
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predictive accuracy for key mechanical properties, enabling
efficient evaluation of sealing materials without extensive phys-
ical testing. This approach offers a powerful tool for accelerat-
ing material development and optimizing seal design to meet
the rigorous demands of hydrogen systems.

The findings of this study havemeaningful implications for
the future of hydrogen infrastructure. They provide a founda-
tion for developing advanced sealing materials capable of
maintaining their integrity under high-pressure hydrogen con-
ditions. By improving our understanding of hydrogen-material
interactions and leveraging predictive tools, this research con-
tributes to safer and more reliable hydrogen storage and trans-
portation systems. Further studies exploring other material
formulations, higher operating pressures, and long-term aging
effects will be instrumental in advancing the hydrogen energy
sector, supporting its role as a cornerstone of sustainable energy
solutions.
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