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Abstract: This article explores the main mechanisms that can generate damage in polymers and
polymer-based materials used for hydrogen storage and distribution infrastructures. All of these
mechanisms are driven by the permeability process that is enhanced by the operating temperature
and pressure conditions. Hydrogen storage and delivery systems typically work under high pressure
and a relatively wide range of temperatures, especially during the filling and emptying processes.
Therefore, it is of great interest to better understand how this phenomenon can influence the integrity
of polymer-based hydrogen infrastructures in order to avoid catastrophic events and to better de-
sign/investigate new optimized solutions. The first part of this paper discusses the main storage and
delivery solutions for gas and liquid hydrogen. Then, the physics of the permeability is investigated
with a focus on the effect of pressure and temperature on the integrity of polymers working in
a hydrogen environment. Finally, the main mechanisms that mostly induce damage in polymers
operating in a hydrogen environment and that influence their mechanical properties are explored and
discussed. Particular focus was placed on the rapid gas decompression and aging phenomena. In
addition, some of the limits that still exist for a reliable design of polymer-based storage and delivery
systems for hydrogen are pointed out.
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1. Introduction

Energy plays a fundamental role in our society and in our daily lives. Lighting systems,
office machines, household appliances, and electronic devices work thanks to electricity.
Transportation and, therefore, trade are made possible by petroleum products. Industry as
well as agriculture depend on energy supply for their activities.

Energy resources are fundamentals for the development of international orders in
modern history: coal was the backdrop to the British Empire in the 19th century; oil was
at the heart of the “American century,” and today, many people think that China would
become the global renewable energy superpower of this century. In fact, in 2015, China
had the largest financial commitment to renewable energy, investing over USD 100 billion.
This represents a significant increase from over USD 3 billion a little over a decade ago [1].
In addition, as of recent data, China’s renewable power capacity has reached a record high:
hydropower [1], 420 million kW (including conventional hydropower and pumped storage
hydropower); wind power, 404 million kW; solar power, 536 million kW; biomass power,
44 million kW23. In a few words, one can state that energy is strategically important, and it
defines global economic and geopolitical dynamics.

Over the last twenty years, the global role of energy has become even more central as a
consequence of two major issues, climate change and energy access, in developing countries.

Global energy supply has always been largely based on fossil fuels. Despite the recent
development of renewable energy, 80% of the world’s energy supply still comes from coal,
oil, and natural gas (see Figure 1a), whose combustion produces around 75% of global

Energies 2024, 17, 2216. https://doi.org/10.3390/en17092216 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17092216
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5593-399X
https://orcid.org/0000-0001-7917-5185
https://doi.org/10.3390/en17092216
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17092216?type=check_update&version=1


Energies 2024, 17, 2216 2 of 24

greenhouse gas emissions, making energy the main cause of climate change (see Figure 1b).
A structural response to this serious worldwide problem can only come from the energy
sector, in particular, through a global clean energy revolution.
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For this reason, in the last decades, many efforts have been devoted to developing
new technologies for the most sustainable green energy production, such as wind turbines,
solar panels, biomass, or hydropower systems. It is evident that renewable energy gen-
eration resources provide a more sustainable solution than fossil fuels [2,3]. In fact, they
produce electricity with enhanced cost-effectiveness, increased efficiency, and superior
environmental profiles [4,5]. Most studies revealed big improvements in terms of pro-
ductivity and cost-benefit [5–7] in energy production, with relatively small effects on the
environment [8,9]. However, it is important to underline that renewable power plants
are also associated with emissions [10,11], mostly generated during the extraction and
transportation of raw materials and the end-of-life waste management period [12]. In any
case, these emissions are lower than the ones coming from conventional power-generating
units but are not negligible [13].

In addition, the actual renewable energy sources are strongly weather-dependent, and
this can generate a noncontinuous power supply if they are directly connected to an electric
grid, and variability of the production. Storing the produced energy and providing it when
the demand is high represents a keyword for an efficient energy supply. Unfortunately,
the actual technologies are not properly feasible, and the storage capacity is quite limited.
A possible solution is represented by the conversion into another form, as electrolysis
accomplishes by transforming electricity into oxygen and hydrogen (H2) [14]. The latter
can be stored in different forms, converted into another gas, or, again, into electricity in a
fuel cell [15].

Thanks to these properties, nowadays, hydrogen represents one of the most challeng-
ing and promising energy carriers and suppliers due to its high energy density, clean-
burning characteristics, and sustainability [16], and it is quite evident that it will have a key
role in the transition toward a sustainable and green society [17].

Hydrogen can be produced from renewable sources such as biomass, solar, wind,
geothermal, as well as conventional non-renewable sources [18,19]. The production of
hydrogen from renewable sources is gaining scientific attraction and can be achieved with
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zero carbon emissions [20]. Hydrogen, as an energy carrier, has the potential to store energy
locally and supply heat and electricity to buildings without emissions [21].

Nonetheless, in order to be efficient and competitive in everyday applications, hydro-
gen requires a robust and secure system. This system should ensure safety during processes
such as delivery, storage, and end-use strategies [22]. The effectiveness of these procedures
heavily relies on advancements in technology and suitable materials.

In this review, the state of the art of the actual storage and delivery system for hydrogen
is discussed, and the main issues related to the used material are investigated. This work
is focused on the polymeric materials that, nowadays, are the most reliable in hydrogen
infrastructures. In fact, they are characterized by proper mechanical properties that make
them the best solution. However, even polymers are susceptible to hydrogen exposure,
especially as a consequence of the permeability process that triggers damage initiation
and evolution.

This article explores these damage mechanisms by linking them to the permeabil-
ity process. In addition, as permeability is pressure- and temperature-dependent, their
influence on the integrity of polymer-based hydrogen infrastructures is analyzed.

2. Hydrogen: Main Properties

Hydrogen is the simplest element in nature, which consists of a nucleus made of a
single proton and an electron orbiting around it. It is the lightest element, with a very low
density: one can consider that in the gaseous state, at laboratory pressure and temperature,
the density of hydrogen is only 0.0824 kg/m3, whereas the air density under the same
conditions is 1.184 kg/m3. This means that large storage volumes are required. This
property makes hydrogen advantageous for filling processes but disadvantageous when
dealing with transportation and storage. It is a colorless, odorless, and non-toxic gas. It
liquefies at ambient pressure and a temperature of −250 ◦C.

Compared with other fuels, hydrogen exhibits the largest amount of energy for the
same mass (120 MJ/kg). When liquefied at a temperature of −250 ◦C, its density is only
70.79 g/m3, resulting in an extremely low volumetric energy content, i.e., 0.01 MJ/L at the
gas state and 8.5 MJ/L for the liquid one [23]. To give a better idea, the volumetric energy
contents of methane and gasoline are 0.04 MJ/L and 32 MJ/L, respectively.

It is important to note that liquid hydrogen always requires special isolation systems
for storage and transportation in tanks, and large quantities of energy are necessary to
obtain it.

All these properties have a big influence on the design/selection of the storage and
transportation systems. In addition, it is important to underline that hydrogen, according
to the storage methodology, can have a strong impact on the mechanical performance of
the material used [24]. All these aspects are explored in the following sections.

3. Hydrogen Embrittlement

As previously discussed, hydrogen transportation and storage represent a grow-
ing interest field within the scientific community, especially in view of the reduction in
greenhouse gas emissions, which is a global goal. However, some technical aspects must
necessarily be addressed as a consequence of the effect that hydrogen has on common
metallic materials, such as hydrogen embrittlement (HE). The latter is an extremely impor-
tant phenomenon to take into account, as it can lead to catastrophic failures in storage and
transportation systems.

The mechanisms that drive HE can be distinguished in three different steps [25]:

1. Absorption of hydrogen within the material (see Figure 2). This phenomenon is
sped up by increasing the temperature, and it can be hindered if the surface of the
material is covered by an oxide layer. The latter, in fact, tends to reduce the degree of
dissociation of H2 molecules;

2. Diffusion of hydrogen through the metal lattice. During this process, atoms occupy
interstitial sites, such as grain boundaries, vacancies, and other areas, with sufficient
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volume to accommodate new hydrogen, remaining entrapped inside these material
defects (see Figure 2);

3. Trapped hydrogen will generate localized stress concentration due to the volume
mismatches of the microstructures, leading to crack propagation until the final failure
of the component (see Figure 2).
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The main consequence of HE is the deterioration of the mechanical properties of the
materials in terms of ductility and toughness. These effects are enhanced by both the
temperature and the pressure. In particular, concerning the temperature, the reason has
to be attributed to the speeding up diffusion mechanism according to Arrhenius’ law (see
Section 8). The influence of hydrogen gas pressure, instead, has to be attributed to the
increasing amount of atomic hydrogen per unit of volume, which induces an increase in
the crack propagation rate [26].

In the following two sections, the typical way to store and deliver hydrogen is dis-
cussed. The evolution of the employed materials aimed at reducing catastrophic events
that could also be induced by HE is analyzed with the aim of understanding the reason
why polymeric materials today represent the best technological solution.

4. Hydrogen Storage Vessels

Nowadays, there are different new trends in hydrogen storage technologies under
investigation by the scientific community, such as solid-state hydrogen storage [27]. The
latter includes metal hydrides [28], carbon-based materials, organic metal skeletons, and
borohydride. Recently, liquid organic hydrogen carriers (LOHCs) technology has also
shown great potential for efficient and stable hydrogen storage and transport [29].

However, the most common ways to store H2 today are still gas compression, liquefac-
tion, and cryo-compression [30–34].

Gas compression is the most common storage technology for both stationary and
delivery applications; in fact, standards and regulations have been developed for different
applications.

Pressure vessels are mostly used in the industrial field to store in situ and in mobility
for the onboard power supply and storage in refueling stations. However, this solution
still requires a deeper understanding of the materials and geometrical aspects in order to
guarantee its safe application. Nowadays, safety also represents a crucial aspect because hy-
drogen faces increased public concern about hydrogen-related risks due to major accidents
involving hydrogen, including the Hindenburg fire in 1937 and the hydrogen explosion in
the Fukushima nuclear plant in 2011 [35].
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Currently, compressed hydrogen can be stored in five different typologies of pressure
vessels (named from Type I to Type V) that can be pressurized up to 70 MPa [30]:

1. Type I pressure vessels are the most conventional and the cheapest, but they are also
quite heavy. In fact, they are typically made of metal alloys (steel or aluminum) and
are mainly used for industrial applications with pressures ranging from 20 to 30 MPa
(see Figure 3). However, for high hydrogen pressures or densities, the vessel wall
needs to be relatively thick. These are also used in refueling stations;

2. Type II pressure vessels are made of metal (mostly steel or aluminum) wrapped
with fiber resin composite to improve the structural resistance (see Figure 3). Com-
pared to Type I, this type of vessel is lighter but is the most expensive for the
manufacturing process;

3. Type III pressure vessels are made of carbon fiber composite materials embedded in a
polymer matrix and a metallic inner liner (made of steel or aluminum) that is applied
for sealing purposes (see Figure 3). They are reliable when used up to a pressure of
45 MPa; some studies also investigated higher pressure, up to 70 MPa, but at this
level, they experienced some problems [36]. Compared to Type II, Type III pressure
vessels are half the weight, but their cost is twice as high;

4. Type IV pressure vessels, as well as Type III, are entirely made of composite materials
and an inner liner. However, compared to Type III, where the liner is mostly metallic,
in Type IV, the liner is mostly polymeric as it is made of high-density polyethylene
(HDPE) (see Figure 3). Type IV pressure vessels can withstand pressures up to
100 MPa;

5. Type V vessel is a modification of Type IV vessel with reinforcing space-filling skele-
tons [37] and is designed to contain hydrogen with even higher volumetric and
gravimetric densities, see Figure 3. These vessels are, however, not yet available
commercially. More detailed construction features of the hydrogen storage vessels are
given by Barthelemy et al. [36].
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Liquid hydrogen can also be stored and transported in vessels. In this case, relatively
low pressure (~0.6 MPa) can be used; however, as the operating temperatures are very low,
below the critical point of the hydrogen (−250 ◦C), these vessels need very strict thermal
insulation requirements. In this particular case, vessels consist of an inner metallic vessel
surrounded by vacuum insulation to minimize evaporation losses and an outer metallic
vacuum jacket [38]. They are usually cylindrical or spherical and typically have redundant
pressure relief devices for safety conditions in order to prevent over-pressurization.

Cryo-compressed hydrogen represents a state where it exists as a supercritical cryo-
genic gas. Unlike liquefaction, which does not occur in this case, gaseous hydrogen is
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compressed at approximately −233 ◦C. Cryo-compressed storage offers several advantages,
including a high storage density (80 g/L, which is approximately 10 g/L higher than
cryogenic storage), rapid and efficient refueling, and enhanced safety due to the presence
of a vacuum enclosure. Cryo-compressed vessels are compatible with both high pressure
(35 MPa) and cryogenic temperatures due to liquid hydrogen (−250 ◦C). They comprise a
Type III aluminum-composite vessel surrounded by a vacuum space and an outer metallic
vacuum jacket [39].

Comparing the different types of vessels, Type I and Type II are probably the easiest to
produce; however, as they are mainly made of metal alloy, they are strongly affected by the
HE [40,41] generated by diffusion mechanisms of hydrogen into the material, as discussed
in Section 3.

In this field, several studies have been carried out in the last few years with the aim of
investigating the effect of hydrogen on different types of metal alloys, typically for making
type I and II vessels. For example, Siddiqui and Abdullah [42] showed that in 0.31% carbon,
if the hydrogenation time is increased, there will be a reduction in the ductility behavior of
the material. Capelle et al. [43] carried out a burst test on notched X52 pipes after hydrogen
exposure inside and outside the vessel. They showed the existence of a critical hydrogen
concentration that results in a significant loss of local fracture resistance. Amaro et al. [44]
formulated fatigue crack growth in X100 steel material, and Nanninga et al. [45] compared
the embrittlement behavior of X52, X65, and X100 steels in a high-pressure hydrogen gas
environment. They concluded that HE increased with the increase in hydrogen pressure
and the alloy strength. The latter, in fact, plays an important role since lower yield strength
decreases the stress concentration in the notch or crack roots due to plastic deformation.
Consequently, higher stresses will be required for the crack to propagate.

Even type III vessels are affected by the discussed phenomenon due to the presence of
the metallic liner.

For this reason, since the last decade, Type IV types have been largely used, espe-
cially in the automotive sector, where the weight and the tolerated pressure represent a
crucial aspect.

5. Hydrogen Delivery via Pressure Pipelines

Many challenges related to the distribution and transportation of hydrogen through
pipelines still need to be overcome for the widespread diffusion of hydrogen [46]. Among
these, the research for the most suitable material to make pipes is certainly one of the most
stimulating. Several materials can be considered; the choice depends on the type of gas
pipeline (i.e., gathering, transmission, distribution, on-shore or off-shore subsea) as well as
safety, durability, reliability, cost, and environmental impact [47].

The gathering and distribution pipes are generally characterized by small diameter
and low pressure, and they can be made of steel, cast iron, fibrous cement, or polyethylene.
The transmission tubes, on the other hand, are usually of larger diameters and pressures
and are mainly made of steel.

On-shore pipes are typically made of carbon or stainless steel, whereas the off-shore
ones are made of carbon or high-yield alloy steel. These pipes, however, are corrosion-
susceptible as a consequence of the working environment; therefore, they must be protected
from corrosion in terms of electrical insulation by external coatings in combination with
cathodic protection, sacrificial anodes, or currents impressed, while the ground pipes are
protected with suitable coatings, usually paint [48].

Steel pipelines have a proven experience in safety and reliability. They have been and
are still used today for the distribution of natural gas and oil. The possibility of using the
extensive network of steel pipelines, built over time, for the transport of blended or pure
hydrogen, has been intensely explored [49]. However, the delivery of hydrogen through
steel pipelines involves some problems [50]. As already observed in the previous paragraph,
in fact, the presence of hydrogen in steel gives rise to the phenomenon of HE [51], which
causes an increase in the probability of breakage of the material. Pipeline materials must
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have particular physical properties such as strength, toughness, ductility, and weldability,
as well as be economical. High-strength, low-alloy steels meet these requirements [48,52].
The life of steel pipes can be increased by protective layers such as internal and external
coatings. In recent years, a number of (internal) coating techniques have been developed to
prevent HE on steel [48,52,53]. Furthermore, internal hydrogen barriers using polymeric
materials [53] and polymeric materials reinforced with nanomaterials [54] have also been
investigated. The transmission pipes, despite being made of high-quality steel, suffer
from progressive galvanic corrosion when exposed to harsh environmental conditions.
Polymeric and fiber-reinforced polymer (FRP) pipelines have also been proposed as an
alternative to metallic pipelines. Pipes in composite materials include a thermoplastic liner
wrapped in high-strength fibers and an external protective layer.

Compared to non-reinforced polymeric pipelines, this kind of pipeline has improved
burst and collapse pressure ratings, increased compression strength, tensile strength, and
load-carrying capacity. The ability of FRP tubing to withstand great stresses allows for it to
be coiled so that long lengths can be coiled onto a spool in an open-hole configuration. It is
worth noting that the use of non-metallic pipelines for hydrogen transportation is still a
relatively new technology, and further research and development are needed to fully assess
the safety, reliability, and performance of these materials for hydrogen transportation.
Therefore, the choice of the material should be made based on a comprehensive risk
assessment and evaluation of the available options.

6. Polymers for the Hydrogen Storage and Supply

As one can observe by reading the last two sections, a big boost in the introduction of
new types of vessels for storage and pipelines for the supply of hydrogen was achieved
by the use of polymeric materials, which gained great attention in the development of
hydrogen infrastructure due to the following versatile and extraordinary properties:

- Corrosion resistance: unlike many metals, polymers are resistant to hydrogen-induced
corrosion, making them suitable for storing and transporting hydrogen safely;

- Lightweight: polymers are generally lightweight compared to metals, which can be
advantageous in mobility applications, helping reduce overall vehicle weight and
improve fuel efficiency;

- Design flexibility: polymers can be molded into various shapes, allowing for flexibility
in design and the creation of complex sealing systems and pipes;

- No HE: research carried out by the Sandia National Laboratory in the USA [55] showed
that polymers are not susceptible to HE as metals;

- Reduced permeability to hydrogen.

Thanks to these properties, polymers can offer many advantages over conventional
materials in hydrogen applications, such as pipeline networks, storage areas, aerospace,
fuel-cell vehicles, and hydrogen refueling stations where a number of devices, such as accu-
mulators, valves, nozzle compressors, filters, and pre-coolers, to regulate the distribution
of high-pressure hydrogen, as well as seals to reduce the risk of leaks, are involved.

Among the different types of polymeric materials, thermoplastics and elastomers
are the best candidates to be used in hydrogen infrastructures [55]. Rubber/elastomeric
materials, in particular, are often used as sealing devices. The reason can be attributed to
their simple structure, ease of assembly and disassembly, and two-way sealing with no
periodic adjustment.

Some examples of polymers that are used or being developed for hydrogen infrastruc-
ture are reported in Table 1.
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Table 1. Polymers used in hydrogen infrastructure.

Abbreviation Chemical Name

Thermoplastic

PE Polyethylene
HDPE High-density polyethylene

PA PA6/PA11/12 Polyamide (nylon) Polyamide 6/Polyamide 11/Polyamide 12
PCTFE Polychlorotrifluoroethylene
PEEK Polyetheretherketone

PP Polypropylene
PTFE Polytetrafluoroethylene

Elastomers

BR Polybutadiene
CR Polychloroprene

EPDM Ethylene–Propylene Diene Monomer
EPM Ethylene–Propylene rubber
FKM Fluoroelastomers

HNBR Hydrogenated Nitrile Butadiene Rubber,
IIR Butyl rubber

MQ, VMQ, PVMQ, FMQ, FVMQ Silicone rubbers
NBR Nitrile rubber

Among them, PE and HDPE are widely used to line hydrogen tanks as they are
lightweight, economical, and offer good chemical resistance. PA and, in particular, PA12,
are of great interest as they have reduced permeability to hydrogen and thermo-mechanical
properties, which allow for the pipes to withstand an operating pressure of 2 MPa. PEEK is
a high-performance polymer with excellent mechanical and thermal resistance; therefore, it
is used in high-quality components for the hydrogen industry. PTFE polymers are known
for their high chemical and corrosion resistance, and they are used for gaskets and coatings.

NBR is resistant to hydrogen and is often used for gaskets, O-rings, and seals. It is
compatible with fuels and oils but may not be suitable for extreme temperatures. FKM
materials are known for their excellent chemical and thermal resistance, and they are used
in gaskets, valves, and sealing components. Silicone materials are flexible and resistant to
hydrogen, and they are used in low-temperature applications and as seals. In particular,
VMQ has a wide temperature range and better compressive strength than MQ, which
makes it suitable for some gasket applications. PVMQ has an operating temperature of
approximately 100 ◦C lower than the MQ, with a working temperature of −100 ◦C that
makes it suitable for low-temperature applications such as hydrogen infrastructures. FVMQ
has superior chemical resistance to aggressive environments compared to other silicones,
but its resistance to high temperatures is lower.

However, polymers also have some limitations and challenges, such as mechani-
cal integrity, due to the exposition to high-pressure hydrogen, aging phenomena, rapid
decompression, material selection, design optimization, and recycling.

All of these criticisms are mainly linked to the gas permeability mechanisms that
are particularly enhanced in elastomeric materials as a consequence of their amorphous
microstructures. In fact, as hydrogen is a small molecule in nature, it is quite easy for it to
permeate within the polymeric chains, and this, if not controlled/predicted, can lead to
catastrophic failure. In the next section, the phenomenology of gas permeability will be
discussed, also considering the main effects that can affect it.

7. Gas Permeation in polymers

It is well known that polymers are permeable to gases [56]. As hydrogen molecules are
very small, they can easily dissolve in the material and diffuse through it. If one wants to
understand the physics that involves the permeation behavior through polymers, a solution
diffusion mechanism can be used. Basically, the permeation of hydrogen in a polymer
involves two mechanisms: (i) hydrogen dissolution at the free surface of the material; and
(ii) diffusion inside the material [57]. Flaconneche et al. [58] described the transport process
by considering three main consecutive stages, as reported below:
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1. Absorption of the gas on the high-pressure side due to the chemical affinity;
2. Diffusion of the gas inside the polymer;
3. Desorption of the gas on the low-pressure side;

This process is schematically described in Figure 4. Within this Figure, the black
solid curve represents the gas concentration gradient, and CH and CL represent the gas
concentration on the high-pressure and low-pressure sides, respectively.
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The gas permeation process can be characterized by three main physical properties:
solubility (S, mol/m3Pa); diffusivity (D, m2/s); and permeability (P, molm/m2sPa). Sol-
ubility represents the gas quantity that the material can absorb. Diffusivity is a kinetic
property that describes the velocity by which the gas moves between a point with high pres-
sure and a point characterized by lower pressure. Finally, the permeability represents the
capability of the gas to move within the polymeric material. Actually, there is a relationship
that correlates all of these coefficients, and it can be expressed as Equation (1):

P = S × D (1)

The dominant parameter of permeation is gas diffusion, which is very slow [56]. It
was observed that diffusion existed only in the amorphous regions of a polymer and
it was very limited in the crystalline ones [59]. Gas molecules can diffuse through the
polymer by taking advantage of the free volume created by the chain segment motion in
the polymer [60].

In order to estimate the hydrogen permeability, diffusivity, and solubility coefficients
on a material, a proper experiment, according to Standard ISO 11114-5 [61] and named
high-pressure hydrogen gas permeation test (HPHP), can be carried out. The experimental
setup, as reported in Figure 5, is made of high-pressure and low-pressure sealing cavities,
sealing rings, a wire mesh, and a sintered metal plate. The sample is clamped between the
two sealed chambers, and the sintered metal plates are applied to support the sample in
order to prevent possible deformation during the experiment. The wire mesh is used to
avoid direct contact between the sintered metal and the sample surface and to ensure an
even distribution of the hydrogen on the sample during the test.
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The HPHP allows us to estimate the permeability coefficient of the material by mea-
suring the quantity of gas/hydrogen that permeates the low-pressure chamber.

In particular, hydrogen is injected into the upper chamber under vacuum. The pressure
in the upper chamber increases, and then, hydrogen gas starts to permeate through the
specimen. Diffusion mechanisms within the material start, and at a certain time, some
hydrogen molecules go inside the lower-pressure chamber. At this stage, the pressure in
the lower chamber increases because the higher quantity of hydrogen gas diffused within
the polymer comes inside the lower-pressure chamber. After some time, hydrogen gas
permeating through the sample is constantly released, and the pressure increases linearly
with the elapsed time. A typical curve, in terms of pressure measured at the low-pressure
chamber as a function of the elapsed time, is reported in Figure 5.

As one can observe, at the beginning of the experiment, the pressure is null, as no
molecules exist in the lower-pressure chamber. Then, as soon as gas molecules diffuse and
go inside the lower-pressure chamber, pressure increases until the process saturates, and
the slope of the pressure becomes constant. The latter can be fitted with a straight line, and
the time lag τ, representing the point where the fitted line intersects the initial pressure,
can be obtained.

At this stage, the diffusivity (D) can be calculated as follows:

D =
l2

6τ
(2)

where l is the sample thickness (m), and τ is the lag time (s). The permeability coefficient
(P) can be obtained as follows:

P =
VC

RTph A
·dp

dt
(3)

where T and R are the temperature and gas constants, respectively; A is the area of the
specimen; VC is the volume of the low-pressure chamber; ph is the pressure of hydrogen
in the high-pressure chamber, and dp/dt is the slope of the curve, as reported in Figure 5.
Once the diffusivity (D) and permeability (P) are measured, the solubility coefficient (S)
can be calculated according to Equation (1).

It is important to underline that permeability is strongly temperature- and pressure-
dependent; therefore, it is of great interest to know how it changes, especially if one
considers that polymers operating in a hydrogen environment must work in different
thermo-mechanical conditions. More details are reported in the next two sections.
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8. Effect of Temperature on Hydrogen Permeability in Polymers

According to ISO 19881 standards [62], the maximum temperature that hydrogen
should reach in the storage system cannot be higher than 85 ◦C [63]. For this reason,
in some applications, it is typically pre-cooled at a temperature of −40 ◦C. In this way,
overheating phenomena can be avoided [64].

Such temperature variations, from −40 ◦C to 85 ◦C, can be critical for a hydrogen
storage cylinder; therefore, it is extremely important to understand how it can influence
the hydrogen transport properties of the polymer.

In early theoretical studies [58], it was shown that permeability P, diffusion D, and sol-
ubility S of polymers followed the Arrhenius’ law, as described by the following equations:

S(t) = S0·exp
(
−∆HS

RT

)
(4)

D(t) = D0·exp
(
−ED

RT

)
(5)

P(t) = P0·exp
(
− EP

RT

)
(6)

where S0, D0, and P0 are the limit values of the corresponding coefficient when the temper-
ature, theoretically, approaches infinity.

∆HS is the apparent activation energy of the heat of dissolution; ED is the apparent
activation energy of the heat of diffusion, and EP is the permeation that the gas needs
to dissolve within the polymer. According to Equation (1), it is possible to write that
EP = ∆HS·ED; therefore, one can state that for hydrogen, both ∆HS and ED are positive [65].
This means that for a specific pressure value, the hydrogen permeation increases according
to the temperature.

In the field of polymeric materials, a very interesting study aimed at analyzing the
temperature dependence of hydrogen permeability on polymers was conducted by Barth
et al. [55]. In particular, they studied this phenomenon on both thermoplastic and elas-
tomeric materials, such as HDPE, PA, PVC, butyl rubber, etc. What they observed is shown
in Figure 6.
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The graph reports the permeability coefficient in the logarithm scale as a function
of the reciprocal of temperature for different investigated materials. The linear trend
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demonstrates that the hydrogen permeability follows Arrhenius’ law with the temperature.
Please consider that, for schematic purposes, within this Figure, only two labels per line
are reported, but, actually, each line is the fitting of multiple points (see refs. [55]). Results
also revealed that there is an order of magnitude difference between 85 ◦C and the room
temperature and that at a temperature lower than room temperature, the permeation
reduction is relatively smaller, in the order of 2%.

Additional studies aimed at investigating the effect of temperature on the permeability
of polymers were carried out by Yu Sun [65]. In this study, the authors carried out experi-
ments on PA6 and LIC/PA6 materials at different temperatures (−10 ◦C, 25 ◦C, 85 ◦C) and
pressures (25–50 MPa).

Figure 7, like the previous one, reports the permeability coefficient in the logarithm
scale as a function of the reciprocal of temperature for the two materials. The obtained
results show the same trend reported by Barth et al. [55].
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Finally, a similar investigation was conducted by Rogers [70] on HDPE. The same
conclusions, reported in previous studies, were obtained.

From a physical/chemical point of view, the permeability of polymers increases with
increasing temperature for several reasons. First, the solubility coefficient increases with
the temperature because the polymer chains expand and create more free volume for the
penetrant to dissolve. The free volume is the space between the polymer chains that can
accommodate the gas or liquid molecules. The free volume increases with the temperature
due to the thermal expansion and the increased chain mobility of the polymer [71].

Second, the diffusion coefficient increases with the temperature because the polymer
chains become more flexible and allow for the penetrant to diffuse faster. The diffusion
of the penetrant in the polymer is governed by Fick’s law, which states that the flux of
the penetrant is proportional to the concentration gradient and the diffusion coefficient.
The diffusion coefficient depends on the molecular size and shape of the penetrant, the
molecular weight and structure of the polymer, and the temperature of the system. The
diffusion coefficient increases with the temperature due to the Arrhenius equation, which
states that the diffusion coefficient is proportional to the exponential ratio of the activation
energy and the temperature. The activation energy is the energy barrier that the penetrant
has to overcome to move from one position to another in the polymer matrix. The activation
energy decreases with the temperature due to the increased chain mobility and free volume
of the polymer [71].

Third, the permeability of polymers increases with the temperature because the mate-
rial tends to approach the glass transition temperature (Tg). The Tg is the temperature at
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which the polymer changes from a rigid and glassy state to a flexible and rubbery state.
Above Tg, the polymer chains have more mobility and free volume, which facilitate the
solubility and diffusion of the penetrant in the polymer. Below Tg, the polymer chains are
more constrained and have less free volume, which hinders the solubility and diffusion
of the penetrant in the polymer. Therefore, the permeability of polymers increases when
T → Tg for T < Tg [71].

9. Effect of Pressure on Hydrogen Permeability in Polymers

Gas pressure is an additional parameter that has a strong influence on the transport
properties of polymeric material.

In order to study how the polymer hydrogen permeability of HDPE can be modified
when high pressure is applied, Fujiwara et al. [72] used the HPHP method. The analysis was
carried out considering pressure values in the range of 10–90 MPa. In their conclusion, the
authors observed that all the hydrogen transport coefficients decreased with the increasing
of the applied pressure, even though among them, the decreasing rate of the diffusion
was higher than the solubility, indicating that after a specific temperature value, hydrogen
permeation was mainly affected by diffusion rather than solubility.

The effect of pressure on hydrogen permeability was also investigated by Yu Sun [65]
on PA6 and LIC/PA6 materials. Three different pressure values were analyzed, i.e.,
25–35–50 MPa. Figure 8 reports the logarithm of the hydrogen permeability as a function
of the applied pressure for the two materials, showing a linear decrease in this scale with
the increase in the pressure. However, it is important to underline that these measure-
ments were carried out after decompression, and this can be strongly linked to internal
damages induced by mechanical stress. More details about the decompression process will
be discussed in the following sections.
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The observation reported in the literature can be explained as a consequence of the
following events: (i) higher pressures induce the polymer to obtain a most compact config-
uration; (ii) high compactness means an increase in the density; (iii) high density means
reduction in the free volume; (iv) less free volume means lower diffusion [73,74]. Even in
the case of thermoplastic polymers, as reported by Fumitoshi et al. [75], in polyethylene
material, a high-pressure hydrogen environment induces the crystallinity to increase with a
consequent reduction in hydrogen diffusion. However, it is important to point out that this
change in crystallinity is reversible. In fact, when the high applied pressure is removed, the
polymer’s crystallinity returns to its original value.
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Now, the question is, how can the pressure and permeability variation influence the
mechanical performances of polymeric materials? In this case, it is important to distinguish
between thermoplastics and elastomers. In fact, as a consequence of their microstructure,
hydrogen has a different impact.

As previously discussed, the free volume within the polymer and the segmental
mobility of the polymer chains influence the transport properties of hydrogen and gas,
in general.

Elastomers, in fact, are characterized by a bigger free volume, allowing for easy
diffusion through the polymer chains compared to glassy polymers characterized by a
semi-crystalline microstructure. The high degree of crystallinity in thermoplastics can
result in lower permeability of hydrogen compared to elastomers. As previously discussed,
even Tg can affect transport properties; in fact, higher Tg materials can be less affected by
gas permeation.

Studying the effect of both hydrogen environments combined with the high pressure
is not an easy task; in fact, special facilities with special security systems are required.
Actually, there are some French [76] and Italian research groups [77] that developed a setup
able to execute mechanical tests in hydrogen environments under pressure. However, in
the first case, only low pressure can be investigated, whereas in the latter case, the high-
pressure opportunity exists, but only preliminary tests on metals have been performed up
to now.

In the published literature, there are relatively little data characterizing the mechanical
properties of polymers/materials in the presence of both hydrogen and high pressure (up
to 70–100 MPa).

Instead, there are several studies where the only effect of the high hydrostatic pressure
on the mechanical behavior of polymers is investigated. Reported experiments consist
of stress–strain measurements on thermoplastic materials under tension, compression, or
torsion within an enclosed pressure chamber. Results obtained by scholars reveal that the
hydrostatic pressure increases the elastic modulus, the strength, and the final elongation,
and it also has beneficial effects on crack propagation.

To our knowledge, one of the first works where the effect of pressurized hydrogen
on the mechanics of thermoplastic polymers was investigated was made by Castagnet
et al. [76].

In their first study, the influence of coupling between gas diffusion and tensile proper-
ties was investigated in PE- and PA11-based materials. Samples were tested in atmospheric
air as well as in hydrogen, with a test pressure of 3 MPa. From their experiments, they
concluded that tensile properties were not affected by H2 diffusion. In a further study,
Castagnet et al. [78] also investigated the effect of long-term aging on PE- and PA11-based
material. After 13 months in hydrogen at different pressures, 2 and 5 MPa, and temper-
atures below and above the glass transition, no deleterious effect was observed on the
mechanical properties of PE and PA11.

In addition, a hydraulic testing machine was fitted within the pressure hydrogen
chamber to investigate not only the monotonic properties and long-term creep but also
ductile fracture in PE and PA11 [79]. They concluded that tensile, static properties, such as
the elastic modulus and the yield stress, viscous creep deformation, and ductile fracture,
were not highly modified by hydrogen permeation.

In 2014, Alvine et al. [80] conducted the in situ tensile test of polymer materials under
a hydrogen pressure greater than 10 MPa. They find that high-pressure (35 MPa) hydrogen
significantly reduces the tensile strength of HDPE (about 10%).

Research studies focused on the effects of high-pressure hydrogen on sealing materials
are relatively new.

In this context, Yamabe et al. [81,82] produced NBR and EPDM made by different car-
bon black and silica percentages with the aim of analyzing how the high-pressure hydrogen
modified the penetration properties and hydrogen content of the materials. However, it is
important to underline that experiments were performed ex situ; i.e., the materials were
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preliminarily exposed to high-pressure hydrogen (100 MPa) at room temperature and then
tested in a laboratory environment. It is shown that as the volume increases, the elastic
modulus and tensile strength of the samples decrease, which is significantly attributed to
the decrease in the cross-link density and elongation of NBR rubber.

Menon et al. [83] exposed a select group of two elastomers (NBR and Viton A®)
and two thermoplastics (HDPE, PTFE) to hydrogen in static conditions at a pressure of
100 MPa at ambient temperature for a week in order to estimate the influence of hydrogen
exposure on properties such as the modulus, Tg, compression set properties, density,
outgassing characteristics, and the tensile strength. They observed that thermoplastics did
not experience any significant change in major physical properties, whereas the elastomers
showed very significant variations.

Most recently, Theiler et al. [84] investigated the influence of a high-pressure hydro-
gen environment on the physical and mechanical properties of two types of cross-linked
hydrogenated acrylonitrile butadiene rubbers. In particular, they exposed the materials to
hydrogen up to 100 MPa at 120 ◦C for 7 and 21 days and observed a decrease in density and
mechanical properties immediately after exposure, even though the materials recovered
their original values after 48 h.

10. Ways to Manage Permeability in Polymers

Gas permeability is a crucial material property to take into account when dealing
with the use of polymers in hydrogen infrastructures. Designers would like to keep this
parameter as low as possible, meaning that neither diffusivity D or solubility S exhibit
low values in the operating conditions. For that reason, semicrystalline polymers, as
a consequence of their morphology, are the most appropriate. In fact, the hydrogen
permeability of polymers decreases with increasing polymeric crystallinity, as the crystalline
regions of the polymer have lower free volume and higher density than the amorphous
regions, which hinder the diffusion and solubility of hydrogen in the polymer. Michaels
and Parker [85] and Michaels and Bixler [59,86] demonstrated that for isotropic HDPE,
the sorption and the diffusion took place only in the amorphous regions of the material.
The crystalline zones, in fact, can be considered as an inaccessible volume for the sorption
process, and it drastically reduces the diffusion phenomenon. Therefore, it is quite clear
that the first parameter to consider to control the barrier properties of polymeric materials
is their chemical structure.

The Tg of the polymer is another important factor that affects the hydrogen perme-
ability of the polymer. In fact, at a certain operating temperature, being far below Tg will
guarantee lower permeability of the material. Therefore, it is always convenient to use
materials with high Tg.

An additional way to control/improve the hydrogen barrier properties of the polymer
is to add fillers within the material. By making a physical barrier in the polymer, fillers
create a tortuous path for the hydrogen molecules to penetrate the polymer matrix, as
Figure 9 illustrates. Such a phenomenon was physically observed by Yu Sun [65] by adding
fillers within PA6. In addition, he showed that the introduction of filler also increased the
stiffness of the material, and the flexibility of the polymer chain decreased, making it more
difficult for hydrogen molecules to penetrate the polymer.

The effect of filler on the hydrogen permeability of EPDM composite polymers was
also investigated by Yamabe et al. [81,82] and Nishimura [87]. They observed that silica-
filled EPDM composites exhibited a much lower amount of absorbed hydrogen content,
demonstrating that the addition of silica is an effective way to enhance the resistance to
high-pressure hydrogen gas of rubber composites.

Sun et al. [65] added lamellar silicate nanofiller (LIC) to a PA6 grade material and
investigated the hydrogen permeability in different operating pressure levels (25 MPa,
35 MPa, 50 MPa) and temperature conditions (−10 ◦C, 25 ◦C, 85 ◦C). They observed that
compared with the base material, i.e., the non-filled one, the hydrogen barrier properties in
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filled grades were 3–5 times higher. In addition, a bigger improvement in the lower range
of temperatures was observed as a consequence of the lower mobility of polymeric chains.
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Graphene nanosheets are also a type of fillers that can enhance the mechanical properties
of polymers, but they are prone to agglomeration, so they need surface functionalization to
improve the separation of the sheets and the insertion of polymer chains [88–90]. A better filler
distribution can reduce the filler agglomerations and lead to better mechanical properties.

Recently, even carbon nanotubes (CNT) were investigated by Takeyama et al. [91] as
possible fillers to improve the performances of elastomers used in high-pressure hydrogen
environments. In particular, they exposed an NBR material filled with CNT to high-pressure
hydrogen (30 to 90 MPa) with the aim of investigating the relationship between the amount
of hydrogen intrusion and the volume variation. It was found that the balance between the
amount of hydrogen intrusion and the volume change due to exposure to high-pressure
hydrogen can be improved by using CNTs.

In the next sections, the damage mechanisms of polymers, mainly related to the
material permeability operating in a hydrogen environment, are reported and described.

11. Rapid Gas Decompression in Polymers: The Phenomenology

Rapid gas decompression (RGD) is a phenomenon that occurs when a high-pressure
gas, such as hydrogen, is suddenly released from a confined space, such as a vessel or
a pipe. RGD can cause severe damage to the materials that are in contact with the gas,
especially polymers and composites, which are widely used for hydrogen storage and
transport applications. RGD can induce different types of damage mechanisms, such as
cavitation, blistering, cracking, delamination, and rupture, depending on the gas pressure,
temperature, decompression rate, and material properties [92].

The main cause of RGD damage is the gas diffusion and desorption process in the
polymer matrix. Under high pressure, gas molecules can penetrate into the polymer and
occupy the free volume between the polymer chains. When the gas pressure is rapidly
reduced, the gas molecules inside the polymer tend to escape and reach a new equilibrium
with the external pressure. However, the gas diffusion and desorption rates are limited
by the polymer viscosity and permeability, which depend on the polymer Tg, crystallinity,
cross-linking, and plasticization. Therefore, the gas pressure inside the polymer can be
higher than the external pressure for a certain time, creating a pressure gradient that can
exceed the material strength and cause damage [92].
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The extent and severity of RGD damage depend on several factors, such as the gas
type, the gas solubility, diffusion coefficients in the polymer, the initial gas pressure and
temperature, the decompression rate and profile, the polymer type and grade, the polymer
thickness and geometry, and the polymer mechanical properties.

RGD damage can compromise the performance and safety of hydrogen vessels and
pipes, and, thus, it should be prevented or minimized by proper design and material selection.

The possible strategies to reduce RGD damage are directly linked to the following
permeability properties of the polymers: choosing polymers with high Tg, high crystallinity,
high cross-linking, and low gas solubility and diffusion coefficients; using multilayer
or composite structures with gas barrier layers or coatings; controlling the gas pressure,
temperature, and decompression rate and profile; and adding additives or modifiers to the
polymer to improve its gas resistance and compatibility.

12. Damages Induced by RGD

The literature on rapid hydrogen decompression is not extensive. The damage mecha-
nisms induced by RGD of hydrogen were properly described and modeled in [82] under a
single exposure to high-pressure hydrogen.

When a rubber is exposed to hydrogen gas, supersaturated hydrogen molecules cluster
in micrometer-sized bubbles (Figure 10) [82]. The latter represent stress concentration sites
for the material that, after several filling and emptying cycles, will generate blisters (cracks)
(see Figure 10). Internal damage may increase the gas permeation, as the inner local defects
can represent preferential diffusion paths that promote gas transport [93].
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The first works where the effect of RGD on elastomers was extensively investigated
were proposed by Yamabe et al. [82,94,95], where EPDM, VMQ, and HNBR were decom-
pressed from 10 MPa of hydrogen pressure. The aim was to investigate the effect of different
fillers on the blistering mechanisms. What the authors observed was that induced damages
were less critical in silica-filled composites than in elastomers without fillers. In addition,
they also observed that in EPDM material, cracks were generated when decompression
was carried out at a pressure higher than 2 MPa.

Jaravel et al. [96,97] characterized a modified silicon elastomer decompressed from
hydrogen pressures up to 27 MPa. Transparent specimens were used to visually track
damages during the experiment. They found that higher saturation pressures and faster
decompression rates facilitate blistering; the presence of tensile stresses within the sample
accelerates the damage process; the elastomer does not exhibit damage phenomena at de-
compression rates below 0.2 MPa/min for low saturation pressure, and the decompression
rate can be increased by decreasing the saturation pressure [97].
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Kane-Diallo et al. [98] carried out tests to identify how the applied pressure (7–15 MPa)
and the decompression rate (0.75–30 MPa/min) influenced damage generation. By using
transparent EPDM (unfilled) samples, they also visually tracked damages during the
experiment and used this information to model and predict damage phenomena. Based on
in situ captured images, it appears that cavity size increases with rising saturation pressure
and decompression rate.

Notably, thermoplastic polymers are also susceptible to the RGD process. Existing
research predominantly focuses on HDPE and PA materials commonly used for lining
applications. Yersak et al. [99] and Baldwin [100] exposed specimens of HDPE and PA
grades to 87.5 MPa and 65 MPa of high-pressure hydrogen, respectively, and upon the
RGD, they observed cavitation damage.

Similarly, in semi-crystalline materials, RGD is a diffusion-controlled phenomenon,
implying that cavitation may persist even after decompression [101]. Ono et al. [102]
conducted experiments on an HDPE grade exposed to 90 MPa of high-pressure hydrogen,
identifying internal damage initiation caused by RGD. Their findings quantitatively reveal
the evolution of internal damage due to cyclic high-pressure exposure. In addition, thanks
to optical investigation of the cross-section, they observed that damages induced by RGD
were mainly concentrated in the middle of the specimen [102].

An additional damage mechanism that may occur in thermoplastic material is rep-
resented by the liner collapse with a permanent deformation (see Figure 11). Research
shows that the ratio of material yield stress to Young’s modulus ratio determines the critical
pressure for liner collapse [103].
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The liner collapse behavior, which may occur during the compression and decompres-
sion stages, was tested on a laboratory scale by Pepin et al. [105,106]. Considering that a
full-scale experiment such as this one was quite complex and expensive, they developed a
laboratory-scale liner collapse test method. A thermoplastic polymer (PA 6, Tg42C) plate
was used as the liner material, and tests were carried out at a maximum hydrogen pressure
of 30 MPa at 50 ◦C in an autoclave. They identified key parameters to develop models to
predict such a catastrophic damage mechanism [105].

13. Aging in Polymers: The Phenomenology

The hydrogen aging phenomenon is the degradation of the mechanical properties
of polymers due to exposure to hydrogen gas at high pressure and temperature. Hydro-
gen aging can affect different characteristics of the material, such as strength, stiffness,
toughness, ductility, and fatigue resistance, depending on the polymer type, structure, and
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morphology. Hydrogen aging can also induce damage such as cracking, blistering, HE, and
swelling, depending on the hydrogen solubility, diffusion, and desorption in the polymer
matrix [107–109].

The main cause of this phenomenon is the interaction of hydrogen molecules with
the polymer chains. Hydrogen molecules, in fact, can penetrate the polymer and occupy
the free volume between the polymer chains, whose size depends on the Tg, crystallinity,
cross-linking, and plasticization of the material. The free volume decreases with the
increase in these factors, which results in lower hydrogen solubility and diffusion in the
polymer [108,109].

The hydrogen molecules inside the polymer can cause two types of effects: physical;
and chemical. The physical effect is the creation of a pressure gradient between the polymer
and the external environment, which can cause the polymer to expand or contract. The
expansion or contraction of the polymer can result in mechanical stresses and strains, which
can affect the mechanical properties and induce damage to the polymer. The chemical effect
is the formation of chemical bonds between the hydrogen molecules and the polymer chains,
which can alter the molecular structure and morphology of the polymer. The chemical
bonds can be either reversible or irreversible, depending on the type and strength of the
bonds. The reversible bonds can be broken by increasing the temperature or decreasing
the pressure, while the irreversible bonds can only be broken by chemical reactions. The
chemical bonds can affect the mechanical properties and induce damage to the polymer by
changing the chain mobility, cross-linking, and crystallinity [107–109].

14. Damages Induces by Aging

In recent years, some attempts to investigate the effect of hydrogen aging on polymers
have been made. In particular, concerning the elastomeric materials, Yamabe et al. [110]
exposed NBR material grade to 100 MPa-pressure hydrogen and did not observe any
particular changes in the Tg of the material. The same result was obtained by Menon
et al. [83] on the NBR grade, whereas a reduction in the Tg of the FKM grade was measured
after high-pressure hydrogen exposure due to the reduced crystallinity. Fujiwara et al. [111]
carried out cyclic high-pressure (90 MPa) hydrogen exposure at 30 ◦C on CB-filled and NBR-
grade-filled, and also, in this case, no structural changes were observed after the treatment.

Concerning thermoplastic materials, the trend is a bit different. In fact, Menon et al. [83]
investigated the aging phenomenon of PTFE at 100 MPa and room temperature. After one
week of hydrogen exposure, the material, compared with the non-exposed one, showed
an increase in the elastic modulus, the yield stress, and the strength. Instead, Castagnet
et al. [76,78,79] investigated PA grade and PA11 grade by exposing them to hydrogen at
different pressures (0.5–3 MPa) and different temperatures (20–80 ◦C) for 13 months. No
modifications in the mechanical properties were observed. Finally, Alvine et al. [80] carried
out an aging test on HDPE by exposing it to hydrogen at different pressures (28, 31, and
35 MPa), and they obtained a reduction in the tensile strength.

Based on these observations, we can state that the hydrogen aging phenomenon can
compromise the performance and durability of polymers used for hydrogen storage and
transport applications, and, thus, it should be prevented or minimized by proper design
and material selection. However, a mismatch among the obtained data still exists; therefore,
many efforts have to be made in order to better understand this detrimental phenomenon.

15. Summary

This article reports the results of an in-depth bibliographic investigation on the effects
of hydrogen permeability of polymeric materials and polymer-based materials used for hy-
drogen storage and distribution infrastructures. In particular, the influence of permeability
on the mechanical properties and the induced mechanisms that generate damage in the
case of cyclic depressurization and aging are investigated.

The analysis highlighted that many studies have been conducted on the influence of
pressure and temperature on permeability when they act separately and independently.
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Both thermoplastic and elastomeric materials have been studied. It has been found, in
general, that increasing pressure reduced permeability, whereas temperature induced an
increase. Finally, an inverse correlation between permeability and mechanical properties as
pressure varied has been experimentally demonstrated.

16. Conclusions

Based on the reported literature, one can state that more studies that correlate perme-
ability and mechanical properties as temperature varies are needed. More thermoplastic
polymers and their composites can and/or must be tested in order to broaden the range
of materials that can be selected in the design phase. The same could be performed for
elastomers, focusing on the possibility of developing new types of reinforced elastomers
with low permeability and also using innovative forms of reinforcement, such as graphene
and nanotubes.

Concerning damage caused by the rapid decompression of hydrogen, it must be noted
that the literature is not very extensive on this topic, and even if the mechanisms of induced
damage have already been well described and modeled, further experimental studies must
be conducted to better understand the mechanisms that determine its development.

Finally, it should be highlighted that, unfortunately, studies on the behavior of the
material under the simultaneous action of pressure and temperature are completely lacking
in the literature. Its knowledge could be crucial to avoid catastrophic events during the
filling and emptying processes of hydrogen storage and distribution systems. Currently,
only a few laboratories in the world are able to perform these types of tests. Therefore,
further investigation is warranted. Further efforts and huge investments are needed for the
development of new experimental apparatus in order to accelerate studies on the behavior
of polymers operating in the most critical environmental conditions (high pressure and
temperature for a long time) in the presence of hydrogen. It can be hoped, in this way, that
the results obtained will make it possible to develop design methodologies for the safe
storage and transport of hydrogen.
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