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Abstract: The type IV hydrogen storage tank with a polymer liner is a promising storage solution
for fuel cell electric vehicles (FCEVs). The polymer liner reduces the weight and improves the
storage density of tanks. However, hydrogen commonly permeates through the liner, especially at
high pressure. If there is rapid decompression, damage may occur due to the internal hydrogen
concentration, as the concentration inside creates the pressure difference. Thus, a comprehensive
understanding of the decompression damage is significant for the development of a suitable liner
material and the commercialization of the type IV hydrogen storage tank. This study discusses the
decompression damage mechanism of the polymer liner, which includes damage characterizations
and evaluations, influential factors, and damage prediction. Finally, some future research directions
are proposed to further investigate and optimize tanks.

Keywords: fuel cell electric vehicles; type IV hydrogen storage tank; liner; polymer; decompres-
sion damage

1. Introduction

As the lightest and the most abundant element, hydrogen has the advantages of high
calorific value and zero emissions [1]. It is the ideal new energy for the 21st century [2].
Fuel cell electric vehicles (FCEVs) are one of the applications of hydrogen energy in vehicles.
However, due to the low density of hydrogen at ambient temperature, realizing high
hydrogen storage density is one of the critical issues in the development of FCEVs. Thus, the
progress of advanced on-board hydrogen storage methods is attracting global attention [3,4].

Among the existing hydrogen storage methods, high-pressure gaseous hydrogen
storage is presently the most common and mature choice for on-board hydrogen stor-
age [5]. It stands out for its low storage energy consumption, fast charging and discharging,
outstanding dynamic response, and wide temperature operating range [6]. Meanwhile,
the research into and applications of high-pressure fuel gas tanks are relatively mature,
especially compressed natural gas (CNG) tanks, which can be a reference for studying
high-pressure hydrogen storage tanks.

There are currently four main types of hydrogen storage tanks. Figure 1 shows the
all-metal gas tank (type I), the metal-lined gas tank hoop-wound with fiber (type II), the
metal-lined gas tank fully wound with fiber (type III), and the polymer-lined gas tank fully
wound with fiber (type IV). These four types have achieved a significant transition to a
product with a more reasonable structure, lower weight, and better economy. The type
I and type II tanks with steel liners have some disadvantages, such as high weight and
serious hydrogen embrittlement [7,8]. These disadvantages cannot meet the requirements
of on-board hydrogen storage systems such as lightness and safety. In contrast, the type
III and type IV tanks achieve the weight reduction and improve the hydrogen storage
density [9,10]. Therefore, they are more widely adopted in the FCEVs industry. So far,
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some cylinder manufacturers and automobile manufacturers have successfully developed a
variety of specifications of fiber fully wound high-pressure hydrogen storage tanks. In 2001,
Quantum designed the type IV TriShieldTM cylinder, with the highest storage pressure
at 70 MPa [11,12]. In 2018, Hyundai introduced a new FCEV, NEXO, with three 700-bar
fuel tanks. Compared to its first FECV SUV, its storage density improved from 4.4 wt% to
5.7 wt% [13]. In Japan, following the release of MIRAI in 2014 [14], Toyota developed a
new generation of MIRAI in 2020 [15]. The new storage system configured three type IV
tanks with a filling pressure of 70 MPa, increasing the hydrogen capacity and driving range
by about 20% and 30%. Meanwhile, its gravimetric density reached 6.0 wt%, which has
achieved the goal set by DOE for 5.5 wt% by 2025 [16].
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The type IV tank possesses excellent corrosion and fatigue resistance due to its poly-
meric liner [17]. The options for its material liner are still in the exploratory stage and in-
clude, but are not limited to, high-density polyethylene (HDPE), polyamide (PA), polyethy-
lene glycol terephthalate (PET), and series materials of polyether [18,19]. Meanwhile, some
studies are interested in polymer blends, for example, a mixture of 95 wt% low-linear-
density polyethylene (LLDPE) and 5 wt% HDPE [20]. Compared to the type III tank, the
type IV tank is lighter and cheaper. The complicated manufacturing process and long man-
ufacturing cycle for metal liners make the type III tank costly. In addition, the poor fatigue
performance of metals requires the type III tank to be equipped with many high-modulus
carbon fibers to extend its service life, which further increases the cost. By contrast, the low
price of raw materials and the simple molding process allow the type IV tank to achieve a
low cost. The future development of high-pressure hydrogen storage tanks aims at a light
weight, low cost, high storage density, and long service life. Thus, the market for 70 MPa
type IV tanks for hydrogen-powered cars is potentially extensive.

In type IV tank applications, the structural and performance integrity of the polymer
liner is of great importance and must be guaranteed. Due to the hydrogen permeation
through polymers [16], the coupling between gas diffusion and mechanical properties
may compromise this integrity on rapid gas decompression. Rapid gas decompression is
a recognized phenomenon in polymer applications. It generally occurs in some extreme
situations: system failure, component damage, periodic inspections, and aging tests. Such
gas decompression may have potential for severe damage inside the plastic liner (blister-
ing, whitening, voids, cavities, or cracks). This damage may have serious consequences,
increasing the likelihood of premature failure. On the one hand, the liner’s mechanical
properties will deteriorate. On the other hand, the damage will aggravate hydrogen per-
meation. Therefore, a thorough understanding of the mechanism of the polymer liner’s
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decompression damage is of great significance in improving the safety of tanks. There
are few similar reviews in this field. References [18,21] covered a wide range of studies
related to the application of polymer materials in a hydrogen atmosphere. However, the
above-mentioned reviews did not include in-depth discussion on decompression damage.

This paper comprehensively reviews, categorizes, and summarizes the relevant lit-
erature on the decompression damage of polymer liners, analyzing the decompression
damage of liner materials in terms of damage mechanisms, characterization methods,
influencing factors, and prediction models, and further providing an outlook on future
research directions. Section 2 describes the hydrogen behavior inside polymers during
decompression. The characterization methods and quantitative evaluations of damage
morphology in existing research are summarized in Section 3. Section 4 lists the factors
affecting the internal damage of polymers, including the material level and operation con-
dition. Section 5 describes the predictive models and risk assessments that may be utilized
for decompression damage. Some future research directions are proposed in Section 6.

This paper provides a more comprehensive understanding of the decompression
damage in the polymer liner of type IV hydrogen storage tanks and provides guidance for
future standard test methods, liner design, hydrogen storage system control strategies, and
predictive tool development.

2. Hydrogen Behavior through Polymeric Materials during Decompression

The decompression process involves gas transport: under high-pressure hydrogen
soaking, gas molecules permeate through the polymer and then gradually occupy it; when
gas decompression occurs, the gas molecules inside escape to reach a new equilibrium.

2.1. Gas Permeation through Polymers

Polymeric materials are well known to be permeable to gases [22]. As the smallest
molecule, hydrogen gas can dissolve in and diffuse through the polymer. A solution-
diffusion mechanism can explain the gas permeation behavior through a polymeric material.
The permeation behavior of hydrogen molecules in polymeric materials involves hydrogen
dissolution at the surface of the materials and hydrogen diffusion inside the material [23].
Flaconneche et al. [24] divided the transport process into the three consecutive events
listed below:

1. The polymer absorbs the gas on the high-pressure side.
2. The gas diffuses inside the polymer matrix.
3. The polymer desorbs the gas on the low-pressure side.

This process is described in Figure 2, where 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.

Previous literature has highlighted three properties to characterize the gas permeation
process: solubility, diffusivity, and permeability. The first is a thermodynamic property
describing the amount of gas that the material can absorb. The second is a kinetic property
that describes the speed at which gas molecules move from one side to the other. Finally, P
represents the ability of the gas to pass through the polymer. The relationship of coefficients
corresponding to three properties (diffusivity coefficient D, solubility coefficient S, and
permeability coefficient P) are expressed as Equation (1).

P = S× D (1)

Gas diffusion is the dominant parameter of permeation since it is very slow [22].
Diffusion was proved to exist only in the amorphous regions but to be completely restricted
in the crystalline regions [25]. Gas molecules can move from one position to another
by chain segment movement in the free volume, thus allowing gas diffusion inside the
polymer [26,27].
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2.2. Formation of Decompression Damage

The amount of hydrogen permeating the liner is tiny, which seems negligible during
the service period of the tank. However, the negative consequence of permeation is usually
fatal: damage may occur inside the liner under rapid decompression, such as cracks,
blistering, whiting, cavities, and voids. This phenomenon exists in both elastomers and
thermoplastics, but elastomers are generally more severe than thermoplastics [28]. Scholars
have studied this phenomenon for years [29,30].

Generally, internal damage occurs due to the huge pressure difference between the
inside and outside of the liner. Rapidly decreasing ambient pressure coupled with slow gas
diffusion results in gas supersaturation. In the gas-release process, the original equilibrium
created under high pressure is out of balance. The penetrated hydrogen cannot diffuse
out of the material quickly since it is trapped inside, contributing to the high gas concen-
tration. According to Henry’s law, the trapped hydrogen generates high pressure inside
the polymer. The pressure difference between the inside and outside of the polymer then
rapidly increases. As a result, stress concentration is generated around the microscopic
pores or existing defects or at the interface between the polymer and additives inside the
liner. When the stress or strain exceeds the limit, irreversible damage occurs, which results
from a combination and interaction of thermal, diffusion, and mechanics effects. It has
been reported that the damage partially disappears several hours after the end of gas
decompression [31], as illustrated in Figure 3. This phenomenon indicates that the damage
may have two forms: reversible and irreversible damage. In the literature, the damage
mainly occurs in the amorphous region or the less crystalline areas in the semi-crystalline
polymer [32,33] and the areas of low structural strength in rubbers [34,35].
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It is confirmed that the cracks result from plastic deformation and remain after hydro-
gen is desorbed entirely [32]. As shown in Table 1, the appearance of damage may harm
some mechanical properties of materials [28,36]: the loss in stiffness, the drop in yield stress,
and the reduction in rupture stress. Nevertheless, the damaged material became more
resilient as the elongation at the break and the impact energy improved [28]. The internal
damage may aggravate gas permeation as the damage sites shorten the diffusion paths
to promote gas transport [36]. More seriously, liner collapse, a permanent deformation,
may occur. Research has shown that the ratio of material yield stress to Young’s modulus
ratio determined the critical pressure for liner collapse [37]. Thus, as the internal damage
propagates during compression–decompression cycles, it could lead to catastrophic and
expensive structural failure.

Table 1. Evolution of mechanical properties after decompression damage.

Mechanical Properties Evolution References

Stiffness ↓ [28]
Yield stress ↓ [28]

Rupture stress ↓ [28]
Modulus ↓ [28,36]

Elongation at break ↑ [28]
Note: ”↑” represents an increase in mechanical properties, ”↓” represents a decrease in mechanical properties.

3. Characterization Methods and Quantitative Evaluations for Internal Damage
Morphology in Polymers

Damage morphology often occurs inside the material, increasing the difficulty of
characterization. The characterization method is used to determine whether there is
damage in the material and to estimate the extent of the damage. A reliable damage
characterization method plays a significant role in the investigation of damage mechanisms
and is a guide for engineering diagnosis and analysis. Naebe et al. [38] summarized the
most widely used non-destruction testing methods for cracks in polymers and composites,
including the types of defects observed, merits, and limitations. This section summarizes
the existing characterization methods and quantitative evaluation techniques for damage
detection in polymers.

3.1. Characterization Methods for Internal Damage of Polymers

Internal damage can be observed macroscopically and microscopically. The characteri-
zation methods mainly include light microscope/camera observation, electron microscopy
observation, atomic force microscope observation, computed tomography observation, and
in-situ observation.

3.1.1. Light Microscope/Camera Observation

Microscope or camera observation is a common and straightforward way to detect
damage [39,40]. Kaga et al. [35] used an optical microscope to observe the blistering
behavior of the O-ring specimen from the direction of the pressurized side through a glass
viewport. Hiroaki et al. [41] used an optical microscope equipped with a high-resolution
lens to view a 0.2–0.3 mm thick slice cut from the center of the sample along the thickness
direction. They focused on about 0.1 mm inside the slice rather than on the surface.
Thus, the obtained pictures (Figure 4) reflected the size, density, and direction of cracks.
Baldwin [42] also took the thin cross-sections from the center of the samples and inspected
the minor fractures under a stereo microscope with the assistance of polarized light.
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3.1.2. Electron Microscopy Observation

Compared with light microscopy, electron microscopy is an effective method to pro-
vide higher-resolution images that are difficult to attain. Transmission Electron Microscopy
(TEM) and Scanning Electron Microscopy (SEM) are the two most common types of electron
microscopy. TEM sends a beam of electrons through the sample, producing detailed 2D
projection images of the internal structure, including morphology, composition, and crystal
structure. The sample should be extremely thin to allow the electron beam to pass through.
The cryo-ultramicrotomy technology is the most basic method of sample preparation for
TEM [43]. Gerland et al. [33] discussed the early stages of cavitation in poly(vinylidene
fluoride) (PVDF) on ultrathin specimens approximately 60–80 nm thick at the nanometric
scale. Nanobubbles gathering into alignments were observed. SEM utilizes a focused
electron beam to scan the sample for surface images in 3D. It has no limit to the thickness of
the sample. Dewimille et al. [28] broke a decompression-damaged PVDF by cold fracturing
and then employed SEM to exhibit its visible microscopic damage after the blistering test.
EDS (energy-dispersive X-ray spectrometry) and EDX (energy-dispersive X-ray spectrome-
try) are supplementary means for SEM to obtain the element images. Yamabe et al. [39]
utilized SEM coupled with EDS to observe the fracture surfaces of O-rings. They supposed
that the facet on the fracture surface was a trace of bubbles. Sulfur and zinc oxide were
considered to be the reason for the defect in the rubber [40].

3.1.3. Atomic Force Microscope (AFM)

AFM is a scanning probe microscope with nanometer resolution, whose role is to
obtain the 3D surface information of samples, including surface morphology and roughness.
Researchers utilized AFM to study the surface morphology of damaged polymers [34,35].
They compared the height images of exposed and unexposed samples to study the origin
and development of nanoscale fractures through the average number, length, depth, and
width of line-like structures. However, the observation area is relatively small and requires
multi-region testing to ensure universal results.
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3.1.4. Computed Tomography (CT)—3D Technique

CT, a 3D imaging technique, has been introduced to describe more detailed and
abundant information inside polymers. This technique is based on the attenuation and
absorption of radiation by the detected object. It uses X-rays to take successive cross-
sectional images inside an object, and then a computer reconstructs a 3D image of the
internal structure from the set of radiographs. CT provides a 3D image set that reveals
the distribution, nature, and shape of the damage [44–46]. Owing to the diversity in
density, the cracks and polymer matrix reflect the different gray values on CT images. The
micro-CT images helped Kulkarni et al. [47] infer the damage sensitivity of three types of
EPDM (pure, plasticized, and filled with carbon black fillers) and validate their simulation
results qualitatively. In the literature [32], researchers obtained images of LDPE at different
magnifications. They found that cracks often appeared parallel to the surface and in the
center of samples along the thickness. At the same time, several large cracks were observed,
along with a large number of small cracks at high magnification.

3.1.5. In-Situ Observation

In-situ observation is employed to capture more information about the increase in
damage. It is necessary to monitor the evolution of damage in samples throughout the
test period without moving samples and disrupting the continuity of the experiment. In
addition, the fixed position of the sample throughout the observation period makes it
easy to locate the damage and analyze its growth. In the previous research on rubber and
elastomers (PDMS and EPDM), the authors conducted a time-resolved follow-up with
an optical microscope or camera to study the growth behavior of internal damage and
obtain information such as cavity initiation time and the number, size, and distribution
of cavities [31,48]. To better understand the decompression failure mechanisms in rubber
exposed to high-pressure hydrogen, Sylvie et al. [49] first utilized in-situ X-ray CT to obtain
time-resolved 3D images. Nevertheless, the existing problem for this in-situ X-ray CT is
to better coordinate the contradiction between the acquired image data quality and the
damage evolution’s kinetics. Moreover, the apparatus complexity of the in-situ observation
increases extensively more than that of the ex-situ observation.

3.2. Quantitative Evaluations for Internal Damage of Polymers

Generally, the quantitative evaluation aims to quantify the damage and provide more
compelling data to support damage mechanism studies.

3.2.1. Optical Method

One optical method applied light scattering theory on transparent and semitransparent
materials [32,41]. The existence of internal damage scatters incident light, leading to a de-
cline in transmitted light intensity. Therefore, the percentage of light extinction determined
the extent of internal damage. The transmitted light image acquisition systems mainly
consist of an LED light source, tested samples, and a camera (from bottom to top). Since
polyethylene is optically inhomogeneous, a relative extinction ratio (βr) was introduced to
avoid the influence brought by the original scattering of the transmitted light. Equation (2)
indicates the relationship between βr, BBF (the brightness of the unexposed sample), and
BAF (the brightness of the exposed sample).

βr = 1− BAF
BBF

(2)

Considering the influence of crystallinity on the transparency of samples,
Fujiwara et al. [32] measured crystallinity before and after the decompression. Although
the crystallinity of polyethylene (PE) increased under high-pressure hydrogen, it did not
change after decompression, which meant that its influence on the light transmission could
be negligible in this case. Equation (2), therefore, succeeds in evaluating decompression
damage but is limited by the transparency of samples.
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Another optical method assessed the degree of damage with the assistance of dye
to distinguish cracks from the polymer matrix. Briscode et al. [50] observed thin 1 mm
cross-sections cut from the specimens. To highlight the cracks, they soaked the sections
in black ink and then employed an image analyzer to calculate three damage indexes: the
proportion of crack area (%), the number of cracks, and the mean length of cracks (mm).

3.2.2. Mechanical Method

Sometimes, polymers are not transparent as pure materials or filled with fillers. There-
fore, the optical method mentioned above may not be applicable to these opaque samples.
Some studies adopted some mechanical methods to quantify the overall damage inside
polymers. Combined with the data from the optical method, Briscode et al. [50] quantified
the degree of the decompression damage using three mechanical property analyses: simple
diametric compression, cyclic diametric compression, and sinusoidal tensile deformation.
Lorge et al. [36] quantified the decompression damage produced in poly(vinylidene fluo-
ride) (PVDF) based on continuum damage mechanics (CDM). The basic idea of this method
was that the occurrence of damage will lead to a reduction in mechanical properties, such
as Young’s modulus. Equation (3) provides the relationship between the damage variable
(λD) and Young’s modulus (E for undamaged samples and E′ for damaged samples) under
the assumption of effective stress. Thus, the loss of Young’s modulus can measure and
identify the overall extent of internal damage.

λD = 1− E′

E
(3)

3.2.3. Physical Property Method

Density [28,41] (or volume [39,44,51]) measurement is reported in some studies for
damage quantification. Dewimille et al. [28] managed to visualize micro damage using a
2D X-ray scanner as the density gradient (areal density) on the cross-section of PVDF after
rapid decompression. The results show a sharp decrease in density from the edge to the
middle of the sample. As the linear relationship between density and the mean grey level
value in CT images [45], the density of materials can be expressed as shown in Equation (4).

ρ = ρu(
MGL−MGLair
MGLu −MGLair

) (4)

where ρ and MGL refer to the density and mean grey level value of the damage zone, and
subscripts u and air, respectively, refer to unaltered material and air.

Unfortunately, Hiroaki et al. [41] failed to identify internal damage using the density
of samples. According to the idea that an increase in the degree of internal damage leads
to an increase in the volume of samples, they plotted the expansion ratio of HDPE (the
density ratio of the undamaged HDPE sample to the damaged HDPE sample) as a function
of βr (mean βr in the center of the specimen). The result was that the ratio was kept close
to 1.00 at all exposure times. In this case, the volume measurement seemed unavailable
for the assessment of defects. There are two possible explanations for this result. One is
that the compression effect of high pressure counteracted the expansion effect of rapid
decompression. Another reason could be that the sample (Φ 13 mm× 2 mm) was too small,
and the expansion ratio was susceptible to measurement errors.

3.2.4. Acoustic Emission (AE) Method

The AE method is based on the elastic waves generated when solid materials release
stored energy during the fracture of the chain molecules. It has been applied to effec-
tively monitor failure behaviors in metal [52], concrete [53], and composite materials [54].
Yuan et al. [55] applied the AE method to the tensile test of HDPE liner for type IV tanks,
and the method proved to be feasible. They found that AE signals could be used to distin-
guish plastic deformation and fracture. Meanwhile, Yamabe et al. [56] demonstrated its
feasibility for the detection of internal damage growth in sealing rubber material. They con-
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ducted AE detection in air and measured the AE event count every 5 min. The relationship
between the AE event count (N) and amplitude (V) is obtained as follows:

N = AV−m (5)

In this equation, the A value and the m value are constants. The m value is connected
with the extent of the internal fracture; the more serious the fracture is, the smaller the
value is [57]. Yamabe et al.’s research results indicated that the m value decreased from
3.8 to 2.1 when the exposure pressure increased from 0.7 to 10 MPa (no cracks under
0.7 MPa and cracking under 10 MPa) [56]. It is noted that the AE method is only suitable
for the detection of dynamic defects instead of static defects, which significantly increases
its limitations.

4. Factors Affecting the Internal Decompression Damage of Polymers

The safety and reliability of liners are crucial factors in accelerating the development
of type IV tanks. The occurrence of decompression damage inside a liner will lead to
an increased possibility of risk. It is therefore essential to determine its influencing fac-
tors as a safety reference for product design and use. Generally, the factors influencing
decompression damage can be categorized into material level and operation condition.

4.1. Factors from the Material Level

The material itself has a major impact on decompression damage. Factors at the
material level are summarized as follows.

4.1.1. Properties of Polymers

As mentioned in the previous section, internal damage mainly depends on both
mechanical and gas-transport properties [58]. Some works have shown that different types
of polymers responded differently to gas decompression: the damage morphology of HDPE
was more severe than that of PA [30,42,59]. This can be partially explained by the fact
that HDPE has a lower yield stress than PA. Indeed, hydrogen bonds, a particular type of
intermolecular force, allow PA to achieve higher strength and module than HDPE.

Even with the same polymer matrix, there are differences in the properties of different
brands. As shown in Figure 5, researchers conducted experiments on different brands of
PA and found that some samples showed varying degrees of blistering, and some even
experienced no blistering [30]. It was inferred that mass diffusivity varied from one brand
of PA to another. The higher diffusivity would lower the risk of cavitation as gas could
escape from the polymer faster [35,60].
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Research showed that more severe destruction occurred with smaller crystallinity in
materials [32]. Kane calculated the flux of hydrogen through the material. The calculation
results demonstrated that the flux of hydrogen increased as the crystallinity decreased,
confirming that crystallinity was an indicator to assess the gas barrier performance of
materials [26]. Since the gas only dissolves in the amorphous region, the high crystallinity
hinders gas permeation through polymers [61,62]. The more gas accumulates in the
polymer, the more stress it tends to generate by decompression.

4.1.2. Defects Inside Polymers

Some defects may inevitably form inside the polymers, contributing to the stress
concentration during gas decompression. The gas pressure in pre-existing defects may
lead to the initiation and propagation of cracks. Prachumchon located spherical flaws with
various radii at different locations to simulate the development of cracks inside HDPE [63].
The flaw’s location determined the maximum internal pressure, deciding whether the
damage evolved. Gas bubbles were considered to be micron-size defects as the starting
point of blister initiation in rubber structures [35].

4.1.3. Additives

Additives are a typical means to improve the performance of polymers in the actual
manufacturing process. Additives mainly include plasticizers, fillers, compatibilizers,
crosslinking agents, and nucleating agents. The addition of nucleating agents changed the
mechanics and impermeability of materials [64,65]. The influence of plasticizers appeared
to aggravate the degree of damage, change the nature of damage [47], and promote gas
permeation at the same time [23,62]. The fillers such as silica [58], graphene [66], clays [67],
and silicate nanofillers [68] reduced the chance of damage because they allowed a decrease
in hydrogen permeation and an increase in mechanical properties.

4.1.4. Processing Technology

The processing technology is also a crucial factor for decompression damage. As
shown in Figure 6, a marble-like pattern was observed in LLDPE at 50 MPa. This particular
phenomenon could be explained by the effect of resin flow during molding [32]. The
existence of inhomogeneous structures has been reported in rubbers [69]. It appeared
as a nanoscale line-like structure with low strength and was the origin of nanoscale frac-
tures [34,35]. Furthermore, molding methods (injection, extrusion, blowing, and rotational
molding) [70–72] and conditions (temperature, pressure, and cooling mode) [65] have been
reported to influence the gas permeation and mechanical properties, both of which are
concerned with decompression damage. Given that high processing temperature promotes
the degradation of the polymer structure, it is essential to choose the optimal temperature
to promote the performance of polymers.
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4.1.5. Thickness of Samples

In principle, the thickness will not significantly influence the diffusivity, solubility,
and permeability of materials [62], but the failure phenomena of different thicknesses differ
under the same conditions. The most direct reason is that the thickness of the test piece
determines the diffusion path of the gas in it. Previous research on the failure of polymers
exposed to high-pressure gas has shown that there was little or no damage on the edge of
the sample [41,73]. This is because the depressurized gas may desorb out of the material
more easily in a very short time over a short distance. Similarly, Yersak et al. [30] developed
the model as a function of liner thickness for both HDPE and PA liners. As shown in
Figure 7, the results showed the maximum pore pressure inside the polymer with the
increase in the sample thickness. Under the same operation conditions, the thinner the
sample was, the lower the maximum pore pressure generated, which meant less possibility
of blistering. Melnichuk et al. [74,75] also mentioned that pore pressure increased with the
increment of thickness. Thus, the geometry of the test sample has an impact on the stress
state in the polymers. Reducing the thickness to improve the damage resistance of liners
seems better. Nevertheless, a balance is needed between a thin liner to prevent blistering
and a thick liner to provide fundamental support strength for carbon fiber winding.
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4.2. Operation Conditions Factors

Operation conditions are another factor influencing decompression damage. They
mainly include the temperature, exposure pressure, decompression rate, and charge/
discharge cycle.

4.2.1. Temperature

At present, the application temperatures of on-board hydrogen storage tanks range
from 233 K (−40 ◦C) to 358 K (85 ◦C) [5,76]. The tank suffers temperature variations as the
service conditions change, such as changes in ambient temperature and the charging and
discharging of hydrogen [77]. The temperature history during gas discharge is complex.
There exist two effects in competition during gas decompression [78]. One is the depressur-
ization effect: the decreased pressure leads to a decrease in the temperature of the gas and
the liner material. Another is the heat transfer effect: the heat of the environment warms
up the liner (when emptying, the liner’s temperature will drop below the ambient tempera-
ture). The properties of polymers are sensitive to temperature. Therefore, exploring the
effect of temperature on the decompression failure behavior of liner materials is significant.
To date, a few studies have reported the effect of temperature on the depressurization
damage of liner materials applied to type IV tanks. As mentioned above, the material’s
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mechanical properties and hydrogen diffusivity play a significant role in decompression
damage. In the early research on gas permeation in polymers, scholars summarized the
temperature dependence of hydrogen permeability, diffusion, and solubility coefficients.
They pointed out how these coefficients change with temperature, obeying Arrhenius’s
laws [79,80]. At the same time, note that the material’s mechanical properties are sensitive
to temperature changes. An increased temperature will lead the Young’s modulus and
yield stress of PA6 [81], PA11 [82,83], and HDPE [84] to decrease, making it easier for the
stress generated by the gas inside the sample to reach the critical value for material failure.
Maximiliano et al. [75] fitted the hydrogen diffusivity coefficient curves and material’s yield
strength of HDPE as a temperature function with literature data. They showed opposite
trends with the elevation of temperature. Figure 8 shows the effect of temperature change
on cavitation risk for HDPE.
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4.2.2. Exposure Pressure

The exposure pressure affects the internal pressure of the gas-saturated specimen and
further determines the pressure difference between the internal and external when the gas
is released. High pressure can create complex stress conditions. The higher the exposure
pressure is, the greater the pressure difference generates during the decompression process,
and the more likely it is that the internal stress will exceed the mechanical limit of the
material. According to the destruction map in Figure 6, the increase in pressure enhanced
the extent of the destruction [32]. Based on the numerical model, Maximiliano et al. [74]
simulated the pore pressure for HDPE as a function of saturation pressure varying from
10 to 87.5 MPa and found that higher saturation pressure resulted in higher pore pressure.
Baldwin [42] conducted sufficient tests on HDPE and PA samples and concluded that
35 MPa was a dividing point above which decompression damage occurred.

Meanwhile, the effect of pressure on liner properties is reflected in the permeabil-
ity resistance. It is reported that the diffusivity coefficients are different in the com-
pression and the decompression processes. Using the parameter estimation method,
Prachumchon et al. [63] found that the diffusion coefficient in HDPE subjected to high pres-
sure tended to be lower. This is because the sample shrinks under high pressure, reducing
the available free volume inside the polymer matrix [32,85]. After the pressure is removed,
the polymers expand as the internal free volume increases, making it easier for the gas
to diffuse. Furthermore, it is worth considering whether the mechanical properties of
polymers will be altered in a high-pressure hydrogen environment. Sylvie et al. [81] found
no significant difference in the tensile properties of PE at the lower hydrogen pressures
of 3 MPa and 10 MPa. Later, Alvine et al. [86] conducted in-situ tensile tests on HDPE in
the context of hydrogen with exposure pressures of 28 MPa, 31 MPa, and 35 MPa. They
observed a clear downward trend in tensile strength with increasing pressure. However,
the working pressure of type IV hydrogen storage tanks is much higher than these values,
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such as 70 MPa. Whether and how much the mechanical properties of the polymer will
change under higher pressure need further study.

4.2.3. Decompression Rate

The decompression rate refers to the amount of external high-pressure gas released
per unit of time, generally in MPa/min. The rate may determine the gas concentration
gradient in polymers after decompression, thus affecting the stress value and stress
distribution in polymers. In the studies of decompression damage in elastomers, the
damage becomes more severe as the rate increases [87–89]. For type IV tank liners,
Yersak et al. [30] compared the cross sections of HDPE and PA after decompression for 1, 3,
5, and, 13 h. In Figures 5 and 9, the white-colored area in the center of the cross sections is
the decompression-induced blistering. It is clear that the area and the density of blistering
gradually decreased as the decompression time increased. These results suggested that
the longer the decompression time was (the lower the decompression rate was), the less
damage occurred. Consistently, the simulation results in Figure 7 showed that the pore
pressure became severe as the decompression time shortened. Additionally, the function of
the decompression rate on polyvinylidene fluoride exposed to carbon dioxide was studied
by Baudet et al. [73]: the density of cavities grew as the decompression rate increased, and
the center of the sample suffered the most intensive cavity.
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4.2.4. Charge/Discharge Cycle

Hydrogen storage tanks will inevitably be exposed to frequent hydrogen charge and
discharge during service. All components related to polymers in type IV hydrogen stor-
age tanks affected by hydrogen cycles will age to some extent. In a final report [42], the
author conducted 12 min cycles four times under 64.8 MPa on injection-molded HDPE.
It was observed that with the increase in cycles, small cracks began to form inside the
HDPE, which continued to grow and connect, eventually forming a delamination surface.
Hiroaki et al. [41] skillfully used the optical method to study the effect of hydrogen expo-
sure repetition on the internal damage of HDPE. The disk-shaped sample was placed in a
hydrogen atmosphere at 30 ◦C and 90 MPa under a decompression rate of 360 MPa/min.
Judging from the cross-sections (Figure 4) and transmittance maps (Figure 10) of the dam-
aged HDPE, there was a significant positive correlation between the density of internal
damage and the exposure number. Lorge et al. [36] have reported that the calculated
value of Young’s modulus of PVDF decreased when the number of cycles increased. Ac-
cording to Equation (3), the more cycles the sample suffered, the higher the λD value
was. A similar phenomenon occurred in rubber when subjected to pressure cycles [48].
Yamabe et al. [39] tested O-rings with exposure cycles ranging from 3 to 300 under a
hydrogen atmosphere. The results suggested that cracks of outside and inside surfaces
grew with the cycles. Meanwhile, they explored the effect of the cycle pattern (at different
frequencies), and the results showed that the crack damage of O-rings at 1 min/cycle was
less than that at 160 min/cycle. This was because at a low pressure level, the cracks grew
over time [90].
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5. Decompression Damage Predictive Models and Assessments for Polymers

A damage-predictive model is a practical tool for polymer liners to pre-select materials
and design schemes. The number of experiments required can be scaled down to reduce
the time and economic cost of developing hydrogen storage tanks. The decompression
damage predictions and assessments for rubbers and plastics are discussed in this section.

5.1. Decompression Damage Predictive Models for Polymers

The predictive model provides a clear view of the stress state and damage growth
inside the sample. The following two prediction models are for sudden fracture and
blistering, respectively.

5.1.1. Damage Predictive Model for Sudden Fracture

Kulkarni et al. [47] simulated the stress distribution and damage evolution of three
variants of EPDM, which revealed the sudden fracture and nonlinear nature. By comparing
data obtained from uniaxial tensile test with fitted hyper-elastic model parameters, the
Ogden model with three parameters was chosen for further analysis. According to the
sudden fracture of EPDM, the authors chose the maximum principal strain failure theory as
the damage model. This theory suggested that the fracture generates when the maximum
principal strain εmax reaches the strain at the fracture point ε f in the tensile test, as illustrated
in Equation (6). According to the diffusion analysis, the time scale of diffusion was larger
than that of damage propagation, so the hydrogen concentration was thus assumed to be
constant in this study.

εmax ≥ ε f (6)

5.1.2. Damage Predictive Model for Blistering

Based on Fick’s law, Henry’s law, and the simple material yield criterion derived
from continuum mechanics, Yersak et al. [30] developed a simple blistering model for
plastic liners. They simulated the effects of decompression rate and liner thickness on
the blistering of HDPE and PA liners. The pre-existing pores were assumed, although no
apparent pores were observed in plastic liners under the microscope. The pore pressure
(Ppore) was calculated using Henry’s law in Equation (7).

Ppore =
c
S
− Pext (7)

where c (kg/m3), S (kg/
(
Pa·m3)), and Pext (MPa) represent gas concentration, solubility,

and applied external pressure, respectively. A description of the hydrogen concentration
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evolution at a constant decompression rate is given by Equation (8) as a function of time and
the 1D direction y of diffusion. C0, C f , and D respectively, represent the initial concentration,
final concentration, and diffusivity; tdeso represents decompression time; and l represents
the half thickness of the liner.

c(y, t) = C0 −
(C0 − C f )

tdeso

{
t +

(
y2 − l2)

2D
+

16l2

π3D

∞

∑
n=0

(−1)n

(2n + 1)3 exp
[
−(2n + 1)2π2 Dt

4l2

]
cos
[
(2n + 1)

πy
2l

]}
(8)

Equation (9) describes the yield failure criterion: when the pore pressure exceeds
the critical yield pressure (Py), plastic yielding occurs around the pore, with macroscopic
manifestations of whitening and blistering.

Ppore > Py (9)

The yield pressure Py is illustrated by Equation (10), which is derived from continuum
mechanics. It considers the yield of the inner wall of the thick-shelled cylinder.

Py =
2
3

σy(1−
a3

b3 ) (10)

where σy represents the yield stress of liner materials (MPa), and a (m) and b (m) represent
the inner and outer radii of the thick shell represented in Figure 11. Due to tiny pores inside
the material (b� a), Equation (10) provides a further simplified expression.

Py =
2
3

σy (11)

Polymers 2023, 15, x FOR PEER REVIEW 16 of 25 
 

 

= −pore ext
cP P
S

 (7)

where c (kg/m ), S  (kg/(Pa ∙ m )), and extP  (MPa) represent gas concentration, solubili-
ty, and applied external pressure, respectively. A description of the hydrogen concentra-
tion evolution at a constant decompression rate is given by Equation (8) as a function of 
time and the 1D direction y of diffusion. 0C , fC , and D respectively, represent the initial 

concentration, final concentration, and diffusivity; desot  represents decompression time; 
and l  represents the half thickness of the liner.  

( ) ( )
( )

( ) ( )
2 2 2

20 2
0 3 3 2

0

( ) 116( , ) exp 2 1 cos 2 1
2 242 1

n
f

ndeso

y lC C yl Dtc y t C t n n
t D lD ln

ππ
π

∞

=

 −− −    = − + + − + +   
   +  

  (8)

Equation (9) describes the yield failure criterion: when the pore pressure exceeds 
the critical yield pressure ( yP ), plastic yielding occurs around the pore, with macroscop-
ic manifestations of whitening and blistering. 

pore yP P>  (9)

The yield pressure yP  is illustrated by Equation (10), which is derived from contin-
uum mechanics. It considers the yield of the inner wall of the thick-shelled cylinder. 

3

3

2 (1 )
3y y

aP
b

σ= −  (10)

where yσ  represents the yield stress of liner materials (MPa), and a (m) and b (m) repre-
sent the inner and outer radii of the thick shell represented in Figure 11. Due to tiny 
pores inside the material ( b a ), Equation (10) provides a further simplified expression.  

2
3y yP σ=  (11)

 
Figure 11. Yield criterion for embedded pores of thick-shelled pressure vessels derived from con-
tinuum mechanics. 

This model successfully predicted the blistering phenomenon of some liner materi-
als qualitatively. However, the predictive results of some PA brands were inaccurate. 
This was very likely because the hydrogen diffusivity of PA varies from brand to brand. 
Therefore, the diffusivity determination for each liner material helps to improve the 
agreement between the model and the experiment.  

The hydrogen loading pattern of this experiment and simulation is that both sides 
of the sample are in a hydrogen environment. In the actual situation, only one side of the 
liner is exposed to the high-pressure hydrogen, and the other side is exposed to the at-
mosphere. The gas concentration is significantly high on one side of the polymer and 

Figure 11. Yield criterion for embedded pores of thick-shelled pressure vessels derived from contin-
uum mechanics.

This model successfully predicted the blistering phenomenon of some liner materials
qualitatively. However, the predictive results of some PA brands were inaccurate. This
was very likely because the hydrogen diffusivity of PA varies from brand to brand. There-
fore, the diffusivity determination for each liner material helps to improve the agreement
between the model and the experiment.

The hydrogen loading pattern of this experiment and simulation is that both sides of
the sample are in a hydrogen environment. In the actual situation, only one side of the liner
is exposed to the high-pressure hydrogen, and the other side is exposed to the atmosphere.
The gas concentration is significantly high on one side of the polymer and low on the other.
The different liner–hydrogen contact patterns will therefore show the different internal
damage distribution.

5.2. Decompression Damage Assessments for Polymers

The decompression damage assessment is used to estimate the occurrence of decom-
pression damage for a given set of parameters.

5.2.1. Assessment of Blistering Initiation Limit Pressure

The stress-instability method was proposed to estimate the blister initiation limit
pressure [91]. Koga et al. [35] approximated the constitutive relationship of rubber with a
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neo-Hookean solid. The internal pressure of the blister (Pin) is expressed by Equation (12)
based on the finite strain theory of elasticity.

Pin =
E
6
(5− 4

λa
− 1

λa
4 ) (12)

where λa is the tangential stretch ratio at the cavity surface, and E is Young’s modulus.
When the cavity reaches the blister initiation limit, the λa value tends to infinity; the
internal limit pressure of the blister, Pin,F, is obtained by Equation (13), whereas it is not
enough to judge Pin,F using only mechanical characteristics. The Pin,F values of Ethylene
Propylene Diene (EPDM) and Vinyl Methyl polysiloxane (VMQ) were lower than the
exposure pressure in this study. However, VMQ was resistant to blistering, while EPDM
was susceptible to blistering. One possible reason for this is the difference in diffusion
between these two materials: the high gas diffusivity promotes gas desorption before blister
formation. Thus, the assessment of Pin,F should consider gas diffusion for high accuracy.

Pin,F
∼=

5E
6

(13)

5.2.2. Non-Dimensional Assessment of Decompression Damage

According to the experimental results in the bibliography for elastomer and thermo-
plastics, Maximiliano et al. [60] finally proposed a generic method for cavitation failure
assessment, a dimensionless assessment, which almost matched the references cited. Based
on Thomas A’s model mentioned above, they introduced several dimensionless param-
eters: Tdeso (the non-dimensional parameter of the diffusion model in Reference [92]),
My (the mechanical work considering yield limit), and NDCav (the non-dimensional
cavitation parameter).

Tdeso =
D× tdeso

l2 (14)

My =
Psat − Pmin

Py
(15)

NDCav =
Ppore

Py
(16)

where D, tdeso, and l are the diffusion coefficient, the decompression time, and the half
thickness of the liner, and Psat, Pmin, Py, and Ppore are the saturation pressure, minimum
pressure, yield stress of pores, and the pore pressure.

Cavitation occurred when the values of NDCav > 7, and no appearance of cavitation
occurred when the values of NDCav < 2. Researchers put forward an approach with
two equations to calculate NDCav: when Tdeso is close to 0, NDCav is equivalent to My;
when Tdeso > 2, the relationship between NDCav and the other two parameters can be
approximately described as Equation (17).

NDCav′ =
My

2Tdeso
(17)

In their study, they mainly used NDCav to estimate the occurrence of cavitation with
geometry, operation conditions, and material properties.

5.2.3. Numerical Assessment of Maximum Decompression Rate

Based on the non-dimensional assessments of decompression damage mentioned
above, Maximiliano et al. [74] proposed algebraic equations to evaluate the critical max-
imum decompression rate, Ksa f e (based on K = ∆P/tdeso, ∆P = Psat − Pmin) that the
specimens can endure before cavitation starts.
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The expression of Ksa f e for HDPE (shown as Equation (18)) was first proposed with
the safe zone in the simulation results of pore pressure.

KHDPE
sa f e =

0.32
l2

,
∆P
Py

> 2 (18)

Later, for the sake of a general law available to other materials, the authors extended
their analyses to generalization of Ksa f e in both numerical (Ksa f e

′) and mathematical (Ksa f e
′′ )

approaches:

Ksa f e
′ =

β′

lα
,

∆P
Py

> 2 (19)

where α and β′ are factors decided by the material’s diffusivity property D and mechanical
property σy, and l is the half thickness. α is confirmed to be 2 with several simulations. β′ is
obtained as the fitting of β, which is a function of D and σy.

Ksa f e
′′ =


(

Py∆P
0.9∆P− 0.8Py

)
D
l2 1 <

∆P
Py

< 2

2Py
D
l2

∆P
Py

> 2
(20)

Due to the absence of ∆P < 2Py limiting Ksa f e
′’s application,Ksa f e

′′ was developed
to complement the absent relationship between ∆P and 2Py. As the liner was safe from
cavitation when 0 < ∆P/Py < 1, the equation system of Ksa f e

′′ only considered two terms:
1 < ∆P/Py < 2 and ∆P/Py > 2.

6. Future Research Directions

The gas decompression damage to various polymers, particularly elastomers, has been
studied for decades. However, failure studies of plastic materials suitable for the liner of
type IV hydrogen tanks need to be comprehensive and mature. There is still much work
that needs further study.

1. The liner design is of interest for damage minimization. Decompression damage
is mainly determined by the diffusion and mechanical properties of the liner mate-
rials. Firstly, in the liner’s molding process, the molding method and parameters
largely affect the material properties at the microscopic level. Molecular orientation
is common in injection molding [93] and leads to the anisotropy of materials. The
fusion temperature can influence the degree of crystallinity [94]. The effect of the
molding process should be further investigated. Secondly, additives play a vital role in
changing the properties of polymers and the nature of the damage. The introduction
of novel additive strategies is a potential method to obtain desired properties and
thereby minimize damage. Furthermore, Klopffer et al. [95] proposed innovative mul-
tilayer systems (applying a layer of Ethylene Vinyl Alcohol) and obtained excellent
permeation resistance compared to monolayer systems. Therefore, the design of liner
materials and systems could be a research interest to reduce the possibility and extent
of damage.

2. The operational conditions will age the polymers and accelerate material degradation,
making the liner more subject to damage. The characteristics of primary crystals
of thermoplastics changed after long-term hydrogen exposure at various temper-
atures [96]. This is considered to be the effect of the annealing temperature. The
crystallinity of PE was shown to increase under the high-pressure hydrogen condi-
tions, but was restored to its initial value after decompression [97]. Considering the
real practical application of the tanks, the effect of time and hydrogen exposure cycles
on polymers’ properties may be prominent. Systematic and detailed research on
the effect of operational conditions on material properties related to decompression
damage is indispensable.
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3. Water absorption should be emphasized when PA materials are chosen as the liner
of type IV hydrogen storage tanks. It will directly affect the dimensional stability
and the physical properties of the products [98]. Polyamide materials contain plenty
of amide groups, making them sensitive to water from the environment (typically,
the water absorption increases with the density of the amide group) [99]. The for-
mation of hydrogen bonds between water molecules and the polar structure of PA
decreases the density of hydrogen bonds between PA polymer chains. As a result,
the intermolecular force decreases, and then the mobility of chains increases. It is
reported that water absorption significantly impacted some properties of PA and
its composites, such as thermal properties [100] and mechanical properties [101,102].
Randhawa et al. [100] utilized the SEM and XRD results of dry PA and water-treated
PA to prove the generation of voids and the decrease in crystallinity after water immer-
sion, which were responsible for the degradation of materials’ strength and hardness.
In Ksouri et al.’s study, crazing appeared on the surface of long-term water-soaked
PA6 and extended to the sample’s interior [103]. Water-induced voids and crazing
may promote gas diffusion and weaken materials’ permeation resistance. Thus, the
effect of ambient humidity on the decompression damage of polyamide materials
cannot be ignored in future research.

4. The predictive model is a convenient numerical tool for predicting the decompression
damage of materials at specific operational conditions. Some parameters used in
current models are the function of temperature and pressure but are considered
constants, such as solubility, diffusivity, and yield stress. Therefore, further work
could improve the accuracy of parameters and the model complexity to present the
damage morphology better. Enriching the database for polymers’ transportation and
mechanical properties at various temperatures and pressures is crucial and meaningful
work for predictive models.

5. The self-healing of polymers is gaining growing interest. Damaged materials can
recover their original mechanical properties by self-healing. There are two main
approaches to self-healing [104]: (1) intrinsic self-healing, repairing the damage
by the chemical bonds inside the polymer itself, and (2) the extrinsic self-healing,
which works using the release of healing agents. Blasizik et al. [105] believed that
the potential for self-healing exists in thermosets, thermoplastics, and elastomers.
Thermoplastics self-heal by joining the surfaces of cracks and then re-entangling
polymer chains [106]. The application of self-healing to polymer liners will hinder the
propagation of the damage and improve the service life of the type IV tank. Therefore,
self-healing could be a future direction in the development of polymer liners for type
IV tanks.

7. Conclusions

In the field of hydrogen energy, applying gaseous hydrogen storage tanks is paramount.
The type IV hydrogen tank has gradually become the primary on-board compressed gas
storage solution. Improving its high hydrogen storage capacity can satisfy the demand for
a more extended driving range. The most significant difference between the type IV tank
and the other three types of tanks is the liner material. The hydrogen gas can permeate
through the polymer liner based on the solution–diffusion mechanism. When hydrogen
is released rapidly at a high pressure, decompression damage may occur inside the liner,
and the harsher the decompression conditions are, the more severe the damage becomes.
Thus, guaranteeing polymer liners’ reliability and safety matters in the popularization and
application of type IV hydrogen tanks. In order to study internal decompression damage,
the first step is to characterize it. The characterization methods and quantitative evaluations
for internal damage of polymers are summarized in this paper. The decompression damage
depends on many factors. This paper then discusses affecting factors at the material level
and operational conditions. These can guide researchers and manufacturers to improve
the related material properties and explore rational system control strategies for gas re-



Polymers 2023, 15, 2258 19 of 23

lease. Moreover, the internal decompression-damage-predictive models and assessments
in lab-scale conditions are reviewed in the literature. These meaningful numerical tools are
of great interest to avoid decompression damage at a lower cost. Finally, future research
directions on decompression damage of polymer liners are proposed. The research findings
will guide future design and application activities of type IV hydrogen storage tanks.

Author Contributions: Conceptualization, Z.J., Y.S., H.L., W.L., C.Z. and M.L.; investigation, Z.J.;
resources, Y.S., H.L., W.L., C.Z. and M.L.; writing—original draft preparation, Z.J.; writing—review
and editing, Z.J. and C.Z.; visualization, Z.J.; supervision, C.Z.; project administration, C.Z. and Z.J.;
funding acquisition, H.L., W.L., C.Z. and M.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Key Technology Project of State Grid of China (No. 5419-
202219075A -1-1-ZN) “Security evaluation and protection technology research for hydrogen utilization
in electric-hydrogen coupling system”.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Romm, J. The Hype about Hydrogen: Fact and Fiction in the Race to Save the Climate; Bibliovault OAI Repository, the University of

Chicago Press: Chicago, IL, USA, 2006.
2. Lu, J.; Zahedi, A.; Yang, C.S.; Wang, M.Z.; Peng, B. Building the Hydrogen Economy in China: Drivers, Resources and Technologies.

Renew. Sustain. Energy Rev. 2013, 23, 543–556. [CrossRef]
3. Hwang, H.T.; Varma, A. Hydrogen Storage for Fuel Cell Vehicles. Curr. Opin. Chem. Eng. 2014, 5, 42–48. [CrossRef]
4. Moradi, R.; Groth, K.M. Hydrogen Storage and Delivery: Review of the State of the Art Technologies and Risk and Reliability

Analysis. Int. J. Hydrogen Energy 2019, 44, 12254–12269. [CrossRef]
5. Maus, S.; Hapke, J.; Ranong, C.N.; Wuchner, E.; Friedlmeier, G.; Wenger, D. Filling Procedure for Vehicles with Compressed

Hydrogen Tanks. Int. J. Hydrogen Energy 2008, 33, 4612–4621. [CrossRef]
6. Zhang, Y.H.; Jia, Z.C.; Yuan, Z.M.; Yang, T.; Qi, Y.; Zhao, D.L. Development and Application of Hydrogen Storage. J. Iron Steel Res.

Int. 2015, 22, 757–770. [CrossRef]
7. Rogers, H.C. Hydrogen Embrittlement of Metals: Atomic Hydrogen from a Variety of Sources Reduces the Ductility of Many

Metals. Science 1968, 159, 1057–1064. [CrossRef] [PubMed]
8. Dwivedi, S.K.; Vishwakarma, M. Hydrogen Embrittlement in Different Materials: A Review. Int. J. Hydrogen Energy 2018,

43, 21603–21616. [CrossRef]
9. Landi, D.; Vita, A.; Borriello, S.; Scafa, M.; Germani, M. A Methodological Approach for the Design of Composite Tanks Produced

by Filament Winding. Comput.-Aided Appl. 2020, 17, 1229–1240. [CrossRef]
10. Hua, T.Q.; Ahluwalia, R.K.; Peng, J.K.; Kromer, M.; Lasher, S.; McKenney, K.; Law, K.; Sinha, J. Technical Assessment of

Compressed Hydrogen Storage Tank Systems for Automotive Applications. Int. J. Hydrogen Energy 2011, 36, 3037–3049.
[CrossRef]

11. Sirosh, N.; Corbin, R.; Niedzwiecki, A. Hydrogen Composite Tank Project. 2003. Available online: www1.eere.energy.gov/
hydrogenandfuelcells/pdfs/iiia1_sirosh.pdf (accessed on 12 March 2023).

12. Abele, A.R. Advanced Hydrogen Fuel Systems for Fuel Cell Vehicles. In Proceedings of the 1st International Conference on Fuel
Cell Science, Engineering and Technology, Rochester, NY, USA, 21–23 April 2003; pp. 83–87.

13. Seredynski, P. Hyundai Nexo: Fuel-Cell Refinement, Suv Luxury. 2019. Available online: https://www.sae.org/news/2018/11/
2019-hyundai-nexo-fuel-cell-launch (accessed on 12 March 2023).

14. Yamashita, A.; Kondo, M.; Goto, S.; Ogami, N. Development of High-Pressure Hydrogen Storage System for the Toyota “Mirai”.
In Proceedings of the SAE 2015 World Congress and Exhibition, Detroit, MI, USA, 21–23 April 2015; p. AVL.

15. Yahashi, H.; Yamashita, A.; Shigemitsu, N.; Goto, S.; Kida, K.; Inou, T. Development of High-Pressure Hydrogen Storage System
for New Fcv. In Proceedings of the SAE 2021 WCX Digital Summit, Virtual, Online, 13–15 April 2021; p. AAM.

16. Su, Y.; Lv, H.; Zhou, W.; Zhang, C. Review of the Hydrogen Permeability of the Liner Material of Type Iv on-Board Hydrogen
Storage Tank. World Electr. Veh. J. 2021, 12, 130. [CrossRef]

17. Zhang, M.; Lv, H.; Kang, H.R.; Zhou, W.; Zhang, C.M. A Literature Review of Failure Prediction and Analysis Methods for
Composite High-Pressure Hydrogen Storage Tanks. Int. J. Hydrogen Energy 2019, 44, 25777–25799. [CrossRef]

18. Wang, X.L.; Tian, M.M.; Chen, X.D.; Xie, P.C.; Yang, J.N.; Chen, J.X.; Yang, W.M. Advances on Materials Design and Manufacture
Technology of Plastic Liner of Type Iv Hydrogen Storage Vessel. Int. J. Hydrogen Energy 2022, 47, 8382–8408. [CrossRef]

https://doi.org/10.1016/j.rser.2013.02.042
https://doi.org/10.1016/j.coche.2014.04.004
https://doi.org/10.1016/j.ijhydene.2019.03.041
https://doi.org/10.1016/j.ijhydene.2008.06.052
https://doi.org/10.1016/S1006-706X(15)30069-8
https://doi.org/10.1126/science.159.3819.1057
https://www.ncbi.nlm.nih.gov/pubmed/17775040
https://doi.org/10.1016/j.ijhydene.2018.09.201
https://doi.org/10.14733/cadaps.2020.1229-1240
https://doi.org/10.1016/j.ijhydene.2010.11.090
www1.eere.energy.gov/hydrogenandfuelcells/pdfs/iiia1_sirosh.pdf
www1.eere.energy.gov/hydrogenandfuelcells/pdfs/iiia1_sirosh.pdf
https://www.sae.org/news/2018/11/2019-hyundai-nexo-fuel-cell-launch
https://www.sae.org/news/2018/11/2019-hyundai-nexo-fuel-cell-launch
https://doi.org/10.3390/wevj12030130
https://doi.org/10.1016/j.ijhydene.2019.08.001
https://doi.org/10.1016/j.ijhydene.2021.12.198


Polymers 2023, 15, 2258 20 of 23

19. de Miguel, N.; Cebolla, R.O.; Acosta, B.; Moretto, P.; Harskamp, F.; Bonato, C. Compressed Hydrogen Tanks for on-Board
Application: Thermal Behaviour During Cycling. Int. J. Hydrogen Energy 2015, 40, 6449–6458. [CrossRef]

20. Neto, E.S.B.; Chludzinski, M.; Roese, P.B.; Fonseca, J.S.O.; Amico, S.C.; Ferreira, C.A. Experimental and Numerical Analysis of a
Lldpe/Hdpe Liner for a Composite Pressure Vessel. Polym. Test 2011, 30, 693–700. [CrossRef]

21. Balasooriya, W.; Clute, C.; Schrittesser, B.; Pinter, G. A Review on Applicability, Limitations, and Improvements of Polymeric
Materials in High-Pressure Hydrogen Gas Atmospheres. Polym. Rev. 2022, 62, 175–209. [CrossRef]

22. Stern, S.A.; Fried, J.R. Permeability of Polymers to Gases and Vapors. In Physical Properties of Polymers Handbook; Mark, J.E., Ed.;
Springer: New York, NY, USA, 2007; pp. 1033–1047.

23. Klopffer, M.H.; Flaconneche, B. Transport Properties of Gases in Polymers: Bibliographic Review. Oil Gas Sci. Technol. 2001,
56, 223–244. [CrossRef]

24. Flaconneche, B.; Martin, J.; Klopffer, M.H. Transport Properties of Gases in Polymers: Experimental Methods. Oil Gas Sci.
Technol.-Rev. D Ifp Energ. Nouv. 2001, 56, 245–259. [CrossRef]

25. Michaels, A.S.; Bixler, H.J. Flow of Gases through Polyethylene. J. Polym. Sci. 1961, 50, 413–439. [CrossRef]
26. Kane, M. Permeability, Solubility, and Interaction of Hydrogen in Polymers-An Assessment of Materials for Hydrogen Transport; Savannah

River Site (SRS): Aiken, SC, USA, 2008.
27. Nuruddin, M.; Chowdhury, R.A.; Lopez-Perez, N.; Montes, F.J.; Youngblood, J.P.; Howarter, J.A. Influence of Free Volume

Determined by Positron Annihilation Lifetime Spectroscopy (Pals) on Gas Permeability of Cellulose Nanocrystal Films. ACS
Appl. Mater. Interfaces 2020, 12, 24380–24389. [CrossRef]

28. Dewimille, B.; Martin, J.; Jarrin, J. Behavior of Thermoplastic Polymers During Explosive Decompressions in a Petroleum
Environment. J. Phys. IV 1993, 3, 1559–1564. [CrossRef]

29. Briscoe, B.J.; Savvas, T.; Kelly, C.T. Explosive Decompression Failure of Rubbers—a Review of the Origins of Pneumatic Stress-
Induced Rupture in Elastomers. Rubber Chem. Technol. 1994, 67, 384–416. [CrossRef]

30. Yersak, T.A.; Baker, D.R.; Yanagisawa, Y.; Slavik, S.; Immel, R.; Mack-Gardner, A.; Herrmann, M.; Cai, M. Predictive Model for
Depressurization-Induced Blistering of Type Iv Tank Liners for Hydrogen Storage. Int. J. Hydrogen Energy 2017, 42, 28910–28917.
[CrossRef]

31. Jaravel, J.; Castagnet, S.; Grandidier, J.C.; Benoit, G. On Key Parameters Influencing Cavitation Damage upon Fast Decompression
in a Hydrogen Saturated Elastomer. Polym. Test 2011, 30, 811–818. [CrossRef]

32. Fujiwara, H.; Ono, H.; Ohyama, K.; Kasai, M.; Kaneko, F.; Nishimura, S. Hydrogen Permeation under High Pressure Condi-
tions and the Destruction of Exposed Polyethylene-Property of Polymeric Materials for High-Pressure Hydrogen Devices (2).
Int. J. Hydrogen Energy 2021, 46, 11832–11848. [CrossRef]

33. Gerland, M.; Boyer, S.A.E.; Castagnet, S. Early Stages of Cavitation in a Stretched and Decompressed Poly(Vinylidene Fluoride)
Exposed to Diffusive Hydrogen, Observed by Transmission Electronic Microscopy at the Nanoscale. Int. J. Hydrogen Energy 2016,
41, 1766–1774. [CrossRef]

34. Yamabe, J.; Nishimura, S. Nanoscale Fracture Analysis by Atomic Force Microscopy of Epdm Rubber Due to High-Pressure
Hydrogen Decompression. J. Mater. Sci. 2011, 46, 2300–2307. [CrossRef]

35. Koga, A.; Yamabe, T.; Sato, H.; Uchida, K.; Nakayama, J.; Yamabe, J.; Nishimura, S. A Visualizing Study of Blister Initiation
Behavior by Gas Decompression. Tribol. Online 2013, 8, 68–75. [CrossRef]

36. Lorge, O.; Briscoe, B.J.; Dang, P. Gas Induced Damage in Poly(Vinylidene Fluoride) Exposed to Decompression. Polymer 1999,
40, 2981–2991. [CrossRef]

37. El-Sawy, K.M. Inelastic Stability of Tightly Fitted Cylindrical Liners Subjected to External Uniform Pressure. Thin-Walled Struct.
2001, 39, 731–744. [CrossRef]

38. Naebe, M.; Abolhasani, M.M.; Khayyam, H.; Amini, A.; Fox, B. Crack Damage in Polymers and Composites: A Review. Polym.
Rev. 2016, 56, 31–69. [CrossRef]

39. Yamabe, J.; Koga, A.; Nishimura, S. Failure Behavior of Rubber O-Ring under Cyclic Exposure to High-Pressure Hydrogen Gas.
Eng. Fail. Anal. 2013, 35, 193–205. [CrossRef]

40. Yamabe, J.; Nishimura, S. Influence of Carbon Black on Decompression Failure and Hydrogen Permeation Properties of Filled
Ethylene-Propylene-Diene-Methylene Rubbers Exposed to High-Pressure Hydrogen Gas. J. Appl. Polym. Sci. 2011, 122, 3172–3187.
[CrossRef]

41. Ono, H.; Fujiwara, H.; Onoue, K.; Nishimura, S. Influence of Repetitions of the High-Pressure Hydrogen Gas Exposure on the
Internal Damage Quantity of High-Density Polyethylene Evaluated by Transmitted Light Digital Image. Int. J. Hydrogen Energy
2019, 44, 23303–23319. [CrossRef]

42. Baldwin, D. Development of High Pressure Hydrogen Storage Tank for Storage and Gaseous Truck Delivery; Hexagon Lincoln LLC:
Lincoln, NE, USA, 2017.

43. Boyer, S.A.E.; Gerland, M.; Castagnet, S. Gas Environment Effect on Cavitation Damage in Stretched Polyvinylidene Fluoride.
Polym. Eng. Sci. 2014, 54, 2139–2146. [CrossRef]

44. Compatibility of Polymeric Materials Used in the Hydrogen Infrastructure. Available online: https://www.hydrogen.energy.
gov/pdfs/review18/scs026_simmons_2018_o.pdf (accessed on 12 March 2023).

45. Rosenberg, E.; Brusselle-Dupend, N.; Epsztein, T. A Mesoscale Quantification Method of Cavitation in Semicrystalline Polymers
Using X-Ray Microtomography. Mater. Sci. Eng. A-Struct. Mater. Prop. Microstruct. Process. 2011, 528, 6535–6544. [CrossRef]

https://doi.org/10.1016/j.ijhydene.2015.03.035
https://doi.org/10.1016/j.polymertesting.2011.04.016
https://doi.org/10.1080/15583724.2021.1897997
https://doi.org/10.2516/ogst:2001021
https://doi.org/10.2516/ogst:2001022
https://doi.org/10.1002/pol.1961.1205015412
https://doi.org/10.1021/acsami.0c05738
https://doi.org/10.1051/jp4:19937243
https://doi.org/10.5254/1.3538683
https://doi.org/10.1016/j.ijhydene.2017.10.024
https://doi.org/10.1016/j.polymertesting.2011.08.003
https://doi.org/10.1016/j.ijhydene.2020.12.223
https://doi.org/10.1016/j.ijhydene.2015.11.015
https://doi.org/10.1007/s10853-010-5073-4
https://doi.org/10.2474/trol.8.68
https://doi.org/10.1016/S0032-3861(98)00527-8
https://doi.org/10.1016/S0263-8231(01)00026-X
https://doi.org/10.1080/15583724.2015.1078352
https://doi.org/10.1016/j.engfailanal.2013.01.034
https://doi.org/10.1002/app.34344
https://doi.org/10.1016/j.ijhydene.2019.07.035
https://doi.org/10.1002/pen.23759
https://www.hydrogen.energy.gov/pdfs/review18/scs026_simmons_2018_o.pdf
https://www.hydrogen.energy.gov/pdfs/review18/scs026_simmons_2018_o.pdf
https://doi.org/10.1016/j.msea.2011.04.091


Polymers 2023, 15, 2258 21 of 23

46. Menon, N.C.; Kruizenga, A.M.; San Marchi, C.W.; Campbell, J.; Nissen, A.; Mills, B.E. Polymer Behaviour in High Pressure Hydrogen
Helium and Argon Environments as Applicable to the Hydrogen Infrastructure; Sandia National Lab.(SNL-NM): Albuquerque, NM,
USA, 2017.

47. Kulkarni, S.S.; Choi, K.S.; Kuang, W.B.; Menon, N.; Mills, B.; Soulami, A.; Simmons, K. Damage Evolution in Polymer Due to
Exposure to High-Pressure Hydrogen Gas. Int. J. Hydrogen Energy 2021, 46, 19001–19022. [CrossRef]

48. Ono, H.; Nait-Ali, A.; Diallo, O.K.; Benoit, G.; Castagnet, S. Influence of Pressure Cycling on Damage Evolution in an Unfilled
Epdm Exposed to High-Pressure Hydrogen. Int. J. Fract. 2018, 210, 137–152. [CrossRef]

49. Castagnet, S.; Mellier, D.; Nait-Ali, A.; Benoit, G. In-Situ X-Ray Computed Tomography of Decompression Failure in a Rubber
Exposed to High-Pressure Gas. Polym. Test 2018, 70, 255–262. [CrossRef]

50. Briscoe, B.J.; Zakaria, S. Gas-Induced Damage in Elastomeric Composites. J. Mater. Sci. 1990, 25, 3017–3023. [CrossRef]
51. Castagnet, S.; Ono, H.; Benoit, G.; Fujiwara, H.; Nishimura, S. Swelling Measurement During Sorption and Decompression in a

Nbr Exposed to High-Pressure Hydrogen. Int. J. Hydrogen Energy 2017, 42, 19359–19366. [CrossRef]
52. Wang, Q.; Chen, Y.S.; Song, K. Research on Acoustic Emission Test Method for Metal Fatigue Fracture Based on Wavelet Packets

Feature Extraction. In Proceedings of the 10th International Conference on Fracture and Damage Mechanics (FDM 2011),
Dubrovnik, Croatia, 19–21 September 2011; pp. 432–435.

53. Van Tittelboom, K.; De Belie, N.; Lehmann, F.; Grosse, C.U. Acoustic Emission Analysis for the Quantification of Autonomous
Crack Healing in Concrete. Constr. Build. Mater. 2012, 28, 333–341. [CrossRef]

54. Santulli, C. Matrix Cracking Detection by Acoustic Emission in Polymer Composites and Counts/Duration Ratio. E–J Non-Destr.
Test 2012, 17, 11.

55. Yilin, Y.; Gongtian, S.; Junjiao, Z.; Bo, Z.; Yongna, S.; Ke, B. Experiment Research on Tensile Process of Type Iv Gas Cylinder
Liner-Hdpe Based on Acoustic Emission. In Proceedings of the Advances in Acoustic Emission Technology, World Conference on
Acoustic Emission 2019 (WCAE 2019), Singapore, 5–8 November 2019; pp. 281–295.

56. Yamabe, J.; Matsumoto, T.; Nishimura, S. Application of Acoustic Emission Method to Detection of Internal Fracture of Sealing
Rubber Material by High-Pressure Hydrogen Decompression. Polym. Test 2011, 30, 76–85. [CrossRef]

57. Ohtsu, M. The History and Development of Acoustic Emission in Concrete Engineering. Mag. Concr. Res. 1996, 48, 321–330.
[CrossRef]

58. Yamabe, J.; Nishimura, S. Influence of Fillers on Hydrogen Penetration Properties and Blister Fracture of Rubber Composites for
O-Ring Exposed to High-Pressure Hydrogen Gas. Int. J. Hydrogen Energy 2009, 34, 1977–1989. [CrossRef]

59. Mason, J.F.; Alkire, J.D. Effect of Rapid Decompression Conditions on Liner Materials. In Proceedings of the Corrosion 2000,
Orlando, FL, USA, 26–31 March 2000.

60. Melnichuk, M.; Thiebaud, F.; Perreux, D. Non-Dimensional Assessments to Estimate Decompression Failure in Polymers for
Hydrogen Systems. Int. J. Hydrogen Energy 2020, 45, 6738–6744. [CrossRef]

61. Hedenqvist, M.; Gedde, U.W. Diffusion of Small-Molecule Penetrants in Semicrystalline Polymers. Prog. Polym. Sci. 1996,
21, 299–333. [CrossRef]

62. Flaconneche, B.; Martin, J.; Klopffer, M.H. Permeability, Diffusion and Solubility of Gases in Polyethylene, Polyamide 11 and
Poly(Vinylidene Fluoride). Oil Gas Sci. Technol.-Rev. D Ifp Energ. Nouv. 2001, 56, 261–278. [CrossRef]

63. Prachumchon, S. A Study of Hdpe in High Pressure of Hydrogen Gas—Measurement of Permeation Parameters and Fracture Criteria;
ProQuest LLC: Ann Arbor, MI, USA, 2012.

64. Zhang, X.F.; Xie, F.; Pen, Z.L.; Zhang, Y.; Zhang, Y.X.; Zhou, W. Effect of Nucleating Agent on the Structure and Properties of
Polypropylene/Poly(Ethylene-Octene) Blends. Eur. Polym. J. 2002, 38, 1–6. [CrossRef]

65. Mittal, V. Crystallinity, Mechanical Property and Oxygen Permeability of Polypropylene: Effect of Processing Conditions,
Nucleating Agent and Compatibilizer. J. Thermoplast. Compos. Mater. 2013, 26, 1407–1423. [CrossRef]

66. Cui, Y.B.; Kundalwal, S.I.; Kumar, S. Gas Barrier Performance of Graphene/Polymer Nanocomposites. Carbon 2016, 98, 313–333.
[CrossRef]

67. Picard, E.; Gerard, J.F.; Espuche, E. Reinforcement of the Gas Barrier Properties of Polyethylene and Polyamide through the
Nanocomposite Approach: Key Factors and Limitations. Oil Gas Sci. Technol.-Rev. D Ifp Energ. Nouv. 2015, 70, 237–249. [CrossRef]

68. Sun, Y.; Lv, H.; Zhou, W.; Zhang, C.M. Research on Hydrogen Permeability of Polyamide 6 as the Liner Material for Type Iv
Hydrogen Storage Tank. Int. J. Hydrogen Energy 2020, 45, 24980–24990. [CrossRef]

69. Ikeda, Y.; Yasuda, Y.; Hijikata, K.; Tosaka, M.; Kohjiya, S. Comparative Study on Strain-Induced Crystallization Behavior of
Peroxide Cross-Linked and Sulfur Cross-Linked Natural Rubber. Macromolecules 2008, 41, 5876–5884. [CrossRef]

70. Monson, L.; Moon, S.I.; Extrand, C.W. Permeation Resistance of Poly(Ether Ether Ketone) to Hydrogen, Nitrogen, and Oxygen
Gases. J. Appl. Polym. Sci. 2013, 127, 1637–1642. [CrossRef]

71. Anovitz, B.S.L.M. Iv.F.1 Lifecycle Verification of Polymeric Storage Liners. Available online: https://www.hydrogen.energy.gov/
pdfs/progress13/iv_f_1_smith_2013.pdf (accessed on 12 March 2023).

72. Murray, B.R.; Leen, S.B.; Semprimoschnig, C.O.A.; Bradaigh, C.M.O. Helium Permeability of Polymer Materials as Liners for
Composite Overwrapped Pressure Vessels. J. Appl. Polym. Sci. 2016, 133, 10. [CrossRef]

73. Baudet, C.; Grandidier, J.C.; Cangemi, L. A Damage Model for the Blistering of Polyvinylidene Fluoride Subjected to Carbon
Dioxide Decompression. J. Mech. Phys. Solids 2011, 59, 1909–1926. [CrossRef]

https://doi.org/10.1016/j.ijhydene.2021.03.035
https://doi.org/10.1007/s10704-018-0266-y
https://doi.org/10.1016/j.polymertesting.2018.07.017
https://doi.org/10.1007/BF00584920
https://doi.org/10.1016/j.ijhydene.2017.06.138
https://doi.org/10.1016/j.conbuildmat.2011.08.079
https://doi.org/10.1016/j.polymertesting.2010.11.002
https://doi.org/10.1680/macr.1996.48.177.321
https://doi.org/10.1016/j.ijhydene.2008.11.105
https://doi.org/10.1016/j.ijhydene.2019.12.107
https://doi.org/10.1016/0079-6700(95)00022-4
https://doi.org/10.2516/ogst:2001023
https://doi.org/10.1016/S0014-3057(01)00182-3
https://doi.org/10.1177/0892705712452744
https://doi.org/10.1016/j.carbon.2015.11.018
https://doi.org/10.2516/ogst/2013145
https://doi.org/10.1016/j.ijhydene.2020.06.174
https://doi.org/10.1021/ma800144u
https://doi.org/10.1002/app.37517
https://www.hydrogen.energy.gov/pdfs/progress13/iv_f_1_smith_2013.pdf
https://www.hydrogen.energy.gov/pdfs/progress13/iv_f_1_smith_2013.pdf
https://doi.org/10.1002/app.43675
https://doi.org/10.1016/j.jmps.2011.04.010


Polymers 2023, 15, 2258 22 of 23

74. Melnichuk, M.; Gardavaud, Q.; Thiebaud, F.; Perreux, D. Numerical Assestments of Maximum Depressurisation Rate for Polymer
Materials under High-Pressure Hydrogen. Int. J. Hydrogen Energy 2021, 46, 27088–27095. [CrossRef]

75. Melnichuk, M.; Gardavaud, Q.; Thiebaud, F.; Perreux, D. Temperature Effect in Cavitation Risk Assessments of Polymers for
Hydrogen Systems. Int. J. Hydrogen Energy 2020, 45, 23020–23026. [CrossRef]

76. Xiao, J.S.; Benard, P.; Chahine, R. Estimation of Final Hydrogen Temperature from Refueling Parameters. Int. J. Hydrogen Energy
2017, 42, 7521–7528. [CrossRef]

77. Zhao, L.; Zhao, Q.L.; Zhang, J.; Zhang, S.; He, G.P.; Zhang, M.Y.; Su, T.T.; Liang, X.; Huang, C.; Yan, W.H. Review on Studies of
the Emptying Process of Compressed Hydrogen Tanks. Int. J. Hydrogen Energy 2021, 46, 22554–22573. [CrossRef]

78. Melideo, D.; Baraldi, D.; Acosta-Iborra, B.; Cebolla, R.O.; Moretto, P. Cfd Simulations of Filling and Emptying of Hydrogen Tanks.
Int. J. Hydrog. Energy 2017, 42, 7304–7313. [CrossRef]

79. Klopffer, M.H.; Berne, P.; Weber, M.; Castagnet, S.; Hochstetter, G.; Espuche, E. New Materials for Hydrogen Distribution
Networks: Materials Development & Technico-Economic Benchmark. In Proceedings of the International Conference on Diffusion
in Materials (DIMAT 2011), Dijon, France, 3–8 July 2011; p. 407.

80. Barth, R.R.; Simmons, K.L.; Marchi, C.S. Polymers for Hydrogen Infrastructure and Vehicle Fuel Systems: Applications, Properties, and
Gap Analysis; Sandia National Lab: Livermore, CA, USA, 2013.

81. Castagnet, S.; Grandidier, J.C.; Comyn, M.; Benoit, G. Hydrogen Influence on the Tensile Properties of Mono and Multi-Layer
Polymers for Gas Distribution. Int. J. Hydrogen Energy 2010, 35, 7633–7640. [CrossRef]

82. Pepin, J.; Laine, E.; Grandidier, J.C.; Castagnet, S.; Blanc-vannet, P.; Papin, P.; Weber, M. Determination of Key Parameters
Responsible for Polymeric Liner Collapse in Hyperbaric Type Iv Hydrogen Storage Vessels. Int. J. Hydrogen Energy 2018,
43, 16386–16399. [CrossRef]

83. Castagnet, S.; Grandidier, J.C.; Comyn, M.; Benoit, G. Mechanical Testing of Polymers in Pressurized Hydrogen: Tension, Creep
and Ductile Fracture. Exp. Mech. 2012, 52, 229–239. [CrossRef]

84. Merah, N.; Saghir, F.; Khan, Z.; Bazoune, A. Effect of Temperature on Tensile Properties of Hdpe Pipe Material. Plast. Rubber
Compos. 2006, 35, 226–230. [CrossRef]

85. Scheichl, R.; Klopffer, M.H.; Benjelloun-Dabaghi, Z.; Flaconneche, B. Permeation of Gases in Polymers: Parameter Identification
and Nonlinear Regression Analysis. J. Membr. Sci. 2005, 254, 275–293. [CrossRef]

86. Alvine, K.J.; Kafentzis, T.A.; Pitman, S.G.; Johnson, K.I.; Skorski, D.; Tucker, J.C.; Roosendaal, T.J.; Dahl, M.E. An in Situ Tensile
Test Apparatus for Polymers in High Pressure Hydrogen. Rev. Sci. Instrum. 2014, 85, 8. [CrossRef]

87. Koga, A.; Uchida, K.; Yamabe, J.; Nishimura, S. Evaluation on High-Pressure Hydrogen Decompression Failure of Rubber O-Ring
Using Design of Experiments. Int. J. Automot. Eng. 2011, 2, 123–129. [CrossRef] [PubMed]

88. Jaravel, J.; Castagnet, S.; Grandidier, J.C.; Gueguen, M. Experimental Real-Time Tracking and Diffusion/Mechanics Numerical
Simulation of Cavitation in Gas-Saturated Elastomers. Int. J. Solids Struct. 2013, 50, 1314–1324. [CrossRef]

89. Kane-Diallo, O.; Castagnet, S.; Nait-Ali, A.; Benoit, G.; Grandidier, J.C. Time-Resolved Statistics of Cavity Fields Nucleated in a
Gas-Exposed Rubber under Variable Decompression Conditions—Support to a Relevant Modeling Framework. Polym. Test 2016,
51, 122–130. [CrossRef]

90. Yamabe, J.; Nishimura, S. Crack Growth Behavior of Sealing Rubber under Static Strain in High-Pressure Hydrogen Gas. J. Solid
Mech. Mater. Eng. 2011, 5, 690–701. [CrossRef]

91. Gent, A.; Tompkins, D. Nucleation and Growth of Gas Bubbles in Elastomers. J. Appl. Phys. 1969, 40, 2520–2525. [CrossRef]
92. Crank, J. The Mathematics of Diffusion; Clarendon: Oxford, UK, 1975; pp. 49–56.
93. Tao, K.S.K.; Yamada, K.; Higashi, S.; Kago, K.; Kuwashiro, S.; Hirano, H.; Takeshita, H.; Tokumitsu, K. Effect of Molding

History on Molecular Orientation Relaxation during Physical Aging of Polystyrene Injection Moldings. Int. Polym. Process 2023,
38, 233–243. [CrossRef]

94. Nasr, A.; Svoboda, P. Influence of Fusion Temperature on Nonisothermal Crystallization Kinetics of Polyamide 6. Polymers 2023,
15, 1952. [CrossRef]

95. Klopffer, M.H.; Berne, P.; Espuche, E. Development of Innovating Materials for Distributing Mixtures of Hydrogen and Natural
Gas. Study of the Barrier Properties and Durability of Polymer Pipes. Oil Gas Sci. Technol.-Rev. D Ifp Energ. Nouv. 2015, 70, 305–315.
[CrossRef]

96. Castagnet, S.; Grandidier, J.C.; Comyn, M.; Benoit, G. Effect of Long-Term Hydrogen Exposure on the Mechanical Properties of
Polymers Used for Pipes and Tested in Pressurized Hydrogen. Int. J. Press. Vessel. Pip. 2012, 89, 203–209. [CrossRef]

97. Fumitoshi, K.; Hirotada, F.; Shin, N. Influence of High-Pressure Hydrogen Gas on Crystalline Polymers. In Proceedings of the
33rd Polymer Degradation Discussion Group, St Julians, Malta, 1–5 September 2019; pp. 1–5.

98. Sambale, A.K.; Stanko, M.; Emde, J.; Stommel, M. Characterisation and Fe Modelling of the Sorption and Swelling Behaviour of
Polyamide 6 in Water. Polymers 2021, 13, 1480. [CrossRef]

99. Sambale, A.K.; Maisl, M.; Herrmann, H.G.; Stommel, M. Characterisation and Modelling of Moisture Gradients in Polyamide 6.
Polymers 2021, 13, 3141. [CrossRef]

100. Randhawa, K.S.; Patel, A. Influence of Moisture/Water Absorption on Mechanical and Thermal Properties of Polyamide6/Boric
Oxide Composites. Pigm. Resin. Technol. 2022, 51, 354–363. [CrossRef]

101. Eftekhari, M.; Fatemi, A. Tensile Behavior of Thermoplastic Composites Including Temperature, Moisture, and Hygrothermal
Effects. Polym. Test 2016, 51, 151–164. [CrossRef]

https://doi.org/10.1016/j.ijhydene.2021.05.176
https://doi.org/10.1016/j.ijhydene.2020.05.224
https://doi.org/10.1016/j.ijhydene.2016.05.213
https://doi.org/10.1016/j.ijhydene.2021.04.101
https://doi.org/10.1016/j.ijhydene.2016.05.262
https://doi.org/10.1016/j.ijhydene.2010.04.155
https://doi.org/10.1016/j.ijhydene.2018.06.177
https://doi.org/10.1007/s11340-011-9484-1
https://doi.org/10.1179/174328906X103178
https://doi.org/10.1016/j.memsci.2005.01.019
https://doi.org/10.1063/1.4899315
https://doi.org/10.20485/jsaeijae.2.4_123
https://www.ncbi.nlm.nih.gov/pubmed/37151460
https://doi.org/10.1016/j.ijsolstr.2013.01.001
https://doi.org/10.1016/j.polymertesting.2016.03.004
https://doi.org/10.1299/jmmp.5.690
https://doi.org/10.1063/1.1658026
https://doi.org/10.1515/ipp-2022-4264
https://doi.org/10.3390/polym15081952
https://doi.org/10.2516/ogst/2014008
https://doi.org/10.1016/j.ijpvp.2011.11.008
https://doi.org/10.3390/polym13091480
https://doi.org/10.3390/polym13183141
https://doi.org/10.1108/PRT-03-2021-0031
https://doi.org/10.1016/j.polymertesting.2016.03.011


Polymers 2023, 15, 2258 23 of 23

102. Guttmann, P.; Pilz, G. Fibre-Reinforced Polyamides and the Influence of Water Absorption on the Mechanical and Thermome-
chanical Behaviour. In Deformation and Fracture Behaviour of Polymer Materials; Grellmann, W., Langer, B., Eds.; Springer Series in
Materials Science; Springer: Berlin, Germany, 2017; Volume 247, pp. 377–388.

103. Ksouri, I.; De Almeida, O.; Haddar, N. Long Term Ageing of Polyamide 6 and Polyamide 6 Reinforced with 30% of Glass Fibers:
Physicochemical, Mechanical and Morphological Characterization. J. Polym. Res. 2017, 24, 12. [CrossRef]

104. Irzhak, V.I.; Uflyand, I.E.; Dzhardimalieva, G.I. Self-Healing of Polymers and Polymer Composites. Polymers 2022, 14, 5404.
[CrossRef]

105. Blaiszik, B.J.; Kramer, S.L.B.; Olugebefola, S.C.; Moore, J.S.; Sottos, N.R.; White, S.R. Self-Healing Polymers and Composites. In
Annual Review of Materials Research; Clarke, D.R., Ruhle, M., Zok, F., Eds.; Annual Review of Materials Research; Annual Reviews:
Palo Alto, CA, USA, 2010; Volume 40, pp. 179–211.

106. Caruso, M.M.; Davis, D.A.; Shen, Q.; Odom, S.A.; Sottos, N.R.; White, S.R.; Moore, J.S. Mechanically-Induced Chemical Changes
in Polymeric Materials. Chem. Rev. 2009, 109, 5755–5798. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10965-017-1292-6
https://doi.org/10.3390/polym14245404
https://doi.org/10.1021/cr9001353
https://www.ncbi.nlm.nih.gov/pubmed/19827748

	Introduction 
	Hydrogen Behavior through Polymeric Materials during Decompression 
	Gas Permeation through Polymers 
	Formation of Decompression Damage 

	Characterization Methods and Quantitative Evaluations for Internal Damage Morphology in Polymers 
	Characterization Methods for Internal Damage of Polymers 
	Light Microscope/Camera Observation 
	Electron Microscopy Observation 
	Atomic Force Microscope (AFM) 
	Computed Tomography (CT)—3D Technique 
	In-Situ Observation 

	Quantitative Evaluations for Internal Damage of Polymers 
	Optical Method 
	Mechanical Method 
	Physical Property Method 
	Acoustic Emission (AE) Method 


	Factors Affecting the Internal Decompression Damage of Polymers 
	Factors from the Material Level 
	Properties of Polymers 
	Defects Inside Polymers 
	Additives 
	Processing Technology 
	Thickness of Samples 

	Operation Conditions Factors 
	Temperature 
	Exposure Pressure 
	Decompression Rate 
	Charge/Discharge Cycle 


	Decompression Damage Predictive Models and Assessments for Polymers 
	Decompression Damage Predictive Models for Polymers 
	Damage Predictive Model for Sudden Fracture 
	Damage Predictive Model for Blistering 

	Decompression Damage Assessments for Polymers 
	Assessment of Blistering Initiation Limit Pressure 
	Non-Dimensional Assessment of Decompression Damage 
	Numerical Assessment of Maximum Decompression Rate 


	Future Research Directions 
	Conclusions 
	References

