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Hydrogen is a sustainable alternative to conventional fuels, and it may be obtained with near zero carbon
footprint. However, hydrogen storage remains a key challenge, and the use of composite tanks has gained sig-
nificant interest over the last few years. In addition, thin-ply composites promote fibre damage by delaying
matrix microcracking and free edge delamination. In this work, the H2 permeation/diffusion performance of
virgin and mechanically loaded thin cross-ply laminates is studied. In addition, Scanning Electron Microscopy

(SEM) is used to identify defects and micro-damage in the laminates and explain the experimental values. The
study shows that the hydrogen (H2) barrier performances of thin-ply composites are lower than conventional
metallic systems. Obtained permeability values, however, resulted well below the allowable limits for most
combinations of temperature and pressure and remain unaffected despite the application of high tensile strains
showing that permeation is not accelerated.

1. Introduction

According to the International Energy Agency (IEA) transportation is
responsible for 24% of worldwide energy related emissions [1]. There-
fore, there is a growing need to reduce these emissions in order to be
able to achieve the commitments of the Paris agreement [2]. In recent
years, hydrogen technology has emerged as a viable solution to signif-
icantly reduce COy emissions by using hydrogen (Hj) as a “cleaner”
transportation energy source. Hydrogen technologies can be used for
aviation, maritime and road transportation.

The storage of hydrogen, however, remains a key challenge in
adopting this new technology to commercial vehicles. Hydrogen can be
stored in two forms, gaseous or liquid. The former has very low density
which indicates that high pressure tanks would need to be used, while
for the latter, cryo temperatures would need to be achieved as hydrogen
liquefies at —253 °C [3]. In addition, liquid hydrogen has about 4 times
lower volumetric energy density compared to other conventional fuel
types and therefore the required storage tank size would be four times
larger for a similar range.

Hydrogen also has a high diffusivity in air and, thus, leakage and
diffusion through the storage tanks need to be supressed [4].

Traditionally, metals have been used for storage tanks, but their high
density increases the overall weight of the structure. In addition, metals
are susceptible to hydrogen embrittlement and hydrogen assisted
cracking [5], which may lead to catastrophic failures of the tanks.

Carbon Fibre Reinforced Plastic (CFRP) composite materials have
very high specific strength (strength to density ratio) and thus can lead
to significant weight reductions of the tank even when used with a metal
liner. For instance, storage tanks of type III (metallic liner fully wrapped
with CFRP) can offer weight reductions of 25%-75% compared to type I
(fully metallic) and type II (metallic liner hoop partly wrapped with
CFRP) tanks [6]. In addition, liner-less tank solutions reduce the weight
of the structure even further. Reductions of about 20% have been re-
ported in the literature for the storage tanks of type V (liner-less com-
posite) compared to type IV (composite with polymer liner) [7].

The use of composite materials for storage tanks also entails certain
limitations. Hydrogen molecules can diffuse through the bulk of the
composite materials, especially in the presence of micro-cracks and
imperfections. The composites are also expected to experience high
thermal fatigue cycles at a very wide range of temperatures, which in
cases can exceed 300 °C [3]. In addition, the use of metal or plastic
liners, typically employed by the industry for hydrogen storage tanks,
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can generate significant thermal stresses in the composite structure due
to the differences in the thermal expansion coefficients.

Gas permeability in carbon fibre composites has been assessed in
numerous studies in the past [8-11], revealing their potential as suitable
option for hydrogen storage. However, cryogenic cycling was shown to
increase their permeability highlighting the effect of defects on the
composite performance [12]. Saha et al. [13] studied the effect of
cryogenic exposure to three dimensional stitched composites, and a
sharp increase in permeability was observed after the first cryogenic
cycle for plies of standard thickness. The authors also noticed that
adding thin plies in the material preserves its Hy barrier properties as
only minimal changes in the permeability are observed at increasing
cryogenic cycles.

Grogan et al. [14] have also shown that the thickness of the lami-
nates has a significant effect on the damage initiation and propagation
during cyclic loading. Thin-ply composites are well known to provide
higher strength values compared to conventional thick-ply composites
[15]. In addition, thin-ply composites fail at higher strains, delay matrix
microcracking and free-edge delamination [16], ultimately leading to
improved fatigue performance [17]. However, the cost of thin-ply
composites is relatively high, and there is a lack of design standards
and certification requirements and therefore, the industry is reluctant to
adopting these solutions.

The measurement of hydrogen permeation through thin-ply com-
posites is a challenging problem. In addition, the quantification of the
effect of mechanical loading on the permeation mechanism could allow
an insight on micro-crack generation that could not be identified
otherwise. Hamori et al. [ 18] used thin plies as barriers on the composite
architecture and investigated the effect of cryogenic and biaxial me-
chanical loading on the gas permeability. Their work showed that the
thin ply barriers improve the tolerance against both damage and
leakage. Condé-Wolter et al. [19] performed permeation testing for
thermoplastic matrix materials and composites, revealing that the
permeation rates for the composites can be sufficiently low assuming no
damage in the composite microstructure. As a result, showing that the
hydrogen diffusion is not accelerated despite mechanical loading (and
thus no micro-crack permeation paths are developed) could provide
additional confidence in the use of thin-ply composites for hydrogen
storage tanks.

This study analyses the hydrogen permeation/diffusion performance
of thin-ply composites before and after mechanical loading. Thin cy-
lindrical specimens were cut out from cross-ply [0/90/0/90/0] plates
for permeation measurements. In addition, tensile specimens were cut
from the same plates which were subjected to a constant strain level
under quasi-static loading. The loading was released, and the tensile
specimens were repurposed as permeation specimens. Therefore, the
hydrogen permeability and diffusivity in the cross-ply laminates was
measured before and after mechanical deformation. It is demonstrated
that the diffusivity of the thin-ply composites is higher compared to
those achieved by metals but also it was shown that the mechanism is
not accelerated despite the application of significant loading. Finally,
the leak rate stays well below the allowable limits for most temperature
and pressure combinations.

2. Hydrogen transport mechanism

The permeation mechanism in a hydrogen storage tank takes place
through the bulk of the CFRP vessel walls and consists of adsorption,
absorption, diffusion, and desorption [20]. Adsorption is the process by
which hydrogen molecules adhere to the internal surfaces of the CFRP
walls without being absorbed into the material. Absorption, on the other
hand, is the process by which hydrogen molecules are absorbed into the
material, forming a homogeneous solution with the matrix. Diffusion is
the movement of hydrogen molecules from areas of higher concentra-
tion to areas of lower concentration within the material. The diffusivity
depends on the material properties and temperature. Finally, desorption
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is the reverse of absorption, and it refers to the release of hydrogen
molecules from the material back into the gas phase.

The whole process is diffusion controlled as the hydrogen sorption
and desorption processes are much faster compared to diffusion in the
matrix material [20]. The diffusion process is governed by Fick’s law as
shown in equation (1), which correlates the flux J (expressed in
mol m~2 s~! in this paper) with the diffusivity D (expressed in m? s 1)
and the concentration gradient over the thickness (driving force of the
process) %C(. Finally, for a solution-diffusion transport model, the
hydrogen permeability P (in this paper expressed in Barrer) is obtained
as the product of the diffusivity D and the solubility coefficient S
(expressed in mol m3 Pa~! for plastics), as follows in equation (2):

dac

J=-D=
dx

€8]

P=DS (2)

Fig. 1 schematically describes the hydrogen permeation phenomenon
through the CFRP laminates. It is worth noting that manufacturing de-
fects or damage accumulation such as porosity and microcracking can
accelerate the permeation phenomenon as they can provide a fast
diffusion path through the thickness of the CFRP walls. It can be
assumed that undamaged composites display Fickian behaviour while
the effect of temperature can be described by an Arrhenius equation
assuming no phase change occurs [12]. Pressure is also known to have
minor effect on the permeability/diffusivity of light gases (such as He or
Hy) in polymers [21].

3. Methodology
3.1. Materials

Cross-ply CFRP plates [0/90/0/90/0] were manufactured using two
different materials and manufacturing methods. The plates manufac-
tured with material A were prepreg with a thickness per ply of 41 pm,
while material B was manufactured using a wet laying resin application
and the thickness of each ply was slightly higher (50 pm). For material A,
the Tenax® IMS 65 E23 830 24 k fibre was used with fibre modulus of
290 MPa and fibre strength of 6000 MPa while for material B, the
PYROFIL TR50S 15 K fibre was used with fibre modulus of 240 MPa and
fibre strength of 4900 MPa. Material A was cured at 150 °C for one hour
while material B was cured at lower temperatures for about 20 h (66 °C
for 16 h and 93 °C for 4 h). Table 1 provides an overview of the material
tested for this work. The thickness of the material A laminates was
consistent at 0.25 mm while the material B laminates had slightly higher
thickness variation due to the manufacturing method. A minimum of
two batches per material were tested to ensure repeatability. Water-jet
cutting was used to obtain the specimens for the testing reported in
sections 3.2 and 3.3. Fig. 2 provides a sketch of the plates manufactured
indicating the positioning of the specimens used for the tensile and
permeation testing.

3.2. Permeation measurements

Hydrogen permeation measurements were conducted in a mano-
metric system with a closed volume and variable pressure method,
following ASTM D1434-82 [22]. Fig. 3 provides a sketch of the test rig
layout. Cylindrical specimens were used for the permeation measure-
ments with a diameter of 25 mm.

The permeation set-up consists of a sample holder, where the spec-
imen is placed, which is then connected to the upstream reservoir and to
a calibrated downstream volume, where the permeated gas is collected.
The system is placed into a thermostatic incubator to ensure tempera-
ture control. Before testing, the system was evacuated over night to
remove any residual gas absorbed. The upstream pressure is monitored



L Katsivalis et al.

Composites Part A 176 (2024) 107867

[
y cop Fast hydrogen transport
Diffu | ydrog P
X tHuston zone I through the defects
[
e I —>
Hydrogen . . I 4949
concentration, Cp, ——» —
— > | — | L |
dc - | - -
J=-D— — — —
dx —> | —>
|
|
Undamaged CFRP : Damaged CFRP

Fig. 1. Diffusion mechanism in damaged and undamaged CFRP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 1
Overview of tested materials.
Material Ply Lay-up Manufacturing
thickness
Al, A2, 41 pm [0/90/ Prepreg (reactive binder applied during
A3 0/90/0] spreading/150 °C for 1 h at 4 bar pressure
B1, B2 50 pm [0/90/ Wet laying resin/66 °C for 16 h and 93 °C
0/90/0] for 4 h at 4 bar pressure

by a Druck gauge manometer and maintained constant at about 1.5 bar
during the whole test, while the downstream side is kept under vacuum
to guarantee the pressure gradient, that acts as the driving force of the
process. The permeability is evaluated by monitoring the downstream
pressure increase over time, using a 10 Torr MKS Instruments manom-
eter. Hence, at the steady state conditions, the permeability P only de-
pends on the flow of the permeating gas across the membrane as shown

O O ODxa
O O O
2|8 O O O
O O O
O O G—
2 o

300

Plan for material A and B plates [0/90/0/90/0]

in equation (3):

_ Vul dPy
" RTAAp dt

3

where Vy is the downstream volume (measured in m?), [ is the sample
thickness (measured in m), R is the universal gas constant (SI units:
J K1 mol’l), T is the absolute temperature (in K), A is the sample area
(inm?), Ap is the pressure gradient (in Pa m~!) between the feed and the
permeate side and % indicates the increasing rate of the downstream
pressure over time.

Permeability is reported in the non SI unit Barrer, lbarrer =

10’10% = 3.35x 107'emelm  The diffusivity can also be
determined from the permeation rate experiments by applying the time
lag method. The time lag, 7;, represents the intercept on the time axis of

the asymptotic linear behaviour of downstream pressure over time [23].
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Fig. 2. Plate design and details of the two types of tested specimens. Circular cross-section samples were prepared for permeation tests, whereas the rectangular ones
were made for mechanical tests. All dimensions in mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3. Test rig for the hydrogen permeation measurements.

The value of the diffusivity can be extracted as shown in equation (4):

lZ
:a

(€3]

where [ is the thickness of the specimen tested and 7 is the time-lag
value. Each test is repeated at least once to ensure the repeatability of
the measurements. In cases, where there was large scatter between the
first and second measurements (coefficient of variation above 10% for
permeability and 20% for diffusivity), a third measurement was added.

3.3. Tensile testing

The mechanical pre-loading of the specimens used for permeation
measurements was achieved utilising a tensile test. During testing, the
load/displacement curve was recorded along with the strain at the
centre of each specimen. The size of the specimens tested was 300 x 30
mm. To ensure proper gripping, GFRP end tabs were bonded to the
specimens. A universal servo-electric loading machine was used, and the
loading rate was adjusted to 1 mm/min while the strain was monitored
with an extensometer. The specimens were chosen to be 30 mm in width
so that after the pre-loading, permeation specimens (cylinders with 25
mm diameter) can be cut as shown in Fig. 2.

3.4. SEM analysis

Scanning Electron Microscopy (SEM) was used to evaluate the in-
terfaces of the tested specimens. The interfaces could reveal porosity,
dry spots and pin holes which could affect the permeation measurements
and material performances. The specimens were mounted on stubs and a
thin layer of about 5 pm of gold sputter was applied before the inspec-
tion with a JEOL 7800F Prime. The microscope magnifications used
were in between x100 and x8000 with an acceleration voltage of 5 kV.

4. Results
4.1. Permeation measurements

Fig. 4 shows the permeation measurements for the different batches
and materials tested over a range of temperatures. The temperatures
tested were between 5 °C and 45 °C, but these can be extrapolated to
lower values considering that the permeability is expected to follow an
Arrhenius behaviour [24], assuming no phase changes of the composite,
as shown in equation (5):

P= Poexp( - %) ®)

Vacuum
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Fig. 4. Hydrogen permeability through the thickness of the cross-ply laminate
as a function of temperature. The shaded parts of the plot represent the
experimental scatter of the measurements. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

In equation (5), P is the permeability, P, is the pre-exponential factor
that provided the permeability when temperature goes to infinity, Ep is
the activation energy for permeation, R is the universal gas constant and
T is the temperature. The activation energy for permeation can be
determined from the slopes in Fig. 4. The measurements between ma-
terials A and B display a difference of about one order of magnitude
while the permeability results between the different batches of the same
materials have smaller differences. The shaded parts in Fig. 4 show the
experimental scatter of the measurements which are based on the
standard deviation recorded for each test.

Similarly, Fig. 5 shows the diffusivity for the different batches and
materials examined over the same range of temperatures. Once again,
this parameter can be extrapolated at lower temperatures assuming an
Arrhenius behaviour [24] and no phase changes as shown in equation
(6):

D= Doexp< - %) (6)

In equation (6), D is the diffusivity, Dy is the pre-exponential factor that
states the diffusivity when the temperature goes to infinity, Ep is the
activation energy for diffusion, R is the universal gas constant and T is
the temperature. In a similar fashion to the activation energy for
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Fig. 5. Hydrogen diffusivity through the thickness of the cross-ply laminate as
a function of temperature. The shaded parts of the plot represent the experi-
mental scatter of the measurements. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

permeation, the activation energy for diffusion can be calculated from
the slopes in Fig. 5. The shaded parts in Fig. 5 show the experimental
scatter of the measurements which are based on the standard deviation
recorded for each test.

As already observed for permeability, the diffusivity in materials A
and B also differs by one order of magnitude, while no significant
discrepancy is observed in various specimens of the same materials (A1-
A2 and B1-B2). It is worth noting that comparing the permeability
values obtained for the CFRP laminates with more traditional materials
used for hydrogen storage is not straightforward as permeability has
different units for metals and polymers. This is due to the fact that
hydrogen does not dissociate prior to the dissolution in the material
[21], thus assuming a different behaviour of its solubility coefficient.
Therefore, the hydrogen concentration in polymers is linear with the
pressure while in metals it is linear with the square root of pressure.

Hence, a comparison between the performance of the CFRP lami-
nates and stainless steel/aluminium, materials that would be typically
used for such applications, was based on the values of diffusivity, which
maintain the same units. Table 2 reports characteristic diffusivity values
for stainless steel, aluminium and other CFRP materials obtained from
the literature. The values reported in this study for diffusivity are of the
same order of magnitude as other CFRP materials and about two orders
of magnitude higher compared to typical stainless steels. Aluminium
presented a higher range of diffusivity values which extend above and
below the measurements of this study.

4.2. Effect of pre-loading

Material B2 was chosen for further analysis to inspect the effect of

Table 2
Comparison of diffusivities at room temperature for CFRP, stainless steel and
aluminium materials.

Source Material Diffusivity m?s™h
Current study (A1) CFRP [0/90/0/90/0] 5.2 x 10712
Current study (B2) CFRP [0/90/0/90/0] 1.6 x 1071
Flanagan et al. [12] CFRP [45/135/04/135/45] 1.2 x 107"
Condé-Wolter et al. [19] CFRP [UD] 2.9 x 10713
Chen et al. [25] 2205 Duplex Stainless Steel 2.2 x 1071
Hutchings et al. [26] B50 Duplex Stainless Steel 1.5 x 10714
Luu et al. [27] 2205 Duplex Stainless Steel 6.4 x 104
Young and Scully [28] Aluminium 2.3 x 1071
Saitoh et al. [29] Aluminium 1.0 x 1071
Outlaw et al. [30] Aluminium 3.2 x 1071
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mechanical preloading on Hj transport properties. The specimens were
pre-loaded at two different strain levels and afterwards the permeation
testing was repeated. Fig. 6 shows the stress/strain curves for the two
specimens which were mechanically pre-loaded with a tensile test. The
first specimen was loaded up to a strain of 1%, while the second spec-
imen was loaded up to a strain of 1.4%. It was also attempted to achieve
higher strains, but the specimens failed catastrophically at around 1.5%
of strain. However, it is worth noting that current allowable strain limits
for contemporary aircraft composite structures do not exceed 0.5% and
thus the attained strain levels were considered as adequate for the tar-
geted application, as they provide a safety factor of 3. The specimen
response was linear throughout the loading and the stiffness of the
specimens was in the region of 70 GPa.

Fig. 7 shows the permeation (7a) and diffusion coefficients (7b) as a
function of the inverse of temperature for the virgin unloaded specimen,
and the two mechanically pre-loaded specimens from batch B2. The
shaded parts in Fig. 7 show the experimental scatter of the
measurements.

Fig. 7 shows that there is no significant effect of the mechanical
preloading on the diffusion/permeation measurements for material B2.
The shaded parts in Fig. 7 show the experimental scatter of the mea-
surements which are based on the standard deviation recorded for each
test. Small differences were recorded in the slope for the permeability
measurements. For the diffusion measurements, the slopes are almost
identical, but a small decrease in the diffusivity is recorded for the
specimen with the highest level of strain. This is a clear demonstration
that, despite the significant levels of strain attained, the thin plies were
able to supress the generation of transverse matrix cracks and delay
delamination. Therefore, the lack of damage and micro-cracks explain
that no acceleration of gas transport was observed.

The in-situ strength theory developed by Camanho et al. [15] was
utilised to critically assess these findings and evaluate the relationship
between transverse strain to failure and ply thickness for material B2.
Strain expressions for the transverse strength were derived as shown in
Katsivalis et al. [31] to make the comparison more relevant to the
experimental measurements of this work. Therefore, Fig. 8 plots the
transverse strain to failure as a function of the ply thickness and shows
that plies thinner than 100 pm (for material B2 the ply thickness is 50
pm) will not develop transverse cracks at strains below 1.4%, thereby
validating our experimental observations.

It is also worth noting that local damage limited to the 90° plies
(without damage in 0° plies) would still lead to hydrogen transport ac-
celeration as the effective thickness of the specimen would be reduced
by 40%. Therefore, the time required for the hydrogen to diffuse through
the thickness of the specimen would be greatly accelerated leading to
lower values of diffusivity.

1000 1.4% strain — L )
800 - .
g
s 600 | .
@
8 400} ]
5 ,
200} /” ]
((/c/ —=—B2,,
Of « o—B2 44,
0.0 0.5 1.0 1.5

Strain (%)

Fig. 6. Stress—strain curves for the mechanical pre-loading performed on the
permeation specimens. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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material properties of material B2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Table 3 summarises the permeation and diffusion results for all
materials and batches tested and provides the values for the permeation
and diffusion activation energies. It is worth noting that for comparison
purposes all values of permeability and diffusivity are reported at 25 °C.

It was not possible to measure the permeability and diffusivity of
batch A3 due to very large fluxes detected during permeation testing,
much larger than the experimental limits, thus indicating defects and
cracks in the specimens. Various specimens from several parts of the
plate were cut and tested multiple times to avoid possible local damage,
but such problems persisted, indicating that either during
manufacturing, cutting or transportation the plate was damaged irre-
versibly. Therefore, a dedicated analysis utilising SEM was performed to
inspect such effects, as presented in the following section.

4.3. SEM analysis

SEM imaging was used to identify features in the matrix, the fibres or
the interfaces that could explain the results and especially the inability
to measure permeation and diffusion in laminate A3. The SEM analysis
was conducted at a larger scale initially to detect pinholes, dry spots and
other larger features which could be responsible for the measurements
of laminate A3. Fig. 9a displays a part of laminate A3 at a magnification
of x100 where pinholes can be observed. Larger magnifications (x2000),
as shown in Fig. 9b, gave a greater insight in these imperfections. The
fibres of the subsequent plies can be observed through the pinholes
indicating that these defects extend through the thickness and thus
providing fast diffusion paths and explaining the inability to perform the
permeation measurements. In addition, even larger magnifications
(x8000) were used (as shown in Fig. 9¢), which allowed to identify nano-
porosity in the resin which could also contribute to the acceleration of
the permeation mechanism.

Further SEM analysis was conducted on the tested specimens from
batch Al as shown in Fig. 10 and did not reveal any damage at the lower
magnification levels (x 100 and x2000). At the highest magnification
levels (x8000), however, nano-porosity was observed. This was expected
since the same resin and fibres were used for batches Al and A3.
However, the permeation measurements conducted in plate A1 were
completed successfully and thus the nano-porosity was not considered as
a critical factor accelerating the permeation mechanism.

Finally, SEM analysis was also conducted at the same magnification
levels for specimens from material B which are shown in Fig. 11 for
comparison purposes. No defects or porosity were identified at larger or
smaller scales. It is worth noting that despite material B showing the
least number of defects at the scales observed by SEM, it was still out-
performed in terms of diffusivity/permeability values compared to
batches Al and A2. It is however important to remind that the diffusion
process occurs at the molecular level, and it is related to the polymer

Table 3
Summary of the permeation and diffusion measurements for all materials and
batches tested at 25 °C.

Batch Permeation  Permeation Diffusivity Diffusion
at 25°C activation energy at 25°C activation energy
(Barrer) (kJ mol 1) m?s™H (kJ mol™)
Al 0.091 31.9 5.24 x 26.6
10-12
A2 0.103 26.7 7.98 x 24.6
10-1
A3 Testing not completed
B1 0.806 23.7 3.86 x 27.2
10-1
B2yirgin  0.581 51.9 1.61 x 17.3
10—11
B2y, 0.637 34.6 1.64 x 18.2
1011
B2 494 0.414 23.8 1.03 x 21.4

10—11
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Fig. 9. SEM imaging for material A3 across different scales. The magnifications
considered were a) x100, b) x2000, c) x8000. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

morphology down to sub-nano scale (Hy kinetic diameter is 0.289 nm).
5. Discussion

The values of permeability and diffusivity determined during the
experimental campaign and reported in section 4 were used for a case
study on the leak rate of a conceptual tank design. The design of the tank
was based on work carried out in the LH2-tanks project [32]. The
considered tank consists of a cylindrical part with a diameter of 300 mm
and a height of 500 mm and two end caps with a spherical shape. A wall
thickness of 2 mm was used in this case study which was based on a
preliminary FE analysis.

The tank manufactured for the LH2-tanks project was made of thin-
ply CFRP in the cylinder, titanium in the end caps while adhesive joints
were connecting the two different parts. For simplicity, in this case
study, the same CFRP material (material B2) was considered for both the
cylinder and the end caps, and no adhesive joints were considered.
Based on the dimensions, the total volume of the tank was calculated as
0.049 m® while the surface area of the inner walls of the tank was
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Fig. 10. SEM imaging for material Al across different scales. The magnifica-
tions considered were a) x100, b) x2000, c¢) x8000. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

calculated as 0.75 m?.

As discussed in the previous sections, the permeability and diffu-
sivity of the CFRP material follow an Arrhenius relationship and
therefore their values can be extrapolated to temperatures of interest.
More specifically, a range of temperatures were considered between 20
K (temperature of hydrogen liquefaction) and 293 K (room tempera-
ture). The case of the highest mechanical preloading (1.4% strain) was
the one considered as the most conservative.

The leak rate was calculated as a flux governed by the pressure dif-
ference between the two sides of the laminate (pressure driving force),
as shown in equation (7). In equations (7), J is the leak rate (molar flux),
P is the permeability, Ap is the pressure difference and ¢ is the thickness.
The units of the leak rate are expressed as volume at Standard Tem-
perature and Pressure (STP) over area per unit time. The pressure dif-
ference examined was 2, 50 and 700 bar which can be considered
standard values for non-pressurised, intermediate, and pressurised
vessels.
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Fig. 11. SEM imaging for material B1 across different scales. The magnifica-
tions considered were a) x500, b) x2000, c¢) x8000.
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Standardised allowable leak rates are currently lacking for composite
hydrogen storage and are expected to be application dependent. For
instance, Robinson [33] attempted to establish allowable leak rates for
composite cryogenic tanks for launch vehicles. This was achieved by
establishing allowable gas loss (0.25%) due to permeation and was
based on Boeing’s launch vehicle propulsion technology. Different
allowable leak rates (scc m~2 s—) were established based on the oper-
ation and the lowest one (0.00574 scc m 2 s~ !) was chosen to be
compared to the data from this study as the most conservative. However,
it is worth noting, the allowable leak rate established in [33] is not
considered very conservative for conventional transportation vehicles as
it was designed for launch vehicles which only need to be fuelled once
and do not require dormancy times such as aircraft or land vehicles.
Another allowable leak rate which is typically employed by the in-
dustry is based on a draft of an ISO standard [34] related to hydrogen
tanks for land vehicles. This allowable leak rate correlates the leaking
hydrogen to the total volume of the tank per unit time (1% loss of total
volume per day). The second allowable leak rate is much more
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conservative and about 3 orders of magnitude lower than the first one.
Fig. 12 plots the values obtained in this study and compares them with
the two allowable leak rates after converting them to consistent units.

Fig. 12 shows that for the low pressure (2 bar), the leak rates ob-
tained in this study do not exceed the two limits even for higher tem-
peratures (>400 K). However, for the case of intermediate (50 bar) and
pressurised tanks (700 bar), the most conservative limit is exceeded at
about 290 K and 230 K respectively, while the higher limit is not
exceeded for the temperatures of interest. This shows that a combination
of high pressures and lower temperatures might be needed to optimise
the energy density of hydrogen and ensure leak free tanks. In addition,
this case study is limited to a specific wall thickness value (2 mm). It is
expected that the wall thickness will be significantly higher for pres-
surised tanks leading to lower values of leak rates as per equation (7).

It is worth noting that Fig. 12 is plotted by extrapolating the
permeability values in low temperatures far from the experimental
measurements. This extrapolation might introduce errors due to the
experimental scatter. However, as shown in Fig. 12, the critical tem-
peratures are close to the experimental measurements since perme-
ability (and therefore the leak rate) minimise when the temperature
drops below 200 K.

It can be concluded that thin-ply CFRP composites can be a suitable
option for hydrogen storage tanks considering that they can provide
adequate strength and stiffness, low permeability and diffusion rates at
low density and therefore lead to significant weight reductions in the
tank design. Moreover, the low values of permeability and diffusivity
reported, despite the mechanical loading, show that liner-less options
can be explored in the future. This is a direct result of using thin plies
which can supress the generation of cracks at high strain levels (1.4%)
and thus could prevent fast diffusion paths from forming.

It is worth noting however, that the performance of the material is
controlled by the quality of the manufacturing. It was shown that defects
(such as pinholes and dry spots) in pm scale could allow faster hydrogen
permeation through the laminate thickness. It is therefore important to
design and manufacture the tank in a way that the overall performance
is not governed by defects on the ply level and that an adequate number
of plies is used to ensure both low permeation rates and structural
integrity.

One important aspect relating to the design of composite hydrogen
storage tanks is the well-defined stress state which is experienced by the
composites. The optimum fibre winding angle for the tanks has been
determined as [+55/-55] which leads to equal circumferential and
radial stresses. The cross-ply laminates studied here differ compared to
the optimum angle laminates, but no significant performance changes

108 T T T T
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o ] 50 bar
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S 0% Experimental
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2 - - - Allowable leak rate [33]
E - - - Allowable leak rate [34]
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Fig. 12. Leak rates for non-pressurised, intermediate, and pressurised tanks
over a range of temperatures and allowable leak rates. The higher allowable
leak rate relates to launch vehicles while the lower allowable leak rate relates to
land vehicles. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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are expected. In the unloaded state, the hydrogen transport takes place
through the laminate thickness and thus the permeability measurements
would not get affected by the local ply orientation. The response after
mechanical loading is also expected to remain unaffected as the opti-
mum winding angle is expected to lead to lower developed strains
compared to the cross-ply laminates studied here and thus no transverse
cracking is expected to occur for the strain levels examined in this work.
Finally, it needs to be highlighted that hydrogen storage tanks
experience a complex stress state and thermal cycles which lead to
significant thermal residual stresses. Therefore, the design of such tanks
would need to consider the complex stress states described above which
would require more testing data. However, even these complex stress
states are not expected to generate tensile strains exceeding 1.4% and
thus our study was considered adequate in characterising the hydrogen
transport phenomena after the application of mechanical loading.

6. Conclusions
The present study focuses on understanding the hydrogen perme-

ability mechanism through thin-ply composites and the main conclu-
sions follow:

Despite the increased associated costs, thin-ply composites provide
an alternative material that can be used for hydrogen storage tanks as
they provide the necessary strength and stiffness with excellent
sealing properties in the unloaded state.

The hydrogen diffusivity of the thin-ply composites was shown to be
higher (2-3 orders of magnitude) compared to more conventional
materials such as metals. The values measured were consistent with
similar studies for CFRP materials found in the literature.

It was shown experimentally that a pre-loading up to 1.4% of tensile
strain did not generate micro-cracks or damage that would accelerate
the diffusion mechanism. This is considered very safe as the material
in the tank is expected to experience strains at least 3 times lower.
Manufacturing defects such as dry spots and pinholes, even at a pm
scale can create fast diffusion paths and consequently make the
material non-suitable for hydrogen storage. SEM analysis demon-
strated such defects and correlated them to unsuccessful permeation
measurements. Therefore, ensuring high quality manufacturing is
critical for such applications. The presence of defects highlights the
need for the development of sensors with the ability to detect
hydrogen leakage.

A study on a conceptual tank design revealed very low values of the
leak rate at different values of pressure at the cryo range. At higher
temperatures, the leak rates increased significantly but were still
below the allowable limits fort most combinations of temperature
and pressure. The parametric study also revealed that combinations
of intermediate pressures and temperatures might need to be used as
well as adjusting the thickness of the tank. These observations
highlight the suitability of thin-ply composites for hydrogen storage
applications.
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