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1 INTRODUCTION

This document contains the deliverable 4.1 associated with the Task 4.1 “Development of a catalogue of
lightweight metal alloys and preliminary testing of sample specimens based on waDED state-of-the-art” [M1-
M18] and the WP4 “Development and testing of advanced, fibre-reinforced lightweight metal alloys and coatings
for hydrogen storage vessel” [M1-M36].

The document includes a compilation of literature reviews of hydrogen embrittlement (HE) of lightweight metal
alloys/MMC, waDED alloys for hydrogen cryogenic applications, coatings, and prevention of HE as well as
hydrogen testing methodologies.

2 LITERATURE REVIEW

The exposure of metallic alloys to a hydrogen-bearing environment is known to compromise the performance
of alloys’. The extent of damage varies from one alloy to the other depending on multiple factors such as the
crystal structure, hydrogen transport properties, mechanical properties and extent of hydrogen uptake. For
wrought alloys this has been investigated for many years in order to understand the interactions of the different
factors?. The advent of additive manufacturing (AM) has introduced new classes of alloys with distinct
microstructural properties that have different responses to in-service environments to the well-studied wrought
materials. Extensive hydrogen embrittlement studies on AM alloys are still lagging behind compared to wrought
processes, not least due to the time that has been. This poses a limitation on the use of new AM alloys in
hydrogen environments, which is crucial for the development of the upcoming hydrogen economy.

There are many different variants of additive manufacturing processes such as Direct Energy Deposition (DED)
and Powder Bed Fusion (PBF), both applied by the use of either laser, arc or electron beam heat sources. Wire
Arc Additive Manufacturing (WAAM) is a DED process that utilises a wire feed that is deposited on a substrate
by an arc source. The WAAM process benefits from the advantage of having high deposition rates compared
to other AM process thus allowing fast build turnaround while achieving high dimensional control of the final
product.

This literature review evaluates the available literature on hydrogen embrittlement (HE) of three classes of light
alloys, namely; aluminium, magnesium and fibre reinforced aluminium matrix alloys.

There are a number of ways HE can be manifested in metallic alloys. Internal hydrogen (IH) embrittiement can
occur by having pre-existing hydrogen in the microstructure while being under sustained loading leading to
sub-critical cracking. IH can be introduced from conventional wrought manufacturing or AM processes®. IH
embrittlement has been known to affect alloys with high hydrogen solid solution solubility such as Ti based
alloys*. Aluminium and Magnesium exhibit very little adverse reaction, if any, to IH embrittlement due to low
solid solution solubility of hydrogen in the microstructure. The main sources of IH can come from surface
cleaning operations such as acid pickling or heat treatment in hydrogen bearing environments in steels.
Additionally, welding or AM operations conducted on a contaminated working piece, in combination with
moisture pick up from feedstock (wire or powder) or shielding gas can introduce hydrogen into a fabricated
product®. [H embrittlement is out of scope of this review document since light alloys are relatively innocuous
to this kind of HE. However, it is important to recognize that the introduction of hydrogen (IH) from welding
and additive manufacturing (AM) processes can result in hydrogen gas porosity, which can adversely affect
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the mechanical properties of an alloy but may not necessarily cause embrittlement. Nevertheless, aluminium
alloys are particularly susceptible to this issue, as they commonly suffer from hydrogen gas porosity during
fabrication due to the low solid solution solubility of hydrogen in the aluminium microstructure’.

Hydrogen environment embrittlement (HEE) involves sub-critical cracking of alloys under sustained loads while
simultaneously being exposed to a hydrogen bearing environment. This affects many metallic alloys, including
steel (ferritic and austenitic), aluminium, titanium and nickel alloys'. One of the main sources of hydrogen
leading to HEE comes from what is termed a Redox reaction, either via electrochemical processes such as
cathodic protection or environmental corrosion processes in electrolyte solutions or even moist environments
4 8 _Recent research on environmental assisted cracking (EAC) of aluminium aerospace alloys have shown that
thick plate 7xxx series alloys can be susceptible to hydrogen assisted EAC in moist environments even at
relative humidity levels as low as 20%®.

The other source of hydrogen is exposure to high-pressure gaseous (molecular) and liquid hydrogen commonly
found in the space industry and more recently in the hydrogen economy. The ambition to replace fossil fuels
with hydrogen energy source is expected to increase the scope of materials being exposed to gaseous
hydrogen at cryogenic conditions when considering applications for hydrogen production, hydrogen-storage,
and hydrogen transportation’.

This review will therefore focus, albeit not exclusively, on gaseous HE of light alloys, but also on the adverse
effects of hydrogen on the performance of light alloys when exposed to gaseous hydrogen, in particular in
relation to AM processes. Additionally, some cases of H-assisted EAC in benign environments such as humid
air may be discussed to illustrate hydrogen failure modes.

Hydrogen uptake in metallic alloys occurs through a sequence of adsorption and absorption processes of both
diatomic and monoatomic hydrogen on the metal surface. Upon exposure to H, gas, the diatomic hydrogen
molecules are physically adsorbed onto the surface by weak Van der Waals forces. Subsequently, the diatomic
hydrogen molecules dissociate into monoatomic hydrogen at the surface through chemisorption processes i.e.
formation of covalent bonded on the surface (eq.1)".

Hy(gy =+ Hagpy 2 ZHg) . [1]

The chemisorbed monoatomic hydrogen can then be absorbed into metal substrate (eq.2) or recombine with
another hydrogen atom to form again an H, molecule and escape the surface. The hydrogen recombination
reaction could also occur by an electrochemical process route (eq.3-4)™.

Hi) — ”(abs.' [Z]

Hig + H-:c] I Hzrp) T4 HZ{'g'l [3]
Heg | H*t 1 e™1 o llz.;g, o [4]

Apart from the direct decomposition of hydrogen gas, monoatomic hydrogen can be produced on a metal
surface via electrochemical processes. The electrochemical processes include the direct reduction of water
molecules (eq.5) or reduction of H+ ions (eq.6) resulting from corrosion reactions or impressed cathodic
currents (cathodic protection) which produces monoatomic hydrogen on the surface which can then be
absorbed into the material’.
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A summary of the chemical and electrochemical reactions involved in hydrogen uptake of metals are
summarised in the schematic diagram in Figure 1.

H, gas environment Electrochemical wet environment
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3 HYDROGEN EMBRITTLEMENT OF ALUMINIUM ALLOYS
3.1 HYDROGEN UPTAKE PROPERTIES

Unlike most ferrous and non-ferrous metals with BCC, FCC and HCP crystal structures; aluminium alloys do
not suffer from HE in dry hydrogen gas at ambient temperatures' '2. This characteristic feature of aluminium
alloys is attributed to the coherent oxide layer of aluminium oxide (Al.Os) that covers the exposed surfaces.
The tenacious Al,0s layer that forms on aluminium surface provides a high energy barrier to the chemisorbed
dissociation process of the adsorbed H. molecules into monoatomic hydrogen thus limiting hydrogen uptake
in dry hydrogen gas environments’. This material specific behaviour had been tested in practice by conducting
sustained load tensile tests in high pressure dry hydrogen gas environments at ambient conditions'. Tensile
strength and ductility of AA 6061-T6 and AA 7075-T73 did not show any reduction when tested in hydrogen
gas up to 10,000 psi (~690 bar) pressure compared to the reference tests in helium. Additionally, Lorenz et
al.” found no changes to the threshold stress intensity factor (KTH) of surface flawed tension specimens of
AA2219-T6 tested under sustained load conditions in 5200 psi (358 bar) H, gas. The measured Kth was 30.8
MPa.m1/2 for 0.75” and 1.00” plates. Similar testing was done on AA2219-T6 weldments were found to yield
a Kth value of 28.6 MPa.m1/2. Both Kth values were found to be very close to the expected fracture toughness
KIC values for the alloy around 35 MPa.m1/2",

During 1970s Speidel and Hayatt conducted a similar experiment, but on high strength 7xxx series alloys,
where they bolt loaded (constant displacement) a double cantilever beam (DCB) specimen near to KIC in dry
hydrogen environment (0.01% Rh and 1 bar 100% H, gas) for 47 days. The DCB specimen did not exhibit any
crack growth within the prolonged period of testing until after humidity was introduced (100% Rh) and crack
growth was observed'. The crack propagation rates measured in moist hydrogen varied from one copper rich
grade to another copper lean grade, in agreement with the general trends observed in EAC/SSC testing in moist
Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily
reflect those of the European Union or [name of the granting authority]. Neither the European Union nor the granting authority
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and saline environments ® '* ', Therefore, dry hydrogen gas is largely ineffective on aluminium alloys unless
an aqueous environment can be present.

Most cases of hydrogen embrittlement in aluminium alloys reported in the literature involve exposure to
aqueous environments of varying severity to study hydrogen-assisted cracking. The process of hydrogen
uptake usually involves a series of electrochemical (corrosion) reactions that produce localised hydrogen and
subsequent absorption, usually at crack tips, causing embrittlement. Cathodic impressed currents have been
utilised in numerous studies to introduce hydrogen into aluminium alloys'™. However, there are limited to no
applications under cathodic protection, as aluminium alloys can corrode under a specific cathodic overpotential
window. Additionally, hydrogen can also be introduced during the fabrication of components using additive
manufacturing (AM) techniques, such as Laser Powder Bed Fusion (L-PBF), as reported by McFalls, or during
welding operations *.

Aluminium has low solubility and diffusivity for hydrogen in the solid phase, which can lead to hydrogen effects
being overlooked. Other materials with face-centered cubic (FCC) structures are typically less susceptible to
hydrogen embrittlement than metals with BCC and HCP crystal structures. The solubility of hydrogen in pure
aluminium varies in the literature, with values around 1.5x10-12 atomic fraction". Alloying elements such as
Li, Mg, Cu, Si, and Zn can increase hydrogen solubility, and lattice vacancies, dislocations, grain boundaries,
and voids can trap hydrogen ANY™. Thus, the presence of additional trapping sites in aluminium alloys increase
the total capacity to hold hydrogen than in pure aluminium. Generally, the hydrogen solid solubility in aluminium
is low. However, in the liquid phase, the solubility of hydrogen is much higher, at around 1x10° atomic fraction
7" so care must be taken during cooling molten aluminium to prevent porosity, especially during welding.
Trapping sites such as voids can also serve as nucleation sites for hydrogen gas bubble precipitation if the
aluminium is supersaturated with hydrogen'®.

The diffusivity of hydrogen within solid aluminium is also slow, with a typical diffusivity of approximately 2.5x10-
14 m2s-1 (2.5x10-10 cm2s-1) at room temperature for pure aluminium’. However, the values reported in the
literature vary widely due to factors such as differences in measurement methods, the low volumes of gas
involved, and the presence of lattice defects that can affect measurement accuracy. For instance, Talbot and
Anyalebechi reported diffusivity values ranging from about 10-13 to 10-14 m2s-1 (10-9 to 10-10 cm2s-1) at
room temperature, whereas at 500 °C, the value was around 10-8 m2s-1% ?'. Some experts have suggested
that the movement of dislocations may facilitate faster diffusion of hydrogen', but there is no direct evidence
to support this idea’.

The diffusivity of hydrogen in aluminium is strongly influenced by alloying and microstructure. According to
studies?® 7 alloying with Mg and Li significantly reduces diffusivity compared to pure aluminium. In addition,
lattice defects such as porosity can act as trapping sites, thereby reducing diffusivity. Young and Scully have
identified three distinct types of trapping sites: interstitial lattice sites, dislocations, and vacancies’. These sites
are important in assessing the performance of AM materials because they decrease the amount of hydrogen
available to cause embrittlement in materials.

Due to the limited effectiveness of dry hydrogen absorption in aluminium, most available data in the literature
on the effects of hydrogen exposure on mechanical properties of aluminium alloys are derived from
electrochemically charged or environmental exposure of samples, which may not accurately represent the

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily
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response to gaseous hydrogen exposure. Nonetheless, these studies demonstrate the impact of increasing
hydrogen concentration on the mechanical properties of aluminium alloys.

Studies have consistently reported a negative effect of hydrogen charging on the tensile properties of
aluminium alloy samples. For instance, Watson et al. investigated the impact of hydrogen charging on the
mechanical properties of pure aluminium and found a 15% change in elongation '. Despite hydrogen-charged
samples showing a ductile failure mode, there was a substantial reduction in the measured ductility. Increased
dislocation density and surface microhardness were observed through transmission electron microscopy (TEM)
after hydrogen charging. Micro-hardness measurements indicated that recovery occurred in two stages during
subsequent annealing. The first stage was attributed to cold work recovery (i.e., dislocation annihilation), and
the second stage was attributed to hydrogen diffusion from close to the surface into the bulk of the metal.

Holroyd et. al (1981) reported strain rate dependent behaviour in the tensile properties of aluminium alloys
tested under environmental exposure, with a greater drop in performance observed at lower strain rates (10-6
s-1) compared to a strain rate of 10-5 s-1 2. This behaviour suggests that hydrogen diffusion plays a significant
role in determining the mechanical response of the material. The effect of the strain rate EAC properties was
reported in a more recent study on 3rd generation 7xxx series alloys. SSRT testing was conducted in humid
environments at 10-6 and 10-7 s-1 nominal strain rates. The results had shown that some alloys that are
susceptible to EAC exhibited a 300% reduction in the plastic elongation failure when tested at 10-7 s-18,

Numerous studies have investigated the environmentally assisted cracking (EAC) behaviour of aluminium
alloys, with a particular focus on solid solution strengthened high magnesium 5xxx series alloys (e.g., 5083) in
the sensitized condition and precipitation hardened 7xxx series alloys containing Zn and Mg alloy composition
14158923 The failure mechanism in such alloys has been attributed to EAC, resulting in typical intergranular and
transgranular fracture surfaces similar to those observed in hydrogen embrittlement of other metallic alloys*.
The observed changes in elongation values in response to hydrogen exposure suggests that small levels of
hydrogen can cause embrittlement. However, there is no general consensus across the literature regarding the
effect of hydrogen on yield strength and ultimate tensile strength (UTS), although any reported changes tend
to be small.

4 HYDROGEN EMBRITTLEMENT OF MAGNESIUM ALLOYS

Magnesium alloys, like aluminium alloys, are vulnerable to Stress Corrosion Cracking (SCC) even in benign
environments such as distilled water. This susceptibility is primarily attributed to the high corrosion rates and
electrode potential of pure magnesium and magnesium alloys compared to other metals and alloys in stress-
free conditions. Although the exact mechanism of SCC in magnesium alloys is a topic of ongoing debate, there
is convincing evidence supporting hydrogen-assisted crack propagation in combination with other anodic-based
corrosion mechanisms. The exact nature of the metal-hydrogen interaction that results in embrittlement is still
not well understood.

In addition to the possible hydrogen-based mechanisms such as decohesion, enhanced plasticity, and
dislocation emission models, magnesium alloys are also prone to forming magnesium-hydrides when exposed
to pure hydrogen environments. This can lead to further embrittlement and cracking of the material*.

The formation of stable hydride phases is a significant factor affecting the performance of Hexagonal Close
Packed (HCP) alloys such as zirconium and titanium. The subsequent fracture of these hydride phases can
have a major impact on the material's behaviour under certain conditions?* . Magnesium and its alloys have
Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily
reflect those of the European Union or [name of the granting authority]. Neither the European Union nor the granting authority
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a hexagonal close-packed atomic structure, which can form hydrides (MgH2) with a tetragonal structure.
However, the hydrides that form in magnesium alloys are less stable compared to those formed in zirconium
and titanium alloys. This is because the magnesium hydride decomposes at temperatures above 287 °C under
1 bar H2 partial pressure?®. The dissociation temperature will vary depending on the H2 partial pressure in the
environment. For example, the dissociation temperature of MgH2 at 30 and 100 bar H-2 partial pressures are
at around 427 °C and 450 °C%*%’,

Hydrogen can be present in magnesium alloys in octahedral sites of the HCP crystal lattice?’. However,
measuring hydrogen diffusion and solubility in magnesium and its alloys can be challenging due to various
factors. For instance, the formation of MgH2 near the surface exposed to hydrogen can limit hydrogen transport
kinetics because of its extremely low diffusion coefficient (order of 10-16 m2/s at 25 °C). Additionally, the
formation of tenacious layers of Mg(OH)2 and MgO can also restrict hydrogen uptake. As a result, literature on
hydrogen diffusion (DH) in magnesium alloys is limited.

For example, Knotec et al. reported a DH - of 6.7 x 10-13 m2/s in pure Mg?*, while Nishimura and other
researchers estimated a DH of 10-9 m2/s in pure Mg by extrapolating from high-temperature gas permeation
measurements (~200 °C) 2% 2, The presence of alloying elements (such as Al) is expected to reduce the DH
due to the additional reversible trapping sites. Dietzel et al. reported an effective DH for magnesium alloy AZ91
of 2.0 x 10-13 m2/s based on modelling hydrogen assisted failure from mechanical tests*.

It can be challenging to determine the exact DH values of pure Mg due to experimental complexities associated
with each method. However, for hydrogen gas storage applications, it may be more suitable to consider the
extrapolated upper range of values, which is between 10-10-10-9 m2/s extrapolated from hot gas permeation
when considering hydrogen gas storage applications. As a reference, those values are close to lattice diffusion
coefficient of ferritic steels that yield DH values between 10-10 - 10-8 m2/s3" 32,

San Martin and Manchester * found that the dependency of hydrogen solubility (at.%) with temperature at 1
bar H2 partial pressure was given by:

22,780) [

R.T
R — gas contant, T — temperature in K

S(at%) = 0.0023 + 1.28. exp(

At high temperatures close to the melting point (~600 °C), the hydrogen solubility values reported in the
literature for pure magnesium were approximately 0.06-0.07 at. % (25-27 ppm). Extrapolation of these values
to room temperature yields a hydrogen solubility of 0.002 at. % (0.08 ppm) in pure magnesium®. Other
researchers have found that the hydrogen solubility in Mg follows Sievert's law, which states that the hydrogen
solubility in the lattice is proportional to the square root of H2 partial pressure®* *. The hydrogen solubility
relationships suggested by the authors in ref 3334 were based on results from high temperature experiments
that excludes the effects of magnesium hydrides as they dissociate above 287 °C, which leads higher values.
This may be the reason why there is limited information on the solubility limit or the maximum hydrogen
concentration in magnesium at room temperature in the literature. However, it should be noted that conducting
high-temperature hydrogen diffusion and solubility experiments on magnesium alloys can be extremely difficult
due to its high vapour pressure at high temperatures and chemical reactivity. Thus, discrepancies between the
data available in the literature are to be expected.
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Several studies have reported both IH and HE embrittlement of magnesium alloys?®30%: 37 Magnesium alloys
can be hydrogen charged by chemical or electrochemical processes, such as exposure to distilled water or
cathodic protection. However, unlike in aluminium alloys, hydrogen may also be introduced into magnesium
alloys by exposure to high-pressure hydrogen gas environments. In the context of studying metal-hydrogen
interactions, gas charging may be a more appropriate method since it avoids contributions from general or
local corrosion processes that are prevalent in high-reactivity metals such as Mg and Al. This is because gas
charging involves exposing the sample to a controlled hydrogen environment, where the hydrogen pressure
and temperature can be varied to study the effect of these parameters on hydrogen uptake and its effect on
the mechanical properties of the material. Additionally, gas charging is a non-destructive method and does not
introduce any foreign ions into the sample, making it suitable for studying the fundamental mechanisms of
hydrogen embrittlement in magnesium alloys.

Winzer et al. investigated the effects of hydrogen on a Mg-Al alloy (AZ91) through exposure to both hydrogen
gas and distilled water environments %, The authors pre-charged AZ91 in 3 MPa hydrogen gas at 300 °C for
14 hours to achieve saturation, and then immediately subjected the sample to slow strain rate testing (10-4 s-
1) in air. The measured hydrogen content after pre-charging ranged between 6.9x10-2 — 1.9x10-1 at.% %, with
some contribution from surface oxides. The pre-charged samples exhibited significant reduction in elongation
and failed below the yield stress, whereas control specimens tested under the same conditions in air without
hydrogen pre-charging failed with appreciable plastic deformation®. The hydrogen pre-charged specimens
showed an 80% decrease in plastic strain and 50% reduction in tensile strength compared to the control
specimens. The HE damage inflicted by the H2 gas pre-charging and subsequent fast fracture (10-4 s-1) was
more severe than SCC testing in distilled water at a strain rate range of 1-5 -10-7 s-1. The authors attributed
the hydrogen pre-charging test failures to hydride embrittlement, as evidenced by the quasi-porous features
observed on the fracture surface. However, the process of hydride formation at the crack tip under high strain
rate conditions is not well understood, unless the hydrides would in fact pre-exist in the microstructure just
after hydrogen pre-charging and then decompose post failure acting as a metastable phase. On the other hand,
the mechanism of failure of magnesium alloys in distilled water tests are often attributed to SCC with a fracture
appearance typical of SCC cleavage fracture, in addition to a characteristic HCP “flute” fracture surface akin to
reports from Lynch and others*3*5*, Those fracture surface features were not observed in the hydrogen pre-
charged samples indicating a different failure mechanism.

Fibre reinforced Al matrix alloys are part of the group Al-metal matrix composites (MMCs). MMCs are
composed of a minimum of two chemically and physically different phases that are dispersed in such a way
that they provide qualities that are not possible with/or from either of the phases alone®.

These materials offer a wide array of advantages compared to unreinforced metals. In the case of carbon fibre
reinforced metals, the composites possess higher dimensional stability, improved cyclic fatigue resistance and
weight saving potential due to the relatively low density of carbon. In comparison with conventional polymer
matrix composites, MMCs offer a higher temperature range in which they can be used as well as higher
electrical and thermal conductivity and higher resistance to radiation. Ou et al.** have researched the influence
of changes in the temperature on the mechanical properties of carbon fibre reinforced polymer (CFRP)
materials. A decrease in temperature below 25°C result in embrittiement of the resin matrix. This makes CFRP
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a bad fit for the application in the MAST3RBoost project, which operates in a temperature range of -196 °C to
-140 °C.

Composites can either be classified based on their matrix material or on the shape of the reinforcement used.
The different reinforcement classes are continuous fibre reinforced composites, discontinuous reinforced
composites and particulate reinforced composites*' as shown in Figure 2.
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(a) Particulate reinforced composite
(b) Discontinuous fiber reinforced composite

(c) Continuous fiber reinforced composite
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The focus in this project is on the manufacturing of continuous fibre reinforced composites. Continuous fibres
offer the highest mechanical properties out of the reinforcement shapes, due to their direct reinforcement in
the direction of the greatest occurring load. The strength perpendicular to the fibre direction is very small in
comparison and mainly depends on the matrix material and the fibre matrix interface. The main drawback of
continuous fibre reinforced MMCs is the high cost and labour intense production.

4.4.2 Manufacturing methods

There are many different production methods, which can be used to manufacture MMCs. The choice of what
process to use depends on many factors, the most important of which are the shape of reinforcement, the
preservation of the reinforcement’s strength, the minimization of the damage to the reinforcement and
promotion of the wetting and bonding between the two constituents*2. These procedures, for the most part,
include liquid and solid processing. Some procedures may use a variety of deposition techniques or an
approach that includes a reinforcing phase®. The incorporation of the fibres via the waDED process would be
in this group of manufacturing methods. The process under these circumstances is a novelty and therefore is
not mentioned or further elaborated in any of the available literature.
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4.4.3 Matrix materials

The end performance of a metal matrix composite is determined by three critical factors: the matrix, the
reinforcement, and the interface between matrix and reinforcement®.

The most commonly used metals are aluminium, magnesium, and titanium. These materials are characterized
by their low density and high specific strength and are commonly used in the automotive and aerospace fields.
The researchers at LKR have done some work on the manufacturing of continuous fibre reinforced aluminium
with liquid infiltration processing. The biggest issue in the manufacturing of CF-AI-MMC via liquid-state
infiltration is the formation of unwanted phases at the fibre matrix interphase. The formation of aluminium
carbides during the infiltration reduces the mechanical properties of the carbon fibres. The addition of
magnesium to the aluminium alloy has proven to reduce the formation of Al4C; brittle phase®.

444 Reinforcements

Reinforcements for MMCs need to have high strength, high elastic modulus, low thermal expansion coefficient
and a high melting point or decomposition temperature. The most researched materials in this matter are
aluminium oxides (Al,0s), carbon fibres, ceramics, and ceramic fibres*. As shown in Figure 2 the
reinforcements for MMCs come in different shapes. The main distinguishment between the three groups is
their aspect ratio of diameter to length. Depending on the type of reinforcement a fitting manufacturing method
has to be chosen. LKR focuses on MMCs with continuous fibre reinforcement in their work.

445 MMC pressure vessel

MMCs are usually not the first choice of material for the manufacturing of pressure vessels. The technology
has yet to be matured to a point where applications such as a pressure vessel can be done in an economically
efficient manner. Compared to polymer matrix composites (PMC), MMC have better fire resistance, a wider
temperature range and no risk of outgassing*’.

Several projects in producing pressure vessels with MMCs have been conducted. In 2005 Touchstone Research
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Laboratory, Ltd. Manufactured a cylindrical pressure vessel made from Al,O; fibre reinforced 99,99% pure
aluminium. This was done by pre impregnating the fibres with the molten aluminium matrix and utilising the
filament winding technology, which has been used in the manufacturing of traditional PMC components*#,

47

These demonstrators (Figure 4) have then been tested in pressure test rig. The setup restricted the axial
movement of the tube so that only hoop stresses could be measured. This is shown in Figure 5. This vessel
withstood an internal pressure of 23 MPa with a wall thickness of 1,85mm and an inner diameter of 101mm.

47

In 2019 the researchers at TISICS Ltd. manufactured a pressure vessel made from SiC fibre reinforced titanium
matrix. Their tube was produced using the hot isostatic pressing process. This process is part of the diffusion
bonding group. A stack of alternating layers of aligned fibres and foil are placed in a steel tool. The stack is
then exposed to high pressure and temperature to consolidate the individual layers into a composite. In the
case of TISICS the process parameters are 950°C and 50-100MPa®. This way they produced multiple tubes
made out of the MMC material with varying layups. These tubes were then pressure tested and the strains in
the material were measured, Figure 6. The highest achieved pressure in this vessel was 280 bar at a wall
thickness of 1,858 mm.
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4.5 waDED ALLOYS FOR HYDROGEN CRYOGENIC APPLICATIONS

Additive manufacturing (AM) technologies have been the focus of many research programs in the recent years.
They offer a lot of advantages to conventional, already established processes. Especially in the early stages of
development of new products or structures, here the costs of manufacturing can be minimised by utilising the
potential AM-technologies offer. The number of different AM-technologies on the market increased significantly
over the last decades. One of them is wire-arc additive manufacturing (waDED).

451 Microstructure evolution of waDED

4511  Aluminium

Higher thermal exposure in aluminium alloys often leads to grain coarsening and challenging control of second
phases®?'. The microstructures highly depend on the location of the deposited layer. Each layer experiences
different heating and cooling during processing as well as intrinsic heat treatment (IHT)%'. Generally speaking,
the higher layers exhibit a finer structure due to a smaller heat input of subsequent layers than layers at the
bottom. In the case of Wu et. al*®, they observed an average spacing of secondary dendrite arms of about 4um
at the upper regions of their 4043 Al-alloy and about 8um in the lower regions. This difference in microstructure
can be seen in Figure 7.
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Researchers at LKR explored variation in parameter sets for the cold metal transfer (CMT) process and their
influence on the macro- and microstructure. Figure 8 shows the result of these three tests. Three specimens
made from a ML5183 welding wire were produced. The chemical composition of the welding wire prior to the
waDED processing in mass percent can be seen in Table 1. The overall surface appears to be smooth with a
layer-like structure.

52

Al Mg Mn Cr Cu Fe Si Ti
93.9 5.03 0.64 0.08 0.02 0.16 0.05 0.09

The process parameters were varied and the respective changes in the outcomes were observed, these
datasets can be seen in Table 2.

52

Parameters Parameters set no 1 Parameters set no 2 Parameters set no 2
Polarity variation 10:10 1:1 1:1

Mean wire feed rate vwr 5.2 5.2 4.5

(m/min)

Deposition rate, DR 0.94 0.94 0.81

(kg/h)

CurrentI/I,,,, (A) 76 /109 86 /107 74 191

Mean voltage U (V) 8.6 12.4 10.6
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Figure 8: three waDED specimens manufactured with varying parameter sets®?

The microstructure of specimen #1 is shown in Figure 9. This shows that a fine-grained region formed directly
above the visible fusion penetration marks. This finer grain size originates from the high cooling rates in the
bottom layer, followed by an elongated-grained structure, which grows perpendicular to the thermal gradient

of the melt pool. The last area has a coarser grain, these grains are not elongated in a preferred direction,
unlike those in the previous area.®

Coarse-grained
structure

Elongated-grained
structure

Specimen #1

Fine-grained
structure

Figure 9: Microstructure waDED specimen #1 by LKR, a) Microstructure within the welded area, b) Microstructure inside the fusion
zone between two consecutive areas %
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In contrast to that the specimen #2 (Figure 10) shows a more homogeneous grain structure, aside from
small areas with a finer grain structure due to higher cooling rates which occur locally.

Specimen #2

52

Compared to sheet metal, the microstructure formation during waDED of aluminium are rather complex. Each
deposited layer undergoes a unique thermal procedure, resulting in a different grain structure. In the CMT
process this heat input can be controlled by the variation of the polarity and pulse repetition sequence. In
general, a lower heat input can result in a finer and more homogeneous morphology of the microstructural
features %

4.5.1.2 Magnesium

Magnesium alloys face the same problems during waDED processing as aluminium alloys, such as repetitive
thermal exposure, steep thermal gradient resulting in elongated grains and anisotropic mechanical properties.
Additionally, the low vapor pressure, low boiling point and high affinity for oxidation add additional challenges
to waDED of magnesium alloys®. Furthermore, only a limited number of magnesium alloys are commercially
available as filler metal. Reported alloys include AZ31B, AZ61A, AZ91D, EZ33A, AZ101A, QE22A, AM50A, and
AZ92A> although their availability is oftentimes limited to the chinese or american market.

Nevertheless, a handful successful studies using Mg alloys have been performed attesting the suitability of
waDED and demonstrating the lightweight construction potential.

Klein et al. demonstrate that the magnesium casting alloy AZ61 can be successfully processed via waDED.
Using a CMT-based process, they were able to achieve a predominantly equiaxed grain morphology and
superior mechanical properties compared to conventional casting processes®.

Gneiger et al. used the magnesium alloys AEX11 and AZ61 for their waDED studies. They showed that the
higher alloying content in the AEX11 can be capitalized on, due to the high cooling rates in waDED, and offer
increased strength values compared to AZ61, especially in T6 condition®.

4.5.2 Heat treatment
4.5.2.1 Solution heat treatment and artificial aging

Heat treatment is an important process in the production of aluminium alloys, and it involves a series of steps
to improve their mechanical properties. Heat treatment is used to improve the strength, ductility, and toughness
of these alloys, making them suitable for a wide range of applications.
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Aluminium alloys are classified as heat treatable and non-heat treatable depending on how well they respond
to artificial aging i.e., precipitation hardening. Normally, the 2XXX, 6XXX and 7XXX are considered heat
treatable, whereas the 1xxx, 3xxx, 4xxx and 5xxx fall into the group of non-heat treatable alloys.

The heat treatment process for aluminium alloys usually consists of two main steps: solution heat treatment
and artificial aging.

Solution Heat Treatment: The first step of the heat treatment process is solution heat treatment, which involves
heating the alloy to a specific temperature and holding it there for a certain period of time. The purpose of this
step is to dissolve the alloying elements, which are typically present in a solid solution in the aluminium matrix.
This is necessary because the strength of the alloy is dependent on the distribution and concentration of these
elements, which are added to the aluminium to enhance its properties.

The temperature and duration of the solution heat treatment depend on the specific alloy being treated. For
example, the common aluminium alloy 6061 requires a solution heat treatment at around 530 °C for about one
hour, while the high-strength aluminium alloy 7075 requires a solution heat treatment at around 475 °C for
several hours.

After the alloy has been heated to the desired temperature and held there for the required duration, it is then
rapidly quenched in water or other quenching media to cool it down quickly. This prevents the alloying elements
from precipitating out of the solution, which would reduce the strength of the alloy.

Artificial Aging: The second step of the heat treatment process is artificial aging, which involves heating the
alloy to a lower temperature than that used in solution heat treatment. The purpose of this step is to allow the
alloying elements to precipitate out of the solid solution and form small, evenly distributed particles throughout
the aluminium matrix. This results in an increase in the strength and hardness of the alloy.

The temperature and duration of the artificial aging process also depend on the specific alloy being treated. For
example, the common aluminium alloy 6061 requires an artificial aging process at around 160 °C for several
hours, while the high-strength aluminium alloy 7075 requires an artificial aging process at around 120 °C for
several hours.

During the artificial aging process, the alloy is heated to the desired temperature and held there for the required
duration. This allows the alloying elements to form small, evenly distributed particles throughout the aluminium
matrix, which results in an increase in the strength and hardness of the alloy.

45.2.2 Stress relief heat treatment

Stress relief heat treatment is used when a component is subjected to uneven temperature effects, causing
stresses. Processes that cause uneven heating, deformation or cooling, such as casting and welding, cause
these stresses. Aluminium is usually exposed to temperatures of 200°C to 300°C during stress relief heat
treatment. Non-age-hardenable alloys can be stress-relieved at a soft annealing temperature of 350°C. In the
case of heat-treatable alloys, stress-relief heat treatment can cause a change in the microstructure and thus in
the strength®.

4.5.3.1 Manufacturing processes

Depending on the heat source, the waDED processes can be separated into three groups: Gas Metal Arc
Welding (GMAW)-based, Gas Tungsten Arc Welding (GTAW)-based, and Plasma Arc Welding (PAW)-based.
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Each system has its advantages and disadvantages when compared to the others. The table shown in Figure
11 gives an overlook on the processes and their features.

WAAM Energy source Features
GTAW-based GTAW Non-consumable electrode; Separate wire feed
process;
Typical deposition rate: 1-2 kg/hour;
Wire and torch rotation are needed;
GMAW-based GMAW Consumable wire electrode;
Typical deposition rate 3-4 kg/hour;
Poor arc stability, spatter;
Cold metal Reciprocating consumable wire electrode;
transfer Typical deposition rate: 2-3 kg/hour;
(CMT) Low heat input process with zero spatter, high
process tolerance;
Tandem GMAW Two consumable wires electrodes;
Typical deposition: 6-8 kg/hour;
Easy mixing to control composition for
intermetallic materials manufacturing ;
PAW-based Plasma Non-consumable electrode; Separate wire feed

process;
Typical deposition rate 2-4 kg/hour;
Wire and torch rotation are needed;

56

The overall quality of a product produced with the waDED process relies on multiple aspects. The most
important ones are the selection of the right process, the quality of the wire and the post process treatment,
these and some more are displayed in Figure 12.
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The choice of the production technique depends on the processing conditions, the feedstock and production
rate for the target component. Furthermore, the motion mechanism in most waDED systems is a multi-axle
industrial robot, carrying the torch.

The production of a waDED part includes three main steps. The process planning, which involves the creation
of the CAD model, the 3D slicing of the 3D model into layers, the creation of the program including the robot
motions and the welding parameters, the deposition of the welding material itself with process controlling and
the post processing including the evaluation of the result, possible finish and if necessary, path re-planning.

45.3.2 Consumables

The feedstock is one of the biggest advantages the wire-based processes have over the powder-based
processes. The handling of the wire is easier and less of a health risk than that of powder. The consumables
for waDED processes include commercially available wires produced for the welding industry and are available
in spooled form. The most commonly used metals include Ti-, Al-, Steel- and Ni-based alloys®. Furthermore,
non-commercially available wires can be produced in small batches on demand.

Porosity affects additively manufactured aluminium. This porosity can be minimized employing a mix of high-
quality welding wires and specific synergistic operating modes. In particular Fronius cold metal transfer (CMT)
process and its pulsed advanced variant yields good results due to lower heat input, which results in lower
finer equiaxed grains and effective oxide cleaning of wire and substrate>*,

In terms of welding wires made from aluminium and aluminium alloys a small variety of products is available
on the European market, mostly 4XXX, 5XXX and some 1XXX and 2XXX (1070, 1450, 2319, 4018, 4020,
4043, 4046, 4047, 5087, 5183, 5356, 6063).

For magnesium alloys the choice of filler metals is even smaller as mentioned above. Available alloys include
AZ31B, AZ61A, AZ91D, EZ33A, AZ101A, QE22A, AM50A, and AZ92A, although their availability is oftentimes
limited to the chinese or american market.

Although solid solubility of hydrogen in bulk aluminum under atmospheric hydrogen pressure is extremely low,
aluminum and its alloys usually contain about ten times as much hydrogen amount as the solubility limit*®.
However, a main factor in the microstructure of the aluminum alloys which controls the effect of the hydrogen,
in fact, is that lattice transport of hydrogen is extremely slow in aluminum, making it difficult to the hydrogen
to be able to keep up with a moving crack, or be transported to a crack region by volume diffusion.

The various aspects of hydrogen in materials have been previously studied extensively®. It was shown that the
microstructural driven hydrogen trapping can also influence the hydrogen embrittlement resistance of the
aluminum alloys. This is because of the fact that the microstructural defects such as interstitial lattices,
vacancies, dislocations and solute atoms strongly influence the movement of hydrogen atoms and the content
of trapped hydrogen inside the aluminum alloys®'. In general, trapping sites for hydrogen are classified as
reversible or diffusible trapping sites, and irreversible or non-diffusible trap sites. Thus, the microstructural
defects can also change the effective distribution, retention and diffusivity of the hydrogen in microstructures.

There has been a significant amount of research done about the suitability of aluminium alloys for pressure
vessel construction. An overview of the cryogenic characteristics of regularly utilized materials was provided
by Hurlich®, the mechanical properties of Face Centred Cubic (FCC) metals such as Al, Cu, and Ni, in sheet
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metal form, have been observed to improve when the temperature decreases to cryogenic levels. Slip systems
in FCC metals allow dislocations to freely move along the close-packed planes. However, there are no close-
packed planes in BCC metals that allow for simple dislocation migration, hence dislocation mobility in these
materials (BCC metals) requires heat activation to slide. Otherwise, the material adapts to the imposed stress
by more extreme processes, such as bond breakage®®.

From the literature it can be concluded that the microstructure and mechanical behaviour of aluminium alloys
is influenced by cryogenic treatments. Cryogenic treatments can increase the homogeneity in the
microstructure of the material, which leads to improved strength and hardness. Depending on the duration of
the cryo treatment the grain size of the material decreases®.

Low-strength (FCC and HCP) metals

Low-strength steels (BCC)

Impact energy

High-strength materials

Temperature

66

The literature specifically mentions the usage of 2024-T4, 2219-T87, 5052 H38, 5083 H38, and 6061-T6
aluminium alloys for the fabrication of pressure vessels for the storage of liquid hydrogen. In that article, the
cryogenic mechanical characteristics of the aluminium alloys stated were not compared in depth. The
researchers at LKR did a literature study on the influence of cryogenic temperatures on the mechanical
properties of the 2024-T4, 2024-T6, 2219-187, 5052 H38, 5083-H38, 6061-T6, 6063 T6, 7039-T63 and T7075-
T73 aluminium alloys. Data which was fitting the given circumstances with a focus on the tensile strength, the
yield strength and the elongation were compared.

4.5.5.1 Tensile strength

The characterisation of the tensile strength of the above-mentioned aluminium alloys under the given
conditions, were tested applying the ASTM B 557- E8% standard. The samples were submerged for a period of
time in cryostats containing various fluids such as dry ice and alcohol for -28 °C, liquid petroleum for -80 °C,
liquefied nitrogen for -196 °C, and liquefied hydrogen for -253 °%. The reference points created this way are
displayed in Figure 14, there the tensile strength as a function of the temperature is shown for a temperature
range from -253 °C up to 400 °C. The overall trend indicates an increase in tensile strength at decreasing
temperature. This behaviour can be observed in all the alloys tested.
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4.5.5.2 Yield strength

Using the same cryostats as reference points, Figure 15 outlines the yield strength based on various
temperatures for the aluminium alloys 2024-T4, 2024-T6, 2219-T87, 5083-H321, 5052-H38, 6061-T6, 6063-
T6, 7039-T63 and 7075-T73. Following the pattern of the tensile strength, the yield strength also increases with
decreasing temperature. The 2xxx- and 7xxx series alloys exhibit the strongest temperature dependency.
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4.55.3 Elongationin 4D

Elongation in 4D refers to the elongation test where the gauge length for circular specimens is four times longer
than their diameter, according to the ASTME8/E8M 13a standard®. This is an indicator of the ductility of a
material. Figure 16 depicts the temperature dependence of the elongation in 4D for the aluminium alloys 2024-
T4, 2024-T6, 2219-T87, 5083-H321, 5052-H38, 6061-T6, 6063-T6, 7039-T63, and 7075-T73.
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Figure 16: A comparison between temperature dependent elongation in 4D of aluminium alloys 2024-T4, 2024-T6, 2219-T87, 5052-
H38, 5083-H321, 6061-T6, 6063-T6, 7039-T63 and 7075-T73 at -253 °C
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4.6 COATINGS LITERATURE REVIEW

In this project, coatings applied over waDED alloys, are intent to work as a barrier, to enhance its hydrogen
embrittlement resistance and stress cracking corrosion (SCC) resistance. From a literature review a lack of
literature was available on this matter; however, some type of coatings, applicability and hydrogen evaluations
were found and described below as the best way to overcome the project’s challenges.

4.6.1 Type of coating and applicability
4.6.1.1  Epoxy

Epoxy resins are characterized by a three-membered ring known as the epoxy, epoxide, oxirane, or ethoxyline
group:

Vs

¢ )
e

Commercial epoxy resins contain aliphatic, cycloaliphatic, or aromatic backbones. The capability of the epoxy
ring to react with a variety of substances imparts versatility to the resins. Treatment with curing agents gives
insoluble and intractable thermoset polymers. To facilitate processing and modify cured resin properties, other
constituents may be included in the compositions: fillers, solvents, diluents, plasticizers, and accelerators.

High chemical and corrosion resistance, good mechanical and thermal properties, outstanding adhesion to
various substrates, low shrinkage upon cure, flexibility, good electrical properties, and ability to be processed
under a variety of conditions are characteristics of epoxy resins™.

A literature review was done by using the CAS SciFinder" website. In the Table 3 is shown the literature review
of epoxy coatings used in hydrogen storage.

'2: SciFinder"

Cryogenic conditions, hydrogen
embrittiement & epoxy coating

Epoxy properties +

Epoxy Coating +  Aluminium alloy & corrosion protection 85 0

Aluminium alloy, corrosion protection &

E t *
poxy Coating “nydrogen storage”

From this literature review, 2 relevant papers were identified, as described below.

Hydrogen embrittlement is a very important phenomenon which causes the high strength steel to fail below its
permissible limit. These high strength materials are used in various industries such as power, nuclear,
transport, aerospace, marine, hydrogen storage tanks etc. Hydrogen may diffuse in high strength material
either internally during the manufacturing stage or externally from environment during application. Due to this
hydrogen diffusion the service life of many high strength components like pressure vessels, fasteners & other
stressed members may be reduced and result in unexpected failure. An attempt has been made by Khare A. et
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al"" to use the conventional tensile and impact test methods to determine the effect of process behaviour on
the properties of high strength steel. Specimens with different mechanical properties and heat treatment
conditions were made to conduct the testing. This study determines the impact of coating especially the zinc
coating process on mechanical properties of the material. Further hydrogen embrittlement prevention and
development of new coatings were discussed.

Niermann, Dirk et al.” studied the typical properties of epoxy resin compared regarding temperature application
range, initial shear strength and strain limit. The aging behaviour of an adhesive joint can be improved by
surface pre-treatment of the titanium parts in an alk. pickling, bath containing tartrates which removes the oxide
layer and avoids hydrogen embrittlement.

It is interesting that searching literature for epoxy coatings + aluminium alloy and corrosion protection is
possible to find 85 publications, however, if “hydrogen storage” keyword is added, there are no results
obtained. This fact is due to a lack of literature relating coatings + aluminium alloys + corrosion & hydrogen
storage applications.

Furthermore, a web searching was done looking for commercial products that have as operating condition the
cryogenic temperature (-196 °C). A key factor that must be fulfilled in parallel with other such as adhesion,
corrosion resistance, among others. For this reason, Table 4 shows an overview of available commercial
products in the market that can meet these requirements.

A two-component polyamine

From 205 °© Airl
cured phenolic/novolac rom 205 °C to 100 - 200 um irless spray and Epoxy HR (JOTUN)™
. -196 °C brush
epoxy coating
A two-component glass flake .
From 250 °C t Airl d
reinforced epoxy composite rom ° 140 - 200 um ITIess spray an Jotatemp 250 (JOTUN)™
. -196 °C brush
coating
A three- itani
catta:e:ezoirr?:ror;i?; :};Z::::] From 1000 °C 100 150 um Airless spray and Jotatemp 1000
i - . to -196 °C . brush (JOTUN)™
copolymer-based coating
127 - 152
Modified epoxy phenolic, From 204 °C to er coat ( r:::\T:ar Airless spray and Thermaline® 440
amine adduct cured -196 °C P ) p brush (Carboline)®
and finish)
A high-performance From 275 °C to 150 um Airless spray and Hempaprime CUI 275
alkylamine-cured epoxy -196 °C H brush (HEMPEL)™

These protective coatings, epoxy coatings, are designed as corrosion protection for surfaces operating at
extreme temperatures where long corrosion protection is desired. The products can be applied by airless spray
or brush for small areas. To secure lasting adhesion a surface preparation must be done. Surface shall be
clean, dry, and free from any contamination. A recommended surface preparation involves an abrasive blast
cleaning to achieve a surface profile using non-metallic abrasive media which is suitable to achieve a
sharp/angular surface profile.
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On the other hand, instead of spray or brush application, electrocoats can be a great product to fulfil the
requirements, see Table 5.

Anionic epoxy -50 °C, however, -196 20 um e-coating/anaphoretic Aerocron™ 2100 from
electrocoat °C must be tested. H deposition PPG®

Aerocron™ 2100 is an anionic epoxy electrocoat primer technology designed to provide optimal corrosion
protection over aluminium substrates (aircraft applications). It is a chrome-free, water-based technology that
is applied via an immersion process which uses electrical current to deposit the coating onto a conductive
substrate. Electrocoat process also provides advantages over spray technology with increased productivity,
increased transfer efficiency rate of parts, full automation capabilities, lower waste disposal costs, and uniform
thickness which results in an overall weight reduction’. However, Aerocron™ 2100 (PPG) is not tested at
cryogenic temperatures which is a critical requirement in the project. For this reason, testing at cryogenic
temperatures will be included in the first stage of the project.

46.1.2 PTFE

Polytetrafluoroethylene (PTFE) has a unique position in the plastics industry due to its chemical inertness, heat
resistance, excellent electrical insulation properties, and the low coefficient of friction in a wide temperatures
range. Polymerization of tetrafluoroethylene (TFE) monomer gives this perfluorinated straight-chain high
polymer with the formula —(CF, — CF,),, —. Its high thermal stability is due to the strong carbon-fluorine bond
and characterizes PTFE as a very useful high temperature polymer. Because of its chemical inertness and high
molecular weight, PTFE does not flow and cannot be fabricated by conventional techniques™.

A literature review was done by using the CAS SciFinder" website. In the Table 6 is shown the literature review
of PTFE coatings used in hydrogen storage.

'?’. SciFinder"

+  “Hydrogen storage”, Lightweight alloys,
Coating Polytetrafluoroethylene (PTFE) or Teflon & 17 1
Exclude: “Hydrogen storage alloy”

PTFE Coating +  “Hydrogen storage” & “PTFE Coating” 3 2

From this literature review, 3 relevant papers were identified, as described below.

A review of metallic tanks for H, storage has been made by Wang Z et al”®, where hydrogen is showed as a
promising option for alternative fuels and/or energy sources for future ships. This review focuses on the
mechanical testing, selection of materials and failure mechanisms for cryo-compressed and liquid hydrogen
tanks and their insulations. Knowledges gaps are identified to facilitate further research and development in
this field. Additionally, coatings are mentioned in page 21, where is indicated that polytetrafluoroethylene (PTFE)

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily
reflect those of the European Union or [name of the granting authority]. Neither the European Union nor the granting authority
can be held responsible for them.

Page 28 of 47



A . Funded by
ﬂ W/\ ST2RBooSt the European Union

o’
o o

et

coating further enhances the hydrogen embrittlement resistance of austenitic stainless steels for LH, tanks®.

Hwang J-S et al®® studied the polytetrafluoroethylene (PTFE), which is known to be an effective hydrogen
adsorption and desorption material, was coated on the surface of stainless steel 304 to improve its hydrogen
embrittlement resistance. To investigate the effects of PTFE coating on the hydrogen embrittlement resistance
on stainless steel 304, the Charpy V-notch impact (CVN) test was performed under three different
temperatures: 25, -83, and -196 °C. Additionally, hydrogen concentration, electron back scatter diffraction
(EBSD), and scanning electron microscopy (SEM) evaluations were carried out to verify the results of the CVN
impact test. The PTFE coating did not have a significant effect on the quantitative reduction of hydrogen
concentration; however, they confirmed its excellent performance in terms of toughness reduction due to the
increase in hydrogen loading time at room temperature.

Ngene P. et al*' stated the catalytic properties of Pd alloy thin films are enhanced by a thin sputtered PTFE
coating, resulting in profound improvements in hydrogen adsorption and desorption in Pd-based and Pd-
catalyzed hydrogen sensors and hydrogen storage materials. The remarkably enhanced catalytic performance
is attributed to chemical modifications of the catalyst surface by the sputtered PTFE leading to a possible
change in the binding strength of the intermediate species involved in the hydrogen sorption process.

4.6.1.3 Polyurethane

The polymers known as polyurethanes include materials that incorporate the carbamate functional group as
well as other functional groups, such as ester, ether, amide, and urea. They are usually produced by the reaction
of polyfunctional isocyanates, most often with hydroxyl compounds. Since the functionality of hydroxyl-
containing reactant or the isocyanate can be variated, a wide variety of branched or cross-linked polymers can
be formed. The polyfunctional isocyanates can be aromatic, aliphatic, cycloaliphatic, or polycyclic in structure
and can be used directly as produced or modified. This flexibility in the selection of reactants leads to the wide
range of physical properties that allows polyurethanes to play an important role in the world market for quality
products from synthetic polymer™.

Polyurethane coatings are preferred for many applications because of a unique combination of performance
and application properties. These products provide excellent abrasion resistance, flexibility, hardness, and
chemical and solvent resistance; light stability and weatherability are excellent. Most polyurethane coatings are
referred to as reactive coatings because lower molecular weight oligomers react to form a polymeric network
on the substrate; energy requirements for cure are low™.

A literature review was done by using the CAS SciFinder" website. In the Table 7 is shown the literature review
of Polyurethane coatings used in hydrogen storage.

';; SciFinder"
Polyurethane * “Cryogenic”, coating & corrosion
Polyurethane +  “Hydrogen storage”, “hydrogen 4 0

Coating embrittlement” & “polyurethane”

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily
reflect those of the European Union or [name of the granting authority]. Neither the European Union nor the granting authority
can be held responsible for them.

Page 29 of 47



.,‘-’ i Funded by
u‘x/’\ 3T?3 -,/h“bm\;- ‘ the European Union

Polyurethane +  “Hydrogen storage”, “hydrogen
Coating embrittlement” & lightweight alloys

From this literature review, 2 relevant papers were identified, as described below.

According to Narain, S.*? coatings have been accepted as a highly effective method for protecting insulated
austenitic stainless-steel equipment and piping against chloride stress corrosion cracking. In liquefied natural
gas (LNG) plants, coating systems should be suitable for low-temperature conditions down to -160 °C. A
comprehensive cryogenic test program was undertaken to gather information on the low-temperature
performance  of  shop-applied coatings.  This  included cycling from atm. temperatures
to cryogenic temperatures and reverse cycling. Cryogenically cycled test samples were evaluated by visual
examination, adhesion, and impact tests. The test results gave increased confidence in shop-
applied coating systems. The test as performed provided a reasonable screening method for coating systems
used in the cryogenic cycling conditions of LNG plants.

Kumar K. et al* presented an epoxy-polyurethane coating for corrosion prevention of machinery in an acrylic
fiber plant by HNOs. Chlorinated rubber coatings were best for cryogenic containers and stainless steel-carbon
steel joints of heat exchangers. High-build polyurethane coatings gave good protection to metals and others in
cooling towers and screw conveyors.

4.6.2 Hydrogen diffusion and permeation

A literature review was done by using the CAS SciFinder" website. In the Table 8 is shown the literature review
of coatings and aluminium alloys used in hydrogen storage.

'g/i SciFinder"

“Aluminium alloys”, “hydrogen storage” &

Coatings hydrogen embrittlement

A review of analysis of hydrogen embrittlement on aluminium alloys for vehicle-mounted hydrogen storage
reported by Chen Y. et al** is showing methods of prevention such as coatings. Included in this paper, Dey S.
et al* proposed some improvement schemes to limit the diffusion depth of H in the material. Many scholars
have proposed that coating is also based on the depth of H diffusion in the material. Therefore, when proposing
structural measures for HE, it is necessary to study the mechanism and main influencing factors of HE carefully.

In terms of prevention of hydrogen embrittlement Chen Y. et aP** also indicated that to guarantee safety,
selection of the suitable prevention techniques becomes important. The prevention methods proposed by
scholars in the past can be divided into two ideas. One is to block hydrogen from the material, that means
using inhibition of film formation on aluminium alloy surface or coating methods. The other is to treat the
material to make it more resistant to HE, including heat treatment methods and refining grain methods.
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The MAST3RBoost project aims developing a hydrogen storage system based on adsorption process at
comparatively low compression (100bar or below), which could be an alternative to state-of-the-art compressed
gaseous hydrogen systems at 350bar or more used in the transport sector. The vessel for the storage system
will be fabricated using wire+arc additive manufacturing and it will be made from lightweight Al and Mg based
alloys, i.e. so called Type | pressure vessel®.

Although MAST3RBoost project is limited to building a demonstration model, any commercial product in the
future is expected to comply with pressure vessel industry rules and regulations. Thus, the section starts
reviewing the requirements for an industry compliant pressure vessel design, then it continues with individual
mechanical testing standards to obtain the required material properties.

This literature review does not aim to provide an exhaustive list of material and component testing options in
hydrogen environment, but rather it presents a targeted information with respect to MAST3RBoost structural
design specification, e.g. pressure vessel fabricated from lightweight metallic alloys subject to a maximum
100bar hydrogen pressure at minimum -196.15°C (77K) temperature. Thus, recommendations for general
hydrogen service, e.g. (ANSI/CSA, 2014 (R2018))¥, or design rules from other industries such as piping (ASME,
2020) are considered as outside of the scope.

At the time of the writing, a comprehensive industrial design practice is not available for pressure vessels
intended for gaseous hydrogen storage (>10bar) at low temperatures.

H-3 publication® (CGA, 2019) from Compressed Gas Association (CGA) in North America is intended for
cryogenic vessels for hydrogen service, albeit it is limited to liquid hydrogen at approximately 12bar pressure.
Thus, this standard is not directly applicable in the MAST3RBoost project, where the design pressure is much
higher, e.g. 100bar, and the physical state of the stored hydrogen is not liquid.

Similarly, European standards for cryogenic vessels do not cover MAST3RBoost operational requirements.
Hydrogen fuel tank design practice® is intended for liquid hydrogen storage, i.e. low pressure applications.
Static cryogenic vessel design practices®®' are not intended for cyclic loads that could result fatigue type failure,
whereas MAST3RBoost pressure vessel needs to be fatigue rated due to expected refuelling cycles.
Transportable cryogenic vessel standard® considers fatigue loads but exclude hydrogen service. There is a
separate standard (BSI, 2001) for material selection of cryogenic vessels; these standard states that hydrogen
embrittlement normally occur at ambient temperatures and become negligible at cryogenic temperatures, then
suggests that the design can be based on BS EN ISO 11114%, which is a standard for pressure vessel design
in hydrogen service except the cryogenic temperatures and is reviewed later on in this document.

At sufficiently low temperatures, the fracture mechanism can transition from ductile to brittle, hence the
influence of cryogenic temperatures on fracture toughness needs to be determined via mechanical testing. The
toughness requirements for materials to be used in cryogenic vessels are given in BS EN 1252-1%. This
standard considers aluminium alloys as “inherently though” and thus find impact tests at low temperatures
unnecessary to obtain an indication about fracture toughness. This statement is further corroborated in another
standard® referred in pressure vessel codes, which states that all aluminium alloys given in Table 5.6-1 of the
standard are suitable for any minimum temperature without impact testing.
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In general, it was observed that the cryogenic vessel codes either do not cover the operational requirements
of the MAST3RBoost project or provide limited information about the possible hydrogen influence on
mechanical properties. The remaining of this subsection continue with the design practices for pressure vessels
in hydrogen service, but not necessarily for cryogenic temperatures.

ASME Boiler and Pressure Vessel Code (BPVC) Section VIII-3: Alternative Rules®

Pressure vessel design is based on brittle fracture or plastic collapse, hydrogen assisted cracking, and fatigue.
For calculations based on yield and tensile strength, the standard provides minimum values for each alloy in
Part KM. However, both hydrogen and cryogenic temperatures can influence the yield and tensile strength
values. Therefore, before using the values provided in Part KM for any engineering assessment, it seems
sensible to determine the influence of environmental conditions on yield and tensile strength by means of
mechanical testing.

Article KD-10 within this standard provides fatigue and fracture toughness requirements for pressure vessels
in hydrogen service, which are additional to the requirements given in the main body of the standard. The
article distinguishes welded and non-welded vessels; it can be assumed that wire+arc additive manufacturing,
which is the processing technique of the MAST3RBoost project, is more analogous to a welded vessel type® %,
The additional requirements given in KD-10 are mandatory for welded vessels operating below 95 °C and above
170bar operating pressure, which reduces to 52bar if the tensile strength of vessel material exceeds 620MPa.

The material choice of the standard for a lightweight alloy is AI6061 series with either T6 or T651 temper as
tabulated in Table KM-400 along with minimum yield and tensile strength values. Article KD-10 explicitly states
that for aluminium alloys the effect of hydrogen on fatigue and fracture properties can be neglected. This
statement is further corroborated by ISO 15916, which classifies aluminium alloys and specifically AI6061-T6
alloy as “negligibly embrittled” in Tables C1-2 of the standard. Here, it is important to underscore that hydrogen
embrittlement depends on environmental conditions and given that these standards do not cover cryogenic
temperatures, the statement of aluminium alloys cannot necessarily be extrapolated to MAST3RBoost operating
conditions without further mechanical testing.

Although both total life (S-N approach) and fracture mechanics approaches are allowed in the main body of the
ASME BPVC® Section VIII-3, for pressure vessels intended for hydrogen service, fatigue assessment must be
carried out using a fracture mechanics approach as specified in Article KD-10. The allowable number of cycles,
i.e. fatigue endurance, is calculated by propagating an initial flaw size to a critical flaw size. Article KD-10
specifies a single stage crack growth law that where the Paris law constants, C and m, must be determined in
a hydrogen environment. The critical flaw size is determined by using the Failure Assessment Diagram (FAD),
which is constructed by plane-strain fracture toughness, Klc, or by threshold stress intensity factor for
hydrogen assisted cracking, KIH, whichever is smaller.

Threshold stress intensity factor for hydrogen assisted cracking, KIH, is to be determined by broadly following
the ASTM E1681'® standard using either constant load or constant displacement approach in hydrogen
environment at vessel design pressure. More information regarding these test approaches can be found later
in the document when discussing about material testing standards. Test duration is specified as 1,000 hours
for ferritic steels and martensitic stainless steels, and 5,000 hours for austenitic steels at room temperature.
There are no specific instructions available for aluminium alloys, which is most likely related to the statement
that the Article KD-10 does not consider aluminium alloys susceptible to hydrogen embrittiement. Three test
replications are recommended to establish KIH value, and the test specimen thickness must be comparable in
size to the thickest part of the pressure vessel.
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Fatigue crack growth rate testing to follow ASTM E647 standard'®' in hydrogen environment at vessel design
pressure. Test specimen is to be extracted from LT direction according to ASTM E399'%? with a mechanically
introduced surface notch. A maximum test frequency of 0.1Hz was specified, and the R-ratio, which is defined
as Kmin /Kmax, to be equal or larger than service conditions. Here, it is important to underscore that the
specified test frequency is extremely low, which can lead to many months of testing. Depending on the
application, both increasing and decreasing AK tests will be most likely to be required to generate a sufficient
da/dN versus AK curve that covers mechanical design loads. Similar to fracture toughness testing, three test
replications were recommended for fatigue crack growth testing.

For both fatigue crack growth rate and fracture toughness testing, the Article KD-10 specifies a high purity
environment without air and moisture with a gas composition of 99.9999% hydrogen.

BS EN 1SO 11114 - Gas cylinders®

This international standard provides recommendations for pressure vessels, or gas cylinders as referred in the
standard, which will be subject to a non-inert gaseous service, including hydrogen gas. Part 1 of the standard
provides guidance on material selection, and Part 4 outlines mechanical testing methods for selecting steels
resistant to hydrogen embrittiement within defined operating and environmental conditions.

Aluminium alloys are classified as “acceptable” by Part 1 for the hydrogen service; the standard then refers to
another document, BS EN ISO 7866'%, for specific aluminium alloy grades. Apart from Al6061 alloy as specified
in KD-10 of ASME BPVC® Section VIII-3, the provided material list is more comprehensive and includes
aluminium alloys from 2xxx series, 5xxx series, and 7xxx series.

Part 4 of the standard provides three different test methods to qualify steels that fall outside the basic criteria
given in Part 1, e.g. steels with tensile strength higher than 950MPa. As stated in the beginning of Part 4, the
provided test methods are only intended for seamless steel material, i.e. not applicable to light alloys or wire+arc
additive manufacturing that are the material and processing choice in MAST3RBoost project. Although three
different test methods are provided, they are all pass/fail decision types of mechanical tests. In contrast,
mechanical testing requirements in KD-10% are intended to support subsequent engineering calculations.

The first test method, “Disc Test”, consists of subjecting a 58mm diameter thin disc in two different compressed
gas environments: hydrogen and helium, which the latter is considered as inert. Gas pressure is increased at
a constant rate during the test until to burst or to maximum design pressure, whichever occurs first. Six tests
in helium and nine tests in hydrogen are recommended to be evenly distributed up to 1000bar/min pressure
rise rate. After carrying out pressure corrections as outlined in the standard, the ratio of burst pressures at
each test point are calculated. If the ratio of helium rupture pressure to hydrogen pressure is less than a certain
ratio, than the selected material is considered as suitable for hydrogen service.

The second (method B) and third (method C) test methods in Part 4 relies on fracture mechanics principles
and mainly based on BS EN I1SO 7539 standard'™, which outlines stress corrosion testing procedures. Both
methods require a fatigue pre-cracked compact tension C(T) specimen geometry.

Method B aims to determine the threshold stress intensity factor for hydrogen assisted cracking, KIH, by
combination of applying a constant load for a certain period then incrementally increasing tensile load, which
is different than the constant load approach as discussed in KD-10% previously. After a high purity test chamber
is achieved, e.g. 99.9995% hydrogen, the test begins with applying a load that will generate a stress intensity
factor at the crack tip that is significantly lower than the KIH value. The test specimen is subjected to this initial
load for 20 minutes and any potential crack growth is monitored using the direct current potential (DCPD)
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method. If no potential drop is observed after 20 minutes, the test continues by increasing the applied load by
a further 1MPavm at the crack tip and then subjecting the test specimen to this new load for 20 minutes. This
procedure of stepwise load increase and 20-minute hold is carried out until the test specimen failure. After
conclusion of the test, KIH value is calculated as per the equation given in BS EN ISO 7539-6'% using the load
before the final step that caused failure. If the calculated is equal or higher than a certain empirical value based
on material tensile strength, then the material can be accepted hydrogen service up to the test specimen
thickness used during testing.

Method C is a constant displacement method that aims to investigate crack extension under application of a
specific stress intensity factor at the crack tip for a certain amount of time. Although this method is similar to
the approach presented in ASTM E1681'%, the techniques of applying a constant displacement load is different
and according to the standard ISO 7539-6'%. After a high purity test chamber is achieved, target stress intensity
factor at the crack tip to be achieved by displacement loading is given depending on the material tensile
strength, which is applied for at least 1,000 hours. Afterwards, the specimen is broken open and investigated
under a scanning electron microscope. If the measured crack extension does not exceed 0.25mm, then the
selected material qualifies for the hydrogen service. Alternatively, if the crack extension exceeded 0.25mm, but
the calculated stress intensity factor is less than a certain empirical value based on material tensile strength,
then the material is still deemed acceptable for hydrogen service.

In summary, pressure vessel standards require additional mechanical testing for vessels intended for hydrogen
service. The philosophy of testing in BS EN ISO 11114% are geared towards material qualification, e.g. the
dimensioning approach is unchanged, and the material of interest can be accepted or rejected for service
depending on mechanical testing results in relevant hydrogen environment. In contrast, ASME KD-10 limits
dimensioning options to fracture mechanics-based approaches in presence of hydrogen, and the mechanical
testing is used to generate relevant material data to be used in fracture mechanics approaches.

SSRT is a screening type test that indicates hydrogen embrittlement of a material within a reasonable timeframe;
the aim is to evaluate degradation in tensile strength and ductility due to hydrogen exposure with respect to
mechanical properties obtained in an inert environment. SSRT is usually carried out using a smooth cylindrical
test specimen under axial tension load inside a sealed chamber with the desired environment. However,
different specimen types, e.g. notched, and test setups, e.g. bending load, can also be observed in practice.

The main body of standards ASTM G129 and BS EN ISO 7539-7'" cover various corrosive environments
including aquatic, nonaquatic, and gaseous service, whereas ASTM G142 '® is dedicated for high pressure
and/or high temperature hydrogen environment. Details of the test procedure along with recommendations on
test specimen geometry and applied strain rate can be found in the referenced standards.

As can be inferred from the test name, the applied strain rate is slower compared to the conventional tensile
tests as described in ASTM E8/E8M'® or BS EN ISO 6892'"°. The aim is to accelerate the environmental
influence on mechanical properties (if any), hence the service conditions might be quite different from the test
conditions, which is why the “screening” remark was made in the beginning of this sub-section. In this regard,
a typical sketch is shown in Figure 17.
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Figure 17 shows that as the applied strain rate is reduced, the ductility does not change in an inert environment,
whereas it reduces monotonically in a hydrogen environment. In order to explore the environmental influence
on mechanical properties, referenced standards target slow strain rates to simulate the behaviour shown in
Figure 17. ASTM G142 suggests an initial 0.002mm/s £ %10 crosshead extension rate, which turns out to
be ~7 x 10-5s-1 strain rate if the recommended test specimen geometry with 28.6mm gauge length is
considered. Given that ASTM G129'% and ISO 7539-7'" cover a variety of environmental conditions, they
suggest a wider range of initial applied strain rates from 10-3s-1 to 10-7s-1, and the selection is left to the user
depending on the environment of interest.

As discussed in the beginning, mechanical properties obtained from SSRT tests are compared to mechanical
properties in an inert environment; some researchers and standards suggest an index ratio based on this
comparison, which allows rapidly ranking hydrogen embrittiement of various materials.

The aim of fracture toughness testing in hydrogen environment is to determine a threshold value below which
a crack does not propagate; this threshold value is often denoted by KIH. In contrast to SSRT, fracture
toughness testing can be used in engineering critical assessments, but it is limited to crack propagation stage
only since a pre-cracked test specimen is used. Constant load or constant displacement test methods can be
used to determine KIH, which are covered by standards ASTM E1681'%and BS EN ISO 7539-6""2. Furthermore,
rising load/displacement techniques have also become available''*'", which provide faster results compared
to constant load/displacement methods and could be more suitable approach to determine KIH for some
materials’®.

In a constant load test, a pre-cracked test specimen is placed in a desired environment and then subjected to
a constant load, which is denoted by Ki. After a certain period, sealed environmental chamber is opened and
test specimen is investigated under high magnification microscopy to determine crack extension. If the crack
extension is below a certain value, then applied initial value Ki qualifies as KIH. Despite the relatively easy test
setup, test duration can be quite long, ranging from 1,000 hours to 10,000 hours as per ASTM E1681'%,

Furthermore, it is reported that as the applied Ki reduces, the crack incubation period increases'®. Thus, the
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absence of any observable crack extension in a constant load test does not conclusively eliminate environmental
crack growth, because the crack might be still in the incubation period.

Constant displacement test, on the other hand, is considered to be more robust method to establish KIH
compared to a constant load test'®, since it can deal with the crack incubation problem by applying a high Ki
in the beginning, and thus reduce the incubation period. In these tests, the pre-cracked test specimen is loaded
to a selected crack mouth opening displacement (CMOD) by tensioning a bolt, noting that there are expressions
available to relate CMOD to stress intensity factor, Ki. In this setup, the applied high Ki in the beginning will
reduce as the crack grows, therefore after sufficiently long test duration, the crack will arrest once the Ki reach
the threshold value KIH.

In “rising” fracture test methods, a sufficiently low loading or displacement rate is selected to allow hydrogen
diffusion from environment to crack tip zone. The remainder of the test can be similar to usual resistance curve
(R-curve) test, and the calculation of KIH is subjective to standard of interest but could be based on empirical
formulations or the onset crack propagation. Similar to SSRT method, the selected initial loading rate can have
a significant influence on the obtained fracture toughness values.

As per authors’ best knowledge, a dedicated fatigue testing standard in hydrogen environment is not available.
Therefore, procedures developed for laboratory air tests are followed in practice using standardised test
specimen geometries, e.g. ASTM E466""" for fatigue endurance testing and ASTM E647'" for fatigue crack
growth rate testing.

As seen in literature'®, fatigue tests are realised by fitting a bespoke vessel in standard servo-hydraulic fatigue
testing machines. The test specimen is mounted inside this bespoke vessel, which is subsequently purged and
pressurised with the environment of interest. Given that the vessel will be sealed during testing, the standard
load cell of the servo-hydraulic machine will be affected by seal friction. Therefore, a further second load cell
is often needed inside the sealed vessel to apply desired loads.

Although fatigue endurance tests and the corresponding total life (S-N) approach for fatigue design are
considered in the main body of pressure vessel standards, this approach is not allowed for fatigue assessment
in presence of hydrogen, see®. Yet, fatigue endurance tests in hydrogen are common in literature and can
provide valuable information as it characterises both crack initiation and crack propagation stages.

In contrast, fatigue crack growth rate test that characterise only the crack propagation stage is specified in
some of the pressure vessel standards, see®, thus it can be considered essential for engineering design. As
discussed, environmental cracking is time dependent, hence the applied cyclic loading frequency and its shape
can have a significant influence on fatigue crack growth. Given that the material testing standards such as
ASTM E647'%" intended for inert environments, there is no guidance available for applied load frequency.
Furthermore, parameters that are known to influence fatigue such as surface quality and stress ratio should
also be considered in test specimen design and test specifications, if possible, match with the intended
application. Finally, fatigue crack growth rate tests can be limited to increasing/decreasing AK tests to determine
stage Il crack propagation zone, i.e. Paris regime, given that the design criteria in reviewed pressure vessel
standards require only this region without the threshold stress intensity factor value for fatigue crack
propagation, AKth.

Surface coatings, which separate the hydrogen environment from the structure, can provide physical barrier
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against hydrogen permeation inside the material. Although there are many dedicated standards are available to
determine coating properties, e.g. adhesion strength ASTM C633'", the protective performance of a surface
coating is generally assessed using the material test standards described so far. In this approach, a control
group, e.g. uncoated test specimens, and a test group, e.g. coated test specimens, are required. For example,
in literature Yamabe et al.'® evaluated the coating performance by measuring the hydrogen content gas
chromatography-mass spectrometry (GC-MS), then Hwang et al.?° evaluated PTFE coating performance using
pre-charged samples and Charpy impact testing. Another example is Michler et al.”" in which SSRT method
was used to evaluate coating performance by comparing tests results of coated and uncoated samples.
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5 CONCLUSIONS

Aluminium alloys and their weldments are immune to the deleterious effects of hydrogen embrittlement
when exposed to pure dry hydrogen environments. Introduction of moisture into high pressure
hydrogen gas environments can lead to hydrogen embrittlement.

Aluminium alloys have very low hydrogen solid solution solubility under 1 ppm but increases to over
few ppm levels in liquid phase thus leading to porosity upon solidification at high cooling rates.
Hydrogen diffusion coefficient of pure aluminium was reported to be within the range of10-14 m2s-!
Aluminium alloy solid solution strengthened grades (Al-Mg) with high magnesium content are
susceptible to hydrogen environmental assisted cracking in moist and distilled water environments,
especially when in the sensitized condition.

Precipitation hardened aluminum alloys based on Zn-Mg (Cu) grades are highly susceptible to
hydrogen environment assisted cracking in moist environments, down to relative humidity levels of
20%.

Further research is required to establish the hydrogen performance of AM equivalent of 5xxx and 7xxx
aluminium alloy grades.

Magnesium alloys are not suitable for long term hydrogen storage applications due to the formation
magnesium hydrides that will eventually lead to environmental assisted cracking.

The literature review confirms aluminium alloys as promising structural material for cryogenic hydrogen
storage tanks.

The face centered cubic lattice structure of aluminium is responsible for very good mechanical
properties at cryogenic conditions compared to bcc or hep (magnesium) materials.

The influence of waDED microstructure on cryogenic performance needs to be investigated.

The influence of waDED microstructure on hydrogen embrittlement needs to be investigated.

From a literature review a lack of literature was available in terms of coatings + aluminum alloy +
corrosion protection + hydrogen storage applications.

D4.1 describes some scientific publications in terms of organic coatings: epoxy, PTFE and polyurethane
coatings.

According to the literature review, epoxy coatings are the most promising materials to prevent HE on
aluminium alloys. Commercial products with an operating condition of cryogenic temperature (-196 °C)
and high corrosion resistance were found. Adhesion must be tested in lightweight metal alloys
manufactured by waDED.

Both hydrogen and low temperatures can degrade mechanical properties individually, however, a
pressure vessel design standard accounting the interplay between high pressure hydrogen and low
temperatures for lightweight alloys is not available at the moment. Consequently, there is a need to
develop a mechanical testing program for determining the potential influence of specific environmental
conditions on selected lightweight alloys in this project.

Given the need for developing a project specific mechanical testing program, this document provided
a review of available pressure vessel design practices and material testing standards covering hydrogen
service.

Material testing standards for hydrogen service can be broadly divided into two categories: screening
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tests that allow ranking materials within a reasonable timeframe and fatigue & fracture tests that can
be used in engineering calculations. Although international standards are available for both categories,
the influence of hydrogen on mechanical properties is still an active research area and the test results
might require expert judgement for interpretation. Finally, material testing in hydrogen environment
requires specialised, purpose-built facilities that are not immediately available everywhere, and material

testing can prolong many months to obtain sensible results given that environmental assisted cracking
is a time dependent process.
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