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- reusable on exposure to air, and have the ability to be recycled

Introduction

The increasing demand for energy supply leads to the neces-
sity of providing more sustainable energy sources [1]. The
main energy sources used nowadays include coal, oil, natural
gas and nuclear energy [2]. These energy sources are largely
responsible for global warming as carbon dioxide (CO,) is
emitted from these fossil fuels. To reduce greenhouse emis-
sions, it is necessary to find an alternative to the present fossil
fuel technologies, and many political and technological mea-
sures have been adopted throughout the world to decrease the
amount of CO,.

His expected to play a key role as a potential future energy
source [3—7]. It can be generated from renewable sources and
produces electricity when reacting with oxygen in fuel cells,
being water the only by-product [8]. H based electrical energy
has many advantages over other energy sources: Higher effi-
ciency compared to diesel (45%) or gasoline (22%), higher
specific energy content than gasoline and diesel and, as
mentioned above, it produces only renewable waste [9].

With the introduction of H as an energy source, H tech-
nology plays an important role in many applications, and the
interaction between H and the materials used in such appli-
cations needs to be considered and investigated to ensure a
successful technology implementation. For instance, in com-
parison with other fuels, H is difficult to store and transport. In
this scenario, H storage is considered as one of the most
crucial and technically challenging barriers to the widespread
use of H as an effective energy carrier [10,11]. As such, a future
H economy will require two types of storage systems: one for
transportation and one for stationary applications.

For transportation applications, the material should be
capable of containing a high weight percent and a high-
volume density of H, and also be able to rapidly absorb and
desorb it at room environment conditions. Ideally, such ma-
terial should be created using low energy-preparation
methods, have a good thermal conductivity, be safe and

and reused [8].

There are several different established storage methods
[12], which can be categorized either as physical storage
(compressed gas and cryogenic storage) or as storage in solid
materials (physisorption and chemical storage). Materials
used in physical storage applications are mainly selected for
their mechanical properties in order to improve the structure
of the vessels. While chemical storage materials are selected
primarily for their physical properties [13].

Nuclear energy is another potential alternative for electric
power generation. Compared to energy produced by com-
bustion, nuclear fission can produce about ten million times
more energy [14]. In addition to high specific energy, nuclear
energy has the advantage of not releasing CO, into the at-
mosphere. Another advantage is that the fuel can be reproc-
essed and reused, conserving natural resources. The
downside of this technology is the long-term storage of nu-
clear waste [14]. The selection of candidate materials for
advanced nuclear reactors requires a thorough understanding
of their performance under severe environmental conditions
combined with radiation damage [15].

0Oil and gas production also play a key role in the growing
energy demand. Even though this source is not renewable,
this industry sector is still popular and important reserves of
oil and gas are left to be discovered and exploited. With the
depletion of the continental shelf reserves, offshore explora-
tion and production is moving to ultra deepwater. These are
usually challenging locations and under extreme environ-
ments, facing high pressure and/or high temperature [16—18],
and require the development of new materials, methodologies
and technologies.

As can be anticipated from the requirements mentioned
above, in conjunction with the tendency of H to cause material
embrittlement, the main scientific and technical challenges
facing the described potential energy sources are cost reduc-
tion and increased durability of materials and components.
This requires intense research regarding the development of
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improved or new materials, to provide commercial viability of
these applications.

Small-scale testing of materials has gained prominence,
initially by providing a methodology to examine small mate-
rial volumes [19—-23]. This was widely explored and opened
new possibilities to study mechanical properties and defor-
mation mechanisms of materials. For example, Korte et al. [24]
performed micropillar compression to examine the plastic
flow of individual phases. Studying plasticity in brittle mate-
rials requires the suppression of cracking. By making micro-
pillars with diameters in the order of a micron, not only
cracking is suppressed, but also it is possible to produce single
crystal test samples [25,26]. With this testing method, they
were able to study the differences in flow behavior in different
hard phases. Furthermore, ion beam radiation damage has
been investigated [27] by combining nano-compression with
in-situ observation of the deformation behavior. Due to the
limited penetration depth of ions, testing small volumes is
essential to assess the properties of ion beam irradiated ma-
terials. Micropillar compression can also be used to study in-
dividual phases. For instance, Jun et al. [28] investigated the
local strain rate sensitivity of the « phase in a dual-phase Ti
alloy. Since deformation of Ti alloys is elastically and plasti-
cally rather anisotropic at the grain scale [29], the strain rate
sensitivity could differ with grain orientation and slip sys-
tems, making the local investigation using small-scale testing
crucial. Micropillar compression has also been used to analyse
different deformation mechanisms by designing micropillars
with specific orientation and microstructure [30], allowing
examination of variable deformation mechanisms in non-
trivial crystal structures.

To study nanostructured materials, such as thin films,
small-scale testing methods are designated as best suited
approaches to provide valuable insights into the mechanical
behavior. Glechner et al. [31] investigated the mechanical
properties of transition-metal carbide and nitrides using
various micromechanical testing methods. They carried out
nanoindentation, uniaxial compression tests on nano-pillars
and bending tests on nano-cantilever beams. In this way,
they were able to compare the mechanical behavior of
different thin films. Furthermore, small-scale testing can be
used for local property mapping, for example using nano-
indentation. This technique can be a very useful in the study
of the effects of H on deformation since it is very localized and
can be used to test small volumes. Maier-Kiener et al. [32]
performed nanoindentation testing to analyse the phase sta-
bility of a nanocrystalline high-entropy alloy by detecting
phase decomposition via changes in hardness, Young's
modulus and strain rate sensitivity. Spherical nano-
indentation can also be used to examine local flow properties
by converting hardness to representative stress in materials
with small internal-length scales [33]. Local processes and
details happening during crack propagation can also be
studied with micromechanical testing. For example, recently
Burtscher et al. [34] tested miniaturized notched cantilevers to
investigate the effect of different interface types on crack
propagation.

It can be anticipated that small-scale testing offers a wide
number of possibilities to study deformation mechanisms.
The present work will give an overview of the suitability and

potential implementation of different recently developed
small-scale in-situ and in-operando H-charging methods to
study the interaction of H with a wide range of materials that
are currently used in H-related applications, such as struc-
tural and gas applications, H storage, in the automotive in-
dustry, among others. Fig. 1 depicts a scheme of the
applicability of the methods in the mentioned applications.
Notably, due to their versatile nature, they can be used to
study the mechanical properties, H absorption characteristics
and HE susceptibility of almost any material.

Current status of in-situ and in-operando
methods for studying H effect on materials

To study the interaction between H and any material, envi-
ronmental, mechanical, and material aspects should be well
defined [35] in order to ensure a conclusive analysis. One of
the first in-situ studies controlling these three factors was
performed by Vehoff et al. [36]. They developed a bulk method
for studying crack propagation under a controlled environ-
ment and controlled plastic strain conditions. Nevertheless, it
was only defined for macroscopic single crystals with specific
orientation and challenging to apply on complex microstruc-
tures. Robertson, Birnbaum and Sofronis [37,38] also devel-
oped an in-situ approach for small scale investigations using
straining experiments in an environmental transmission
electron microscope (TEM). With this technique it was
possible to directly observe the effect of H on dislocations,
which seems to play an important role in HE of metals [35].
However, there were some uncertainties in the experimental
conditions of their approach. For instance, the interpretation
of crack growth was difficult, as the electron beam dissociated
the H molecules, making the environmental conditions not
defined well enough, and although the observation was with
high-resolution, the field of view was limited to the trans-
parent region of the sample, which is typically in the um
regime.

Following the in-situ approaches, another in-operando
micro- and nanoscale mechanical testing method widely
used in studying HE is the combination of electrochemical
charging with nanoindentation testing [35,39—44], as shown
in Fig. 2a. Nanoindentation is capable of resolving dislocation
nucleation in samples with low dislocation density. Further-
more, this technique offers noticeable advantages such as the
possibility to perform multiple tests within a single grain. And
even though the volume of deformation is small, it is large
enough to activate multiple slip systems under the indenter
[39]. The primary focus of most of these studies was on the
effect of H on the pop-in load in the load-displacement curves,
which corresponds to the homogeneous dislocation nucle-
ation at the onset of plasticity. These dislocations are nucle-
ated from dislocation-free material. However, this analysis
only applies for coarse-grained materials with a low disloca-
tion density.

With nanoindentation it is also possible to investigate the
effect of H on the hardness and Young's modulus of the ma-
terials. The evaluation of the effect of H on hardness can be
correlated to the effect of H on dislocation mobility as well as
solid solution strengthening or softening. Ebner et al. [40]
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Fig. 1 — Applicability of in-situ methods to materials used in H-related applications.

developed an in-situ and in-operando method, Fig. 2b, to
perform electrochemical nanoindentation tests with contin-
uous stiffness measurement, which allows a continuous
measurement of Young's modulus and hardness over inden-
tation depth. With such measurement, additional information
on external influences, such as frame stiffness or depth-
dependent properties in more complex material systems can
be obtained. Combining electrochemical charging and nano-
indentation strain rate jump tests on a nickel-based alloy,
Ebner et al. [45] proved that hardness and strain-rate sensi-
tivity increased in the presence of H, concluding that the
deformation mechanism was affected, and that H led to a
more localized deformation.

Another in-situ and in-operando method based on nano-
indentation was developed by Duarte et al. [46]. They built an
electrochemical setup similar to the one in Fig. 2a, which they
referred to as “front-side” charging, and also designed a new
one based on a “back-side” charging approach. In this
approach, the electrolytic cell was placed below the sample
and H reaches the upper testing surface through diffusion.
The main advantage of this charging method is that the
testing surface is not affected by the charging process, which
is one of the major drawbacks of electrochemical charging. To
compare both charging types, they tested a bcc FeCr alloy with
both setups. Even though they noticed a similar trend in the
pop-in analysis, an increase in hardness and negligible change
in Young's modulus was obtained with the back-side charging,
while a decrease in hardness and Young's modulus was ach-
ieved when using the front-side charging. The results ob-
tained with the latter were attributed to surface evolution or
material damage during H charging. The main disadvantage
of the back-side charging, compared with the front-side
version, is the long charging time required for H diffusion in
alloys with low H diffusivity.

Even though these approaches combine in-situ H charging
and mechanical testing, it is not possible to have high-
resolution observation during the tests to investigate the ef-
fect of H on the microstructure. To overcome this limitation,
Kim et al. [47] developed an in-situ and in-operando technique
to perform both microstructural and mechanical analysis
during electrochemical H permeation, as depicted in Fig. 2c.
During electrochemical charging, liquid electrolytes can
contaminate sample surfaces by corrosion. Therefore, they
charge the samples from the bottom surface to provide an
objective surface without contamination for high-resolution
observation. They used their technique to perform H map-
ping, investigate H-induced phase transformation, and con-
ducted in-situ and in-operando nanoindentation experiments
within a scanning electron microscope (SEM).

H distribution plays an important role in HE susceptibility.
For instance, in materials with more than one phase, such as
duplex stainless steels consisting of ferrite and austenite, the
H diffusivity differs largely in both phases. Knowledge of the H
distribution and the preferred diffusion paths, for example
employing silver decoration [48,49] with the method devel-
oped by Kim et al. can help to detect the weak phases or fea-
tures in the microstructure. Furthermore, real-time SEM
imaging during H charging can provide the observation of
phase transformations, while electron backscatter diffraction
(EBSD) analysis can document the formation of hydrides in
hydride forming materials. Moreover, with in-situ H charging
and in-situ nanoindentation in an SEM, the effect of H on
mechanical properties at a specific microstructural feature of
interest can be investigated.

Dengetal. [50,51] performed in-situ and in-operando micro-
cantilever bending tests with nanoindentation in an environ-
mental SEM (ESEM) to have a full observation of potential H ef-
fects on the deformation process and microstructure evolution
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onaFeAlalloy, Fig. 2d. Atomic H was produced by the reaction of
Alwith water vapor, which was used as the default environment
in the ESEM. Micro-cantilever bending tests with in-situ H
charging provide a good compromise by using micro-sized
samples, small enough to capture H effects, while at the same
time having enough volume capacity to avoid the disadvantages
from ETEM tests, which do not ensure a certain constant strain/
stress state and can have proximity effects since smaller sam-
ples are used. The downside of their method is that it is only
applicable to materials that produce atomic H by reaction with
water vapor. Hajilou et al. [52] also performed micro-cantilever
bending tests, in this case with an in-situ miniaturized electro-
chemical charging cell, to investigate the effect of H on the crack
propagation of notched micro-cantilevers. To maintain the
dimensional integrity avoiding local corrosion on the sample,
they used a glycerol electrolyte instead of aqueous solutions.
With their approach, they were able to confine the H interaction
with the sample to a localized region in the vicinity of the notch
and allow observation of the H effect with high resolution.

Another strategy of in-situ testing to allow high-resolution
observation during mechanical testing is with H-plasma
charging [53—56]. Wan et al. [53] developed an in-situ and in-
operando method using low pressure H-plasma in an ESEM
chamber to allow in-situ mechanical testing with in-situ H
charging. They connected a plasma cleaner to the SEM
chamber, and a H generator was connected to the working gas
inlet of the plasma cleaner, as shown in Fig. 2e. A tensile
specimen was then installed into a tensile/compression
module. The limitation in their method is to have an in-situ
observation by using normal SEM mode. Due to high flam-
mability of H, they had to evacuate the chamber before im-
aging. Therefore, rather than in-situ imaging, it was limited to
in-situ in position and ex-situ in environment. An important
advantage of their charging method is that, since the plasma
phase is not directly injected on the specimen surface, the
surface would have the least possible damage from exposure
to plasma and only the active particles could take part in the
reaction. With their method, they were able to perform tensile
tests as well as fatigue crack growth experiments.

Massone et al. [55] also performed in-situ and in-operando
studies using plasma charging. Their method, depicted in
Fig. 2f, also consists of in-situ mechanical testing and in-situ H
charging in the SEM. An in-situ observation using the SEM is in
this case possible while charging. They built a miniaturized
plasma cell in which a plasma is ignited through a radio fre-
quency discharge. The tensile sample, acting as the grounded
electrode of the setup, is charged from the bottom, leaving a
contamination-free top surface for SEM observation, similar
to the unidirectional charging approaches in Refs. [46,47]. A
disadvantage of these concepts, where the samples are
charged in a unidirectional way, is that a H concentration
gradient is created, with the objective surface having the
lowest concentration. Nonetheless, a constant supply of H
leads to a dynamic equilibrium of the H concentration,
thereby the charging time to detect H effects on the objective
surface depends on the thickness of the sample and the H
diffusivity. A difference between the methods from Refs.
[47,55] is that in the first case, the sample can be tested until
fracture, since the plasma turns off automatically when the
sealing of the plasma cell is lost. In the second case, on the

other hand, only non-destructive mechanical tests can be
conducted since the sample isolates the electrolyte from the
vacuum environment.

Fig. 3 depicts selected examples obtained with some of the
methods described above. For example, Fig. 3a shows H parti-
tioning results from the method from Ref. [47] (electrochemical
cell inside an SEM). The microstructure of a duplex stainless
steel before H charging is shown in Fig. 3al, while Fig. 3a2
corresponds to an image after H charging using the silver
decoration technique. Thereby, H atoms react with silver ions
that were previously deposited on the surface of the H-charged
sample. The silver nanoparticles formed in the reaction can be
observed as white dots in the microstructure. As shown in
Fig. 3a2, these silver nanoparticles are formed on the ferritic
phase and preferentially along phase boundaries. Thus, with
this method the distribution of H and preferential diffusion
paths can be easily mapped.

Fig. 3b shows results of micro-cantilever bending tests
from Ref. [52], with Fig. 3b1 tested under air and Fig. 3b2 tested
with H charging. From the post mortem analysis it is evident
that H affected the ductility of the sample, being a Fe-3 wt% Si
alloy. In fact, the amount of emitted dislocations (correlating
with the misorientation mappings) from the notch tip was less
than for the test under air and more localized (compare last
row images).

H absorption mechanisms

In the study of H-material interactions, the H source is a key
parameter to control. Knowledge of maximum H concentra-
tions and H concentration profiles achieved by different
charging methods for the setups described in the previous
section is crucial in the analysis of the results. For instance,
the understanding of H concentration profiles can give a hint
on the failure initiation points within a sample. Moreover,
knowledge of the maximum H concentration can be insightful
as an indication of the degree of embrittlement or the critical
amount of H that can be absorbed by a certain material.
Therefore, it is instructive to understand the different
involved supply methods and their limits.

The sources of H in the previously described methods are
either via electrochemical charging or through a H plasma. In
electrochemical charging, a H evolution reaction may proceed
through the following reaction steps in a neutral/alkaline so-
lution [57]:

H,O0+M+e © MHys +OH" Volmer (1)

MHggs +H,0 + e~ « H, + OH™ + M Heyrovsky )

Equation (1) corresponds to H adsorption, which is fol-
lowed by electrochemical desorption reactions, equation (2).
The last step of the process is the absorption of H from the
surface to the bulk. Fig. 4 shows a scheme of the H evolution
reaction in these two steps during electrochemical chargingin
a neutral/alkaline solution. By controlling the electrolyte so-
lution concentration, the potential and current density and
the charging time, different H concentrations can be obtained.

In plasma charging, on the other side, ion-driven perme-
ation (IDP) takes place. This differs from electrochemical H
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Fig. 3 — a. Example of results obtained for a duplex steel with electrochemical nanoindentation experiments within an SEM
[47]. (a1) Back-scattered electron image before H charging. (b1) Secondary electron image after H charging highlighting H-

induced silver nanoparticle decoration. b. Exemplary data gained using micro-cantilever bending tests on an Fe-3 wt% Si

alloy [52]. (b1) SEM, reference orientation deviation and Kernel average misorientation images of a H free micro-cantilever.
(b2) SEM, reference orientation deviation and Kernel average misorientation images of H charged micro-cantilever. Figures
reprinted with permission.
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Fig. 4 — H evolution reaction in Volmer-Heyrovsky
mechanism during electrochemical charging.

absorption and gas-driven permeation (GDP) in the way by
which H isotopes enter the material. In GDP, the molecules of
H, must be adsorbed on the surface, dissociate and be
absorbed in the bulk, resulting in a comparatively small
permeation rate. On the contrary, in IDP H ions enter the bulk
with excess energy, resulting in a comparatively large
permeation rate [58]. Depending on the relative rate of
recombination (R) and diffusion (D) on both sides of the
samples, one in contact with plasma and the other subjected
to observation, the IDP process of H isotopes can be divided
into three categories.

® RR regime: Rate limited by recombination on both
sample sides.

® RD regime: Rate limited by recombination on the
plasma-exposed side and diffusion on the observation
side.

@ DD regime: Rate limited by diffusion on both sides.

Usually, the maximum permeation flux appears in the RR
regime and the minimum in the DD regime, respectively. The
IDP transport regime of H isotopes depends on the incident ion
flux and parameters of the plasma-exposed side (mean im-
plantation depth, recombination coefficient and diffusion

o
>

SAMPLE

Electrolyte-exposed surface E
X |

0 d X

Plasma-exposed surface

coefficient), as well as parameters of the other side (sample
thickness, recombination coefficient and diffusion coefficient).

Fig. 5 shows schematically the H concentration profile for
electrochemical charging (Fig. 5a) and the IDP model at
steady-state (Fig. 5b) across the thickness of the material. In
the IDP model, @; is the incident ion flux, @, is the reflected flux
and &, the permeated flux. In steady-state, the condition ;.
= &+ &, is obeyed.

Equations (4) and (5) show the maximum concentration for
RR/RD and DD regimes, respectively.

Pi
CRR RD = \/_ (4)
/ kf
Timpl P;
Cpp =—211 (5)
Dy

Hereby, ¢; is the incident flux, ks a recombination coeffi-
cient, rimp the mean implantation depth and Dy the diffusion
coefficient. The equations for RR and RD regimes are the same
since usually the recombination coefficient on the plasma-
exposed side is much larger than on the observation side [58].

As shown in Fig. 5b, the maximum H concentration for IDP
appears at a distance x = Iimp (Mmean implantation depth),
which can be calculated using for example a Monte-Carlo
program [59]. The maximum concentration depends only on
the incident ion flux and the parameters at the plasma-
exposed side (Iimp1, kr and D). The parameters on the obser-
vation side do not affect the maximum concentration at
steady-state. When considering the plasma charging method
from Ref. [55], the other side of the plasma-charged surface in
is under vacuum so the concentration on the top-observed
surface is considered to be 0.

Baskes et al. [60] classified the metals as exothermic metals
(e.g. Zr and Ti), which have no entry barrier for an H atom
entering the bulk; or endothermic metals (e.g. Ni, Fe, Al),
where the barrier is the sum of the solution and diffusion
activation energies. For exothermic metals, surface recombi-
nation is the rate-limiting step and large bulk concentrations
may be easily obtained. Contrarily, surface recombination is
not the limiting step for the endothermic metals. Fig. 6 depicts
the recombination constant and H concentration as a function
of inverse temperature for various metals for an ion flux of
10" m~2s~* [60]. Notably, this is the same flux expected with
the plasma cell from the method described in Ref. [S5]. It is
shown in Fig. 6 that exothermic metals, such as Zr and Ti, can

[=]

SAMPLE

Top-observed surface

0 T d X

Fig. 5 — H concentration profile for (a) an electrochemical charged sample and (b) the model of ion-driven permeation at

steady-state with plasma charging.
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Fig. 6 — Recombination constant k¢ as a function of inverse
of temperature for various metals and H concentration for
an ion flux of 10*® m~2s~*. This figure has been reproduced
from Ref. [60] with the author's consent.

reach a much higher surface concentration than their endo-
thermic counterparts.

This analytical model by Baskes [60] has been applied to
the in-situ H plasma charging method from Ref. [55] and
compared with simulation results [61], and it has been
confirmed that the simulated concentration of lattice H shows
a very good agreement with the analytical calculation.
Nevertheless, it is important to mention that this model only
considers the solute fraction concentration. When consid-
ering the total concentration, i.e., H stored in interstitial lattice
positions and H in traps, the values tend to be higher. There-
fore, the following calculations of H absorption will corre-
spond to a lower bound of the expected total concentration,
since any material with lattice defects can trap H. For
instance, interfaces of non-metallic inclusions are strong
trapping sites for H with high trap activation energy; while
lattice imperfections, grain boundaries, dislocations and
microvoids are shallow traps [62].

The respective recombination coefficient ks for the con-
centrations corresponding to RR/RD regimes was calculated
according to Ref. [63]:

0.48 (eV)

ke =4.8 x 1072 exp( T

) (6)

where k is the Boltzmann constant and T the temperature.
Table 1 shows the calculated H concentrations using
equations (4)—(6) for different materials at room temperature,
while Fig. 7 depicts the transport regimes as function of
temperature for a list of materials for an ion flux of
10%° m~2 s The materials in Table 1 were classified by their
transport regime according to Fig. 7. Nevertheless, both lattice
concentrations from equations (4) and (5) are displayed. It can
be seen that all H concentration values corresponding to the
DD regime are larger than the other regimes. The transport
parameters with the corresponding regime determination
depend on the temperature and the ion flux [58]. Therefore, it
is not possible to determine a specific transport regime for

Table 1 — Lattice H concentrations for RR/RD and DD
permeation regimes.

Material Clattice RR/RD Clattice DD
[wppm] [wppm]
DD regime Al 2.1E-04 11760.1
Mo 5.6E-05 0.8
Ni 6.4E-05 734.3
w 3.0E-05 466.5
RD/RR regimes Fe 7.3E-05 8.1E-04
Mg 3.3E-04 2.6E-03
Pd 4.8E-05 0.2
Pt 2.7E-05 0.1
Ti 1.3E-04 3.5
A% 9.4E-05 1.1E-02
Zr 8.8E-05 67.4
Zircaloy 8.8E-05 27.4
€=1020 /m2s —a— W
DD Regime
RD Regime
RR Regime
100 10
T[°C]

Fig. 7 — Transport regimes as a function of temperature for
various materials [58,64]. This figure has been reproduced
with the author's consent.

each material. For a general overview, at temperatures below
~100 °C, for example, W, Al, Mo and Ni, among others, exhibit
a DD characteristic and therefore, a higher H concentration is
expected in these materials in comparison with the other
materials in Table 1.

Asadipoor et al. [65] analysed the effect of H on a dual
phase steel using ex-situ electrochemical charging, in-situ H-
plasma charging and the combination of both. They demon-
strated that with in-situ H-plasma charging, ductile fracture
modes dominated over brittle modes, while with ex-situ
electrochemical charging the brittle features were dominant.
This indicated that plasma charging provides a lower H con-
centration than electrochemical charging. Nevertheless, as
shown in Table 1, the upper limit of the range corresponding
to the DD permeation regime is for most materials in the range
of some wppm and thus high enough to produce an effect.
This critical concentration to induce an observable H effect
depends on the material, and not only on the strength level
but also on the stress concentration factor [66].
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Applicability of novel in-situ methods towards
challenges in H-related energy sources

Subsea oil and gas

The first group of H-related energy sources shown in Fig. 1
corresponds to subsea oil and gas applications. Both nickel-
based alloys and high-strength steels are among the most
widely used materials in the oil and gas industry due to their
outstanding mechanical properties and corrosion resistance.
Deep wells that face corrosive environments, combined with
high temperature and high pressure require high-strength
materials with sufficient corrosion resistance that can with-
stand these harsh conditions [67]. Although Ni alloys fulfil
these requirements, they are highly susceptible to HE [68—73].
Both solution annealed and aged conditions suffer a ductility
loss in the presence of H, being the aged condition the most
affected one. Even though the effect of H on Ni-based alloys
has been widely studied [40,68—74], it is still an ongoing
research and the implementation of the recently developed
in-situ and in-operando methods could provide detailed in-
formation concerning the identification of the susceptible
microstructural features and related modification to improve
the alloys accordingly, thereby maximizing strength while
avoiding detrimental H effects.

Nuclear power

Nuclear power has a very attractive potential to offer an
environmentally friendly and safe energy source. A fusion
power plant is free from concerns of exhaustion of fuels and
production of CO,. Furthermore, the product of the fusion
reaction is helium, which is not radioactive, limiting the nu-
clear waste only to structural materials with neutron-induced
activation [75]. Despite its advantages, there are still scientific
and technological problems that must be solved before the
successful commercialisation of fusion power. Among these,
a challenge is the selection and development of the plasma
facing materials, which will experience extreme heat and
particle flux [76]. Plasma facing materials have two main roles,
the protection of the first wall from high particle flux and the
transportation of thermal energy away from the surface.
Therefore, the selected materials should have high thermal
conductivity and high resistance to erosion by particle
bombardment [77].

Tungsten (W) is among the few possible plasma-facing
candidate materials for the first wall of fusion devices [78]. It
has very low solubility for H, high resistance to sputtering,
high thermal conductivity and a high melting point. The
amount of H that can be permanently retained in W is deter-
mined by the microstructure and the defect density in the
material [79,80]. These defects act as trap sites for H, while
excess solute H diffuses out even at room temperature. Ra-
diation damage, either by incident H ions or by fast neutrons
from the deuterium fusion reaction, can increase the natural
defect density [78]. In this way, the number of trap sites for H
retention is increased. The ions produce damage only in the
near-surface regions due to saturation of the implantation
zone leading to high stress fields, which produce cracks and

gas-filled cavities [81]. These defects degrade the thermo-
mechanical stability and also act as trap sites for H.

To study the suitability of W and W alloys as plasma-facing
materials, the in-situ plasma charging methods from Refs.
[53,55] can be used to simulate real (or close to real) condi-
tions. In Ref. [55], deuterium plasma with different bias volt-
ages can be ignited, giving the possibility to analyse the effect
of different plasma parameters on the W-based materials.
Also, the mechanical properties can be investigated, allowing
the characterization of crack growth behavior and the me-
chanical stability after ion implantation. For instance, Yoon
et al. [82] reported that W heavy alloys can suffer HE during
the sintering process under H atmosphere. They showed that
the elongation and UTS decreased in the presence of H, but the
mechanical properties were restored by a heat treatment in
vacuum. On the other hand, Li et al. [83] did not see any
obvious HE effects on the W heavy alloy specimen after
deuterium implantation under the analysed conditions.
Nevertheless, they stated that the mechanism of deuterium
transport and retention in tungsten heavy alloys is still not
well understood, and the impact of deuterium implantation
could vary under different experimental conditions. For this
reason, the application of the in-situ plasma charging
methods to investigate the embrittlement effect under
different plasma conditions would provide valuable insights.

Fuel cell technology

Materials suitable for H storage must meet specific re-
quirements in order to be used in the development of H-based
technologies. In order to improve and maximize the efficiency
of H storage systems, the characteristics and properties of the
used materials, such as chemical composition, structure and
morphology, and their thermodynamic and kinetic properties,
have to be deeply understood [84]. In this context, the
described in-situ and in-operando methods could provide
valuable information regarding the mechanical properties,
the microstructural characterization and H-absorption char-
acteristics of potentially suitable materials.

Storage

Liquid H in cryogenic tanks. When considering the scheme
from Fig. 1, the first group of materials for H storage suitable for
implementing in-situ H charging methods are nickel-based
austenitic steels. These are good candidates for the structural
materials used in H storage systems based on liquid H, for
components of fuel cell vehicles and stationary fuel cell sys-
tems and for equipment for H stations, H pipelines and trans-
port systems [85,86]. In these systems, there is a direct exposure
to high-pressure H and thus the austenitic stainless steels can
suffer HE. Furthermore, austenitic stainless steels with low Ni
content are generally metastable and form o'-martensite dur-
ing deformation [87]. It has been reported that these steels are
more susceptible to HE due to the faster H transport through
the stress-induced martensite near the crack tip [85,86,88—93].
Even though the presented methods cannot exactly simulate
the operating conditions under high-pressure H gas, as they use
electrochemical or plasma charging, they can provide a
detailed analysis of the microstructure evolution under defor-
mation, a thorough examination of the H-material interaction
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and related changes in the deformation and failure processes
not easily accessible from post-mortem inspections.

Chemical storage. Metallic hydrides are the materials of choice
used for chemical H storage [94—96]. When compared with
liquid H storage, storage by absorption as chemical com-
pounds has definite advantages from the safety perspective,
since energy input is required to release H. Furthermore,
metal hydrides have higher H-storage density than H gas or
liquid H [97]. Liquid H requires an additional refrigeration unit
to maintain a cryogenic state, adding weight and energy costs,
resulting in a 40% energy loss [98].

Typical materials used in this application have the form
MH, MH, and MHs, with H fitting into octahedral or tetrahedral
sites in the lattice or a combination of both, and also metallic
hydrides of intermetallic compounds with the form AByH,.
The variation of elements allows tailoring the properties.
Element A is usually a rare earth metal and tends to form a
stable hydride. Element B is a transition metal and forms only
unstable hydrides. This element plays a catalytic role in
enhancing the hydriding/dehydriding characteristics, it can
alter the equilibrium pressures for the H absorption/desorp-
tion, and it should enhance the stability of the alloys. Some
examples of intermetallic compounds suited to form metallic
hydrides are LaNis, ZrV,, ZrMn,, TiMn,, CeNis, YFes, Y,Niy,
Th,Fe;, YeFeys, TiFe, ZrNi, Mg,Ni, Ti,Ni [84].

Hydride forming elements such as Ti, V and Zr are typically
dominated by a RR or RD H transport regime at room tem-
perature (Fig. 7). Therefore, a rather low H lattice concentra-
tion is expected with plasma charging in these materials, as
shown in Table 1. The typical storage density of hydride ma-
terials is around 1.3-1.5% in weight of H [99], which is
equivalent to 13,000—15000 wppm. This means that the
gravimetric capacity of metal hydrides is much larger than the
total amount of H that can be supplied by the previously
mentioned methods. Nevertheless, they can provide the pos-
sibility to study characteristics of H-absorption and their
relation with the materials microstructure, as the hydride
formation will cause local modifications and potential dam-
age in the material microstructure. Furthermore, assessment
between different microstructural features in terms of H-ab-
sorption and hydride formation, as well as a comparison be-
tween different materials and alloys is possible and would
benefit alloy selection microstructure design.

Automotive industry

The implementation of fuel cell technology in the automotive
market is currently gaining worldwide popularity due to higher
fuel efficiency, longer driving range and fast refuelling of fuel cell
[100]. The next group of materials in the scheme in Fig. 1 repre-
sents high-strength steels. These are excellent candidates for the
automotive industry, since they combine light weight and high
strength, two essential characteristics in this industry. However,
high strength steels are sensitive to HE and the higher the
strength, the larger the susceptibility of the material. Their use is
mainly limited by H, since it can reduce their ultimate tensile
strength, ductility, fatigue strength and/or fracture toughness
[101—104]. H uptake in autobody components can already result
from assembling and/or finishing processes. Usually, advanced
high strength steels are electroplated with a sacrificial metal, and

H can be absorbed during this coating deposition. H can also be
absorbed if the sacrificial coating corrodes during service and the
exposed areas start acting as cathodic sites [105]. Moreover,
during the painting process, cathodic reactions in water solution
take place [106]. In this process, His generated and part of it can
be absorbed and diffused into the steel. Lovicu et al. [107] ana-
lysed the H concentration after a real production cycle (phos-
phatizing, electrodeposition and curing) in four types of
advanced high-strength steels and showed that all samples
absorbed less than 0.4 wppm. This value is lower than the usual
critical concentrations, which are approximately between 1 and
4 wppm [107], suggesting a safe use to build body-in-white
components. Nevertheless, the H uptake ability as well as the
critical H concentrations to produce embrittlement are different
for each steel.

Most of the studies made on high-strength steels are per-
formed using ex-situ H charging [107—114] with the conse-
quent risk of H outgassing taking place before testing the
material, in particular in the case of steels with fast H-diffu-
sion, such as ferritic grades. Therefore, this approach in-
troduces an inherent error source that can alter the results.

Kim et al. [47] applied the electrochemical in-situ setup for
a duplex stainless steel and a ferritic stainless steel. Even
though they did not control the H concentration in the ma-
terials, they detected the presence of H at the objected surface
of the duplex stainless steel using the silver decoration tech-
nique and saw an effect of H on the mechanical properties of
the ferritic stainless steel. This proves that enough H can be
absorbed even in fast diffusion steels via electrochemical
charging to cause HE effects.

Considering the values of H lattice concentration with
plasma charging in Table 1 for Fe, it can be seen that they are
in the order of 107>-10~* wppm. Nevertheless, as mentioned
before, these correspond only to the lattice concentration, and
the total value including traps is expected to be higher. For
example, in Ref. [61] the total H concentration was calculated
for a complex phase steel, resulting in 0.82 wppm, which was
around a factor of 350 higher than the corresponding lattice H.
This means that the plasma charging method from Ref. [55]
provides a higher H concentration than the one expected in
the painting process, opening the possibility to study H effect
on steels in a condition similar to a real production cycle.

Conclusions

The current status of in-situ and in-operando H-charging
methods has been reviewed, demonstrating their applicability
to study the interaction of H with different materials used in a
wide range of industrial applications. With the necessity of
establishing new renewable energy sources based on H, it is
essential to understand its effect on materials that must
perform under H atmospheres. The described methods are
based on electrochemical or plasma charging combined with
mechanical testing, and in some cases even allow for in-situ
observation and in-operando probing. Each of them has
their own limitations and advantages, but all of them can
provide previously inaccessible novel information of the effect
of H on metallic materials. As such, they should be considered
as valuable tools in our road towards a green energy society.
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