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This paper reviews the control and the application of ultrahigh hydrogen flux in materials for fusion reactors
and future hydrogen societies. Ultrahigh hydrogen flux can be efficiently formed by the combination of hydrogen
plasma exposure and the surface modification method, similar to super-permeation. The paper discusses the
possibility of the fabrication of oversaturated hydrogen storage materials and the effective tritium removal from
the components using the ultrahigh hydrogen flux.
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1. Introduction
In the Deuterium (D)-Tritium (T) fusion reactor, fuel

hydrogen isotopes will be in the high-temperature plasma
as well as sub-systems for processing under wide ranges of
temperatures, pressures, and physical/chemical states. For
example, there will be a high temperature burning plasma
of hydrogen isotopes at the core region of vacuum ves-
sel [1], liquid phase hydrogen isotopes at the isotope sep-
aration processes under the cryogenic temperature [2, 3],
and stable hydrides under the ambient temperature in the
storage and delivery system [4, 5].

Besides, hydrogen would be a promising energy car-
rier in future society. Hydrogen is the most abundant ele-
ment. It can be produced from the various sources. Also,
combustion product is water which is free of pollutant. In
the hydrogen society, a huge amount of hydrogen will be
transported, stored, and consumed.

Hydrogen is the smallest element, and it can eas-
ily penetrate into materials. Therefore, hydrogen-material
interactions have been studied for the efficient hydrogen
control in above systems and industries [6–8]. Based on
the understanding of hydrogen-material interaction, vari-
ous technologies have been developed for the successful
handling of hydrogen. Even such successes, there still
exists many challenges on the understanding and control
of the hydrogen-material interaction under the harsh en-
vironments. For example, the interaction between hydro-
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gen isotope plasma and metals on the first wall of the fu-
sion reactor is still unclear. It is reported that surface mor-
phology of tungsten drastically changes after the high flux
hydrogen isotope plasma exposure [9, 10]. Other reports
stated the considerable increase of hydrogen isotope reten-
tion in tungsten in the depth region beyond the range of
hydrogen isotopes in plasma [11, 12]. For the case of hy-
drogen related industries, the hydrogen embrittlement has
been problematic [13–17]. Hydrogen can dissolve and dif-
fuse into metals in various processes, and the accumulation
of hydrogen reduces ductility of metals, finally leading a
crack. In the hydrogen society, gaseous hydrogen with a
large volume and with a high pressure need to be safely
handled and stored. Therefore, the quantitative prediction
method for the degradation of the mechanical property of
component materials are necessary from the safety hydro-
gen use in public.

These environments with high pressure gaseous hy-
drogen or highly dense hydrogen plasma induce an ultra-
high hydrogen flux in materials and will modify material
structures and properties by disordered lattice structures or
phase transitions of materials due to the introduction of a
large amount of hydrogen atoms into the crystal lattice of
materials. Therefore, these mechanisms in materials un-
der ultrahigh hydrogen flux should be revealed comprehen-
sively so that the control of materials property is possible
in the above future hydrogen systems.

This paper provides a brief review of the mechanisms
of hydrogen-material interaction under the existence of ul-
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trahigh hydrogen flux in materials. Furthermore, it pro-
poses the control and the application of these phenomena.

2. Hydrogen-Material Interaction
The schematic image of hydrogen-material interac-

tion is provided in Fig. 1 [18]. Gaseous hydrogen com-
posing hydrogen molecules collide onto the surface of the
material. The collision probability depends on the par-
tial pressure of hydrogen molecules. A part of hydrogen
molecules is adsorbed on the top-most surface of the mate-
rial as the physical-adsorption. Physically adsorbed hydro-
gen molecules are dissociated into two hydrogen atoms to
transit to the chemical-adsorption. Then, adsorbed hydro-
gen atoms penetrate into the sub-surface region of materi-
als. The above processes are reversible with the desorption
of hydrogen molecules. Therefore, there should be simul-
taneous processes of hydrogen absorption and desorption
in the system with gaseous hydrogen and materials under
the equilibrium. The hydrogen concentration in materials
under equilibrium as a function of the partial pressure of
gaseous hydrogen can be summarized as the hydrogen sol-
ubility [19–21].

In the case of hydrogen ion implantation into the mate-
rials, energetic hydrogen ions can directly be injected into
the sub-surface. Energetic hydrogen ions should be ther-
malized in the sub-surface region. Then, hydrogen atoms
can be desorbed on the top-most surface by forming hy-
drogen molecules by the recombination as in the case of
gaseous hydrogen exposure.

Solute hydrogen atoms occupy the interstitial posi-
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Fig. 1 Schematic images of hydrogen-material interaction (a) under the ambient hydrogen exposure condition and (b) with ultrahigh
hydrogen flux. The red filled circles and blue filled circles indicate hydrogen and metal atoms, respectively.

tions of the crystal structure of the material in which elec-
tric repulsion by the constituent metal atoms is minimized
[18]. Therefore, hydrogen solubility is different in each
material. Due to a low potential-well for solute hydrogen
in the interstitial positions, solute hydrogen atoms easily
change their position by the random walk processes. This
migration processes of hydrogen atoms via interstitial po-
sitions in the materials are called as diffusion process. The
diffusion flux macroscopically depends on the concentra-
tion gradient of hydrogen atoms [22]. The diffusion coef-
ficient is the proportional coefficient to correlate the con-
centration gradient of hydrogen atoms with the diffusion
flux.

An important phenomenon caused by the hydrogen
transport in materials is hydrogen permeation [23–27].
This event can be occurred when a surface of the mate-
rials is exposed to hydrogen. Solute hydrogen atoms on a
surface of the materials diffuse into the bulk, and finally
reached another surface to release out. The permeation
flux depends on the concentration of hydrogen atoms at
the surface region of materials, diffusion coefficient, and
the material thickness. Hydrogen permeation is a specific
phenomenon of hydrogen-material system, and the predic-
tion and the mitigation of permeation flux is of importance
in the safety point of view, in particular for the system with
tritium [28–30].

Another important phenomenon is hydrogen trapping
in the materials. In particular for the group 4 and 5 ele-
ments such as Ti, Zr, V, Nb, and Ta, hydrogen can form
the hydrides with these elements [31–35]. The forma-
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tion of hydrides can usually be proceeded without activa-
tion processes because the heat of solution of hydrogen in
these materials are negative value, therefore the reaction is
exothermic.

Hydrogen trapping is also occurred at the irradiation
defects in materials. Defects intrinsically exist in materi-
als. Also, energetic particles such as radiation can induce
the irradiation defects in materials. It is reported that va-
cancies, which is a vacant lattice point in the crystal struc-
ture of the material, can be a strong trapping site for hy-
drogen. Diffusing hydrogen atoms are stabilized in a va-
cancy to form a vacancy-hydrogen cluster [36–38]. More-
over, multiple hydrogen trapping in a vacancy is reported
[39–43].

The important fact is that the formation energy of
vacancy-hydrogen cluster in the material is much lower
than the formation energy of vacancy [44, 45]. This indi-
cates that in the material with solute hydrogen atoms, the
vacancy concentration can be higher than that in the ma-
terial without hydrogen. This effect becomes significant
in the material under the ultrahigh hydrogen flux. In such
a condition, the excess concentration of hydrogen will be
introduced into the interstitial sites of the material, lead-
ing to a high concentration of vacancy-hydrogen complex.
On the other hand, the diffusion process of the constituent
atoms of the material should proceed by switching the po-
sition with neighboring constituent atoms [22]. This pro-
cess can easily occur when the neighboring position is va-
cancy. Therefore, high concentration of vacancy-hydrogen
complex in the material should lead the higher diffusivity
of the constituent atoms of the material [46]. This con-
sequently results in the drastic modification of material
structure. The significantly high vacancy concentration has
been observed by high-temperature and high-pressure hy-
drogen gas exposure to Ni, Pd, Cr, and so on as a super-
abundant vacancy formation [44, 45, 47–49]. The vacancy
concentration reached up to 30 at.% in those research.
The superabundant vacancy contains hydrogen atoms in
them. Therefore, the material with ultrahigh hydrogen flux
should possess oversaturated hydrogen concentration com-
pared to the material under the ambient condition due to its
modified crystal structure with superabundant vacancy.

3. Control of Ultrahigh Hydrogen
Flux in Materials
As mentioned above, the ultrahigh hydrogen flux in

the material should induce the drastic modification in the
structure and the hydrogen trapping capacity of the mate-
rial. This phenomenon is attractive for not only the scien-
tific point but also the application point of view for hydro-
gen society. In this section, the method to induce ultrahigh
hydrogen flux in materials is discussed.

One of the methods is hydrogen gas exposure under
the high-pressure and high-temperature condition. Ac-
cording to the van’t Hoff equation [31, 32], the solute hy-

drogen concentration in the material can increase with in-
creasing temperature. Additionally, the solute hydrogen
concentration can increase with elevated partial pressure
of hydrogen gas according to Sievelt’s law [28]. Previous
studies on the superabundant vacancy formation adopted
high-pressure gaseous hydrogen exposure around 5 GPa
using an exclusive anvil to ensure the safety in high-
pressure [50, 51].

Cathodic hydrogen charging is also an option for hy-
drogen introduction into the material [52, 53]. In this
method, the sample material is used as the cathode, and
immersed into the solution with electrolyte. For example,
the sulfuric acid diluted by water is usually used as the so-
lution. Then, electrolysis operation produces protons on
the surface of the sample. Applied voltage attracts protons
into the sample, therefore, hydrogen can be introduced into
the sample material. Due to the vaporization of the solu-
tion, the maximum operation temperature must be below
the boiling temperature of the solution.

Plasma exposure is the method to introduce hydrogen
into materials [54–56]. The sample material is mounted
in the chamber under vacuum. The sample temperature
can be controlled by the heating system such as ohmic
heater. Then, low pressure hydrogen gas is introduced into
the chamber. The gas was heated by some methods, such
as RF heating, to excite the hydrogen molecules into the
plasma. The hydrogen ions in plasma are accelerated by
the bias voltage applied on the sample. The plasma ex-
posure has been developed for the plasma-wall interaction
experiments for fusion reactor. The hydrogen flux of more
than 1024 m−2 s−1 has been achieved [57]. Heating of the
sample by the plasma becomes significant with increasing
hydrogen flux due to the energy deposition of plasma into
the surface region of the sample. Therefore, an active cool-
ing on the rear surface of the materials is necessary, al-
though a significant temperature gradient between the sur-
faces should be formed.

As reviewed for various methods of ultrahigh hydro-
gen flux formation in materials briefly, there are several
issues in the conventional methods to be adopted on the
wide scientific research and applications. For example, the
hydrogen gas exposure under high-temperature and high-
pressure condition needs the exclusive devices with a strict
safety regulation. Additionally, the operation temperature
must be high. The high flux hydrogen plasma exposure
method also needs the exclusive devices to realize a highly
dense plasma. The precise temperature control is difficult
due to the localized energy deposition from the plasma into
the shallow surface region of the material. In the cathodic
hydrogen charging, the control of material surface should
be difficult due to a direct immersion into the electrolyte
solution. Also, the operation temperature range is lim-
ited due to the electrolyte solution as liquid. According
to the review, here we propose the combination of hydro-
gen plasma exposure and the surface modification method
for the ultrahigh hydrogen flux formation in materials.
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The combination of hydrogen plasma exposure and
the surface modification has been examined for the re-
search of super-permeable membrane [58–60]. In such re-
search, the direct recovery of fuel hydrogen isotopes at the
divertor of fusion reactor was investigated. Materials such
as Nb, V were used as they possess high hydrogen solubil-
ity and an intrinsic oxide layer on the surface. During hy-
drogen plasma exposure, hydrogen atoms are introduced
into the sub-surface of the sample. Without the surface
oxide layer, major part of hydrogen can release out from
the incident surface by the recombination, because the in-
cident range of hydrogen atoms is nanometer order in the
plasma exposure with low bias voltage. On the surface of
Nb, V, and other group 4 elements, the oxide layer natu-
rally forms and works as a potential barrier for migration
of hydrogen atoms in the material. By such an effect, hy-
drogen atoms should lose the freedom to migrate to the
incident surface. Consequently, most of hydrogen atoms
penetrates in the material and releases from the rear sur-
face. This effect is called as a hydrogen super-permeation.
The hydrogen super-permeation could achieve ∼100% per-
meation efficiency, which is defined as the ratio of the per-
meated hydrogen flux to the incident hydrogen flux, al-
though a conventional plasma driven permeation for W,
Cu, and other materials could show the permeation effi-
ciency around 10−3 ∼10−5 [61, 62].

The hydrogen super-permeation is caused by the sur-
face impurity layer as the potential barrier for hydrogen
migration. The distribution of hydrogen concentration at
the interface of two layers can be given as the chemical po-
tentials of hydrogen in each layer being equivalent. Com-
pared to materials with high hydrogen solubility, materi-
als with low hydrogen solubility exhibit a significant in-
crease in the chemical potential of hydrogen, even at low
hydrogen concentrations. Therefore, the hydrogen supe-
permeation should be likely seen in the combination of the
bulk material with high hydrogen solubility and the sur-
face layer with low hydrogen solubility. On the other hand,
a significant increase of hydrogen permeation flux could
be observed in the case of tungsten [63], which possesses
quite low hydrogen solubility, during hydrogen isotope and
impurity mixed plasma exposure. This indicates the hydro-
gen permeation flux in various materials can be controlled
by the surface layer as well.

According to Fick’s diffusion equation [22], it is
considered that the high permeation flux under hydrogen
super-permeation can be achieved due to high hydrogen
concentration at the sub-surface of the materials. Thus,
the combination of hydrogen plasma exposure and surface
modification methods, such as hydrogen super-permeation,
can effectively generate ultrahigh hydrogen flux in materi-
als compared to conventional plasma exposure methods.
Moreover, the highly efficient formation of ultrahigh hy-
drogen flux in materials helps to minimize temperature in-
creases compared to conventional plasma exposure, which
often requires active cooling of the sample. This leads the

capability of a precise temperature control and in-situ hy-
drogen permeation measurement, which expand the win-
dow to investigate the material development and precise
analyses under ultrahigh hydrogen flux.

4. Application of Ultrahigh Hydrogen
Flux in Materials
In the above section, the control method of the ultra-

high hydrogen flux in materials was proposed based on the
analogy of the hydrogen super-permeation. In this section,
the possible applications of ultrahigh hydrogen flux in the
materials are proposed.

4.1 Oversaturation hydrogen storage
materials

One of the issues on the hydrogen as an energy carrier
is its large volume when it is used as gas phase. Hydro-
gen storage materials have been developed as a compact
hydrogen storage method in which hydrogen is stored in
metals as hydrides such as VH2, TiH2, and MgH2. Hydro-
gen storage materials with high stability, desirable hydro-
gen absorption/desorption temperature, and low equilib-
rium pressure have been developed so far [31–35]. How-
ever, the development of the material with high hydrogen
weight density is still challenging for mobility field such
as electric vehicles [64]. The hydrogen containing com-
pounds such as AlH3, LiBH4, and LiAlH4, are also attrac-
tive due to their high hydrogen weight density [65]. How-
ever, the synthesis processes for these materials are com-
plicated [66, 67]. Therefore, the mass production of these
materials is challenging.

The application of ultrahigh hydrogen flux in the ma-
terials can be a solution of this challenge. High con-
centration of hydrogen in the material promotes the for-
mation of vacancy-hydrogen complex, and results in the
drastic change of material structure. These materials with
high concentration of vacancy-hydrogen complex would
have a high hydrogen weight density. In fact, the material
with superabundant vacancy after high-pressure and high-
temperature hydrogen exposure showed additional hydro-
gen desorption peaks compared to the same material with
conventional hydrogen gas exposure [45]. In fact, exper-
iments, where hydrogen isotope ion implantation experi-
ments into some metal materials, indicated quite high hy-
drogen concentration [68]. In particular for Zr, whose hy-
dride under ambient pressure usually is the composition of
ZrH2, showed H/Zr∼5 [69].

The high hydrogen concentration in the material in-
duced by the ultrahigh hydrogen flux can also contribute
to the fabrication processes of hydrogen containing com-
pounds. For example, AlH3 is attractive materials due to
its high hydrogen content (10.1 at.%). However, its fab-
rication processes are complicated, consisting of organic
reactions using ethers and several reagents [66, 67]. It is
known that the hydrogen gas exposure into Al powder can-
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not form AlH3. However, recent experiments using high-
temperature and high-pressure hydrogen gas exposure into
metal Al showed that a direct formation of AlH3 can be
possible [70]. This result indicates that the high hydro-
gen concentration in Al is of critical importance on the
formation of AlH3. Compared to high-temperature and
high-pressure hydrogen gas exposure, the combination of
hydrogen plasma exposure and the surface modification
method can induce ultrahigh hydrogen flux in lower tem-
perature. Therefore, the materials with high hydrogen con-
tent, which can be decomposed in high-temperature condi-
tion, can be investigated.

These facts indicate the ultrahigh hydrogen flux intro-
duction into the material is the promising method to induce
an oversaturation hydrogen storage material with high hy-
drogen weight density. Although these materials with high
hydrogen weight density would be formed under ultrahigh
hydrogen flux, they become unstable or metastable after
the flux decreases. If the phase change proceeds rapidly
and hydrogen releases quickly, these materials are not suit-
able for hydrogen storage materials. However, it can be
considered that the surface impurity layer formed to induce
the ultrahigh hydrogen flux in the materials works as the
potential barrier for hydrogen desorption, therefore the hy-
drogen desorption would be declined. Thanks to such slow
processes, it can be expected that hydrogen storage can be
practically possible. These effects of the surface impurity
layer to stabilize unstable or metastable hydride can also
be found in AlH3, which successfully demonstrated a long
hydrogen storage [66, 67].

4.2 High efficiency tritium decontamination
In components used in the D-T fusion reactor, tri-

tium can be retained. It is considered that the retained
tritium can be released out during the maintenance work
of the components, and can result in an occupational ex-
posure. Also, tritium can quickly release when the physi-
cal/chemical conditions drastically change. The accidents
such as LOVA (Loss of vacuum accident) or LOCA (Loss
of coolant accident) can give the physical/chemical pa-
rameter changes on the components such as temperature
and surface chemical states [71, 72], and tritium release
by these events will increase the hazard of the accident.
Therefore, an active decontamination method of tritium
from components is desired.

Various tritium decontamination methods such as the
hydrogen isotope exchange method [73, 74], heating [75],
and etching by chemicals [76] were investigated. In the ac-
tual reactor condition and for the efficient energy consump-
tion and a practical work condition, heating of compo-
nents with large volume is not suitable. Hydrogen isotope
exchange method and etching using chemical substances
such as acids are effective only on the surface region of the
components. Tritium in the component is usually trapped
in some trapping sites such as irradiation defects, and re-

tained in the bulk of the components, therefore the methods
implementing only on the surface region are not effective.

To construct the high efficiency tritium decontamina-
tion method for the components, the ultrahigh hydrogen
flux by the hydrogen super-permeation can be a solution.
The hydrogen isotope migration in the materials can be ex-
pressed as the following equations.

∂CH,m(x, t)
∂t

= D
∂2CH,m(x, t)

∂x2

−
(
−kdt,HCH,t(x, t) + kt,HCH,m(x, t)

×
[
ψ(x, t) − (

CT,t(x, t) +CH,t(x, t)
)

ρ(x, t)

])
+S H,m(x, t)

∂CT,m(x, t)
∂t

= D
∂2CT,m(x, t)

∂x2

−
(
−kdt,T CT,t(x, t) + kt,T CT,m(x, t)

×
[
ψ(x, t) − (

CT,t(x, t) +CH,t(x, t)
)

ρ(x, t)

])
.

These are one-dimensional NcNabb-Foster based si-
multaneous equations for hydrogen isotopes [77]. Here,
CH,m is the mobile hydrogen concentration, CH,t is the
trapped hydrogen concentration, CT,m and CT,t are the con-
centrations of mobile and trapped tritium, respectively.
The parameters of D, kdt, kt are the diffusion coefficient,
detrapping rate constant and trapping rate constant, respec-
tively. The trapping of hydrogen isotopes at the trapping
sites, whose concentration is ψ, is considered here. The
parameter of ρ indicates the density of constituent atoms at
the lattice points of the material.

Using these equations, the efficiency of removal for
tritium retained in tungsten as a model material was evalu-
ated. It was assumed that tritium is trapped in vacancies in
tungsten with the thickness of 10 µm. The initial concen-
tration of tritium and vacancies are 1 at.% throughout the
entire bulk of the tungsten, and the detrapping activation
energy was assumed to be 2.05 eV according to Ref. [78].
There are three conditions in the simulation. The first con-
dition is with only heating at 700 K which is around the
expected temperature of the first wall of the D-T fusion
reactor due to the decay heat [79]. The second one is
with heating at 700 K and with hydrogen ion irradiation.
The third one is with heating at 700 K and with hydro-
gen super-permeation. The depth profile of trapped tritium
concentrations after elapsing for 1000 s under the above
three conditions are displayed in Fig. 2. The first condition
only with heating at 700 K showed a slight decrease of tri-
tium concentration at the surface region. The decrease of
tritium concentration is caused by the detrapping and dif-
fusion processes of tritium to release out from the tungsten
surface by heating. Although tritium in the vacancies can
be detrapped at this temperature, detrapped tritium can be
quickly re-trapped by unoccupied vacancies during diffu-
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Fig. 2 The depth profiles of retained tritium concentrations after
three types of tritium removal treatments. The hydrogen
ion flux of 1022 m−2 s−1 were assumed.

sion process, consequently the tritium removal is not sig-
nificant. The result in the second condition showed a sig-
nificant decrease of tritium concentration from the incident
surface toward the bulk region. In this condition, hydro-
gen atoms were introduced into the tungsten, and occupied
vacancies. Due to the decrease in the concentration of un-
occupied vacancies, the possibility for diffusing tritium to
be trapped by vacancies can decrease, resulting in a quick
release of tritium after detrapping. Even the promotion of
effective tritium diffusion by the introduction of hydrogen,
this method would not be effective on the deep bulk region
as found in Fig. 2, where the tritium concentration near
10 µm hardly changed. This is caused by the release of
induced hydrogen at the incident surface, which limits the
increase in the hydrogen concentration at the sub-surface
region.

The third condition showed a quite low retained tri-
tium concentration throughout the entire bulk of the tung-
sten. Unlike to the second condition, the incident hydro-
gen atoms are refrained to be released out from the inci-
dent surface in the super-permeation. Therefore, ultrahigh
hydrogen flux can be formed throughout the bulk of the
tungsten, resulting in the effective removal of tritium from
the tungsten.

5. Summary
In this paper, the influence of ultrahigh hydrogen flux

in the materials are discussed. The control method and the
application of ultrahigh hydrogen flux were proposed. The
contents of this paper can be summarized as follows.

• Hydrogen can be trapped by vacancies intrinsically
exist in the material or are induced by radiation, form-
ing vacancy-hydrogen complexes.
• In the second bullet point, consider rephrasing it as:

“Ultrahigh hydrogen flux promotes the formation of
vacancy-hydrogen complexes in the materials. As a
result, the diffusion rate of constituent atoms signif-

icantly increases, leading to a drastic change in the
material’s structure.
• Ultrahigh hydrogen flux can be efficiently achieved

using an analogous method to hydrogen super-
permeation. In this process, a surface thin impurity
layer acts as a potential barrier, restricting hydrogen
migration to the incident surface. Consequently, the
hydrogen concentration at the sub-surface of the ma-
terial significantly increases, inducing the ultrahigh
hydrogen flux.
• The ultrahigh hydrogen flux can induce oversaturated

hydrogen-containing structures in the material. Al-
though these structures may be unstable or metastable
under ambient conditions, the surface impurity layer
acts as a potential barrier for hydrogen migration, sta-
bilizing the structures for long-term storage.
• Efficient tritium removal from components in the fu-

sion reactor can be achieved through the use of ultra-
high hydrogen flux. The introduced hydrogen atoms
occupy trapping sites for hydrogen isotopes, such as
vacancies, thereby increasing the effective tritium dif-
fusion rate.

[1] M. Siccinio, W. Biel, M. Cavedon, E. Fable, G. Federici,
F. Janky, H. Lux, F. Maviglia, J. Morris, F. Palermo, O.
Sauter, F. Subba and H. Zohm, “DEMO physics challenges
beyond ITER”, Fusion Eng. Des. 156, 111603 (2020).

[2] Y. Iwai, T. Yamanishi, H. Nakamura, K. Isobe, M.Nishi and
R.S. Willms, “Numerical Estimation Method of the Hydro-
gen Isotope Inventory in the Hydrogen Isotope Separation
System for Fusion Reactor”, J. Nucl. Sci. Technol. 39, 661
(2002).

[3] Y. Iwai, T. Yamanishi, S. O’hira, T. Suzuki, W.M. Shu
and M. Nishi, “H-D-T cryogenic distillation experiments at
TPL/JAERI in support of ITER”, Fusion Eng. Des. 61-62,
553 (2002).

[4] Z. Liang, X. Xiao, J. Qi, H. Kou and L. Chen, “ZrCo-
based hydrogen isotopes storage alloys: A review”, J. Al-
loys Compd. 932, 167552 (2023).

[5] M. Glugla, A. Antipenkov, S. Beloglazov, C. Caldwell-
Nichols, I.R. Cristescu, I. Cristescu, C. Day, L. Doerr, J.-P.
Girard and E. Tada, “The ITER tritium systems”, Fusion
Eng. Des. 82, 472 (2007).

[6] G. Gervasini and F. Reiter, “Hydrogen isotopes transport in
fusion reactor first wall materials”, J. Nucl. Mater. 212-215,
1379 (1994).

[7] G. Gervasini and F. Reiter, “Tritium-material interaction in
various first wall materials”, J. Nucl. Mater. 155-157, 754
(1998).

[8] F. Reiter, J. Camposilvan, M. Caorlin, G. Saibene and R.
Sartori, “Interaction of hydrogen isotopes with stainless
steel 316L”, Appl. Radiat. Isot. 36, 589 (1985).

[9] W.M. Shu, E. Wakai and T. Yamanishi, “Blister burst-
ing and deuterium bursting release from tungsten exposed
to high fluences of high flux and low energy deuterium
plasma”, Nucl. Fusion 47, 201 (2007).

[10] M. Kobayashi, M. Shimada, Y. Hatano, T. Oda, B. Merrill,
Y. Oya and K. Okuno, “Deuterium trapping by irradiation
damage in tungsten induced by different displacement pro-
cesses”, Fusion Eng. Des. 88, 1749 (2013).

2105073-6



Plasma and Fusion Research: Review Articles Volume 18, 2105073 (2023)

[11] V.Kh. Alimov, W.M. Shu, J. Roth, S. Lindig, M. Balden,
K. Isobe and T. Yamanishi, “Temperature dependence of
surface topography and deuterium retention in tungsten ex-
posed to low-energy, high-flux D plasma”, J. Nucl. Mater.
417, 572 (2011).

[12] J. Roth, T. Schwarz-Selinger, V.Kh. Alimov and E. Mark-
ina, “Hydrogen isotope exchange in tungsten: Discussion
as removal method for tritium”, J. Nucl. Mater. 432, 341
(2013).

[13] M. Nagumo, “Fundamentals of Hydrogen Embrittlement”,
Springer; Softcover reprint of the original 1st ed. 2016.

[14] P.C. Okonkwo, E.M. Barhoumi, I.B. Belgacem, I.B. Man-
sir, M. Aliyu, W. Emori, P.C. Uzoma, W.H. Beitelmal, E.
Akyüz, A.B. Radwan and R.A. Shakoor, “A focused re-
view of the hydrogen storage tank embrittlement mech-
anism process”, Int. J. Hydrog. Energy, online available
2023.

[15] X. Li, J. Yin, J. Zhang, Y. Wang, X. Song, Y. Zhang and
X. Ren, “Hydrogen embrittlement and failure mechanisms
of multi-principal element alloys: A review”, J. Mater. Sci.
Technol. 122, 20 (2022).

[16] S. Laliberté-Riverin and M. Brochu, “A novel approach
for quantifying hydrogen embrittlement using side-grooved
CT samples”, Eng. Fract. Mech. 265, 108324 (2022).

[17] A.O. Myhre, A.B.Hagen, B. Nyhus, V. Olden, A. Alvaro
and A. Vinogradov, “Hydrogen Embrittlement Assessment
of Pipeline Materials Through Slow Strain Rate Tensile
Testing”, Procedia Structural Integrity 42, 935 (2022).

[18] Y. Fukai, “The Metal-Hydrogen System: Basic Bulk Prop-
erties”, Springer Science & Business Media, 2006.

[19] T.J. Dolan and R.A. Anderl, “Assessment of Database for
Interaction of Tritium with ITER Plasma Facing Materi-
als”, EGG-FSP-11348, ITER/93/US/TUSA-10.

[20] F. Reiter, K.S. Forcey and G. Gerasini, “A compilation of
tritium-material interaction parameter in fusion reactor ma-
terials”, Commission of the European communities, CD-
NA-15217-EN-C.

[21] D.S. Dos Santos and P.E.V. De Miranda, “Hydrogen Solu-
bility in Amorphous and Crystalline Materials”, Int. J. Hy-
drogen Energy 23, 1011 (1998).

[22] J. Crank, The Mathematics of Diffusion, 2nd Ed. (Claren-
don, Oxford, 1975).

[23] Ogorodnikova, “Surface effects on plasma-driven tritium
permeation through metals”, J. Nucl. Mater. 290-293, 459
(2001).

[24] T. Shiraishi, M. Nishikawa and T. Fukumatsu, “Permeation
of multi-component hydrogen isotopes through nickel”, J.
Nucl. Mater. 254, 205 (1998).

[25] Yu. Dolinski, I. Lyasota, A. Shestakov, Yu. Repritsev and
Yu. Zouev, “Heavy hydrogen isotopes penetration through
austenitic and martensitic steels”, J. Nucl. Mater. 283-287,
854 (2000).

[26] H. Nakamura, T. Hayashi, S. O’hira, M. Nishi and K.
Okuno, “Implantation driven permeation behavior of deu-
terium through stainless steel type 316L”, J. Nucl. Mater.
258-263, 1050 (1998).

[27] Yu. Gasparyan, M. Rasinski, M. Mayer, A. Pisarev and J.
Roth, “Deuterium ion-driven permeation and bulk retention
in tungsten”, J. Nucl. Mater. 417, 540 (2011).

[28] Ch. Linsmeier, M. Rieth, J. Aktaa, T. Chikada, A. Hoff-
mann, J. Hoffmann, A. Houben, H. Kurishita, X. Jin, M. Li,
A. Litnovsky, S. Matsuo, A. von Müller, V. Nikolic, T. Pala-
cios, R. Pippan, D. Qu, J. Reiser, J. Riesch, T. Shikama, R.
Stieglitz, T. Weber, S. Wurster, J.-H. You and Z. Zhou, “De-

velopment of advanced high heat flux and plasma-facing
materials”, Nucl. Fusion 57, 092007 (2017).

[29] G.W Hollenberg, E.P Simonen, G Kalinin and A Terlain,
“Tritium/hydrogen barrier development”, Fusion Eng. Des.
28, 190 (1995).

[30] T. Chikada, Ceramic Coatings for Fusion Reactors, Com-
prehensive Nuclear Materials, 2nd Edition (Elsevier,
2020).

[31] A. Zuettel, “Materials for Hydrogen Storage”, Materials
Today 6, 24 (2003).

[32] L. Schlapbach and A. Zuttel, “Hydrogen-storage materials
for mobile applications”, Nature 414, 353 (2001).

[33] Y. Huang, Y. Cheng and J. Zhang, “A Review of High
Density Solid Hydrogen Storage Materials by Pyrolysis for
Promising Mobile Applications”, Ind. Eng. Chem. Res. 60,
2737 (2021).

[34] H. Uesugi, T. Sugiyama, I. Nakatsugawa and T. Ito, “Pro-
duction of hydrogen storage material MgH2 and its appli-
cation”, J. Jpn. Inst. Light Metals 60, 615 (2010).

[35] L.E. Klebanoff, K.C. Ott, L.J. Simpson, K. O’Malley and
N.T. Stetson, “Accelerating the Understanding and Devel-
opment of Hydrogen Storage Materials: A Review of the
Five-Year Efforts of the Three DOE Hydrogen Storage Ma-
terials Centers of Excellence”, Metall. Mater. Trans. B, 1,
81 (2014).

[36] Y. Ueda, K. Schmid, M. Balden, J.W. Coenen, Th. Loewen-
hoff, A. Ito, A. Hasegawa, C. Hardie, M. Porton and M.
Gilbert, “Baseline high heat flux and plasma facing materi-
als for fusion”, Nucl. Fusion 57, 092006 (2017).

[37] M. Rieth, R. Doerner, A. Hasegawa, Y. Ueda and M. Wirtz,
“Behavior of tungsten under irradiation and plasma inter-
action”, J. Nucl. Mater. 519, 334 (2019).

[38] Y. Hatano, M. Shimada, T. Otsuka, Y. Oya, V.Kh. Al-
imov, M. Hara, J. Shi, M. Kobayashi, T. Oda, G. Cao,
K. Okuno, T. Tanaka, K. Sugiyama, J. Roth, B. Tyburska-
Püschel, J. Dorner, N. Yoshida, N. Futagami, H. Watan-
abe, M. Hatakeyama, H. Kurishita, M. Sokolov and Y. Ka-
toh, “Deuterium trapping at defects created with neutron
and ion irradiations in tungsten”, Nucl. Fusion 53, 073006
(2013).

[39] T. Oda, D. Zhu and Y. Watanabe, “Kinetic Monte Carlo
simulation on influence of vacancy on hydrogen diffusivity
in tungsten”, J. Nucl. Mater. 467, 439 (2015).

[40] Y.-W. You, X.-S. Kong, X.-B. Wu, Y.-C. Xu, Q.F. Fang, J.
L. Chen, G.-N. Luo, C.S. Liu, B.C. Pan and Z. Wang, “Dis-
solving, trapping and detrapping mechanisms of hydrogen
in bcc and fcc transition metals”, AIP Advances 3, 012118
(2013).

[41] N. Fernandez, Y. Ferroa and D. Kato, “Hydrogen diffusion
and vacancies formation in tungsten: Density Functional
Theory calculations and statistical models”, Acta Materi-
alia 94, 307 (2015).

[42] K. Ohsawa, J. Goto, M. Yamakami, M. Yamaguchi and
M. Yagi, “Trapping of multiple hydrogen atoms in a tung-
sten monovacancy from first principles”, Phys. Rev. B 82,
184117 (2010).

[43] K. Ohsawa, F. Nakamori, Y. Hatano and M. Yamaguchi,
“Thermodynamics of hydrogen-induced superabundant va-
cancy in tungsten”, J. Nucl. Mater. 458, 187 (2015).

[44] L. Bukonte, T. Ahlgren and K. Heinola, “Thermodynam-
ics of impurity-enhanced vacancy formation in metals”, J.
Appl. Phy. 121, 045102 (2017).

[45] Y. Fukai, “Superabundant Vacancies Formed in Metal-
Hydrogen Alloys”, Phys. Scr. T103, 11 (2003).

2105073-7



Plasma and Fusion Research: Review Articles Volume 18, 2105073 (2023)

[46] E. Hayashi, Y. Kurokawa and Y. Fukai, “Hydrogen-
Induced Enhancement of Interdiffusion in Cu-Ni Diffusion
Couples”, Phys. Rev. Lett. 80, 5588 (1998).
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[48] Y. Fukai and N. Ōkuma, “Formation of Superabundant Va-
cancies in Pd Hydride under High Hydrogen Pressures”,
Phys. Rev. Lett. 73, 1640 (1994).

[49] Y. Fukai, Y. Shizuku and Y. Kurokawa, “Superabundant va-
cancy formation in Ni–H alloys”, J. Alloys Compd. 329,
195 (2001).

[50] Y. Fukai and M. Mizutani, “Phase Diagram and Superabun-
dant Vacancy Formation in Cr–H Alloys”, Materials Trans-
actions 43, 1079 (2002).

[51] Y. Fukai and M. Mizutani, “The Phase Diagram of Mo–H
Alloys under High Hydrogen Pressure”, Materials Transac-
tions 44, 1359 (2003).

[52] N. Ehrlin, C. Bjerkén and M. Fisk, “Cathodic hydro-
gen charging of Inconel 718”, Materials Science 3, 1350
(2016).

[53] R.N. Singh, R. Kishore, S. Mukherjee, S. Roychowd-
hury, D. Srivastava, T.K. Sinha, P.K. De, S. Banerjee, R.
Kameswaran, S.S. Sheelvantra and B. Gopalan, “Hydrogen
Charging, Hydrogen Content Analysis and Metallographic
Examination of Hydride in Zirconium Alloys”, BARC re-
port, BARC-2003-E-034.

[54] M. Shimada, Y. Hatano, P. Calderoni, T. Oda, Y. Oya, M.
Sokolov, K. Zhang, G. Cao, R. Kolasinski and J.P. Sharpe,
“First result of deuterium retention in neutron-irradiated
tungsten exposed to high flux plasma in TPE”, J. Nucl.
Mater. 415, S667 (2011).

[55] M. Shimada, G. Cao, T. Otsuka, M. Hara, M. Kobayashi,
Y. Oya and Y. Hatano, “Irradiation effect on deuterium
behaviour in low-dose HFIR neutron-irradiated tungsten”,
Nucl. Fusion 55, 013008 (2015).

[56] M. Shimada, Y. Oya, W.R. Wampler, Y. Yamauchi, C.N.
Taylor, L.M. Garrison, D.A. Buchenauer and Y. Hatano,
“Deuterium retention in neutron-irradiated single-crystal
tungsten”, Fusion Eng. Des. 136, 1161 (2018).

[57] G.J. van Rooij, V.P. Veremiyenko, W.J. Goedheer, B. de
Groot, A.W. Kleyn, P.H.M. Smeets, T.W. Versloot, D.G.
Whyte, R. Engeln, D.C. Schram and N.J. Lopes Cardozo,
“Extreme hydrogen plasma densities achieved in a linear
plasma generator”, Appl. Phys. Lett. 90, 121501 (2007).

[58] Y. Hatano, A. Livshits, Y. Nakamura, A. Busnyuk, V. Al-
imov, C. Hiromi, N. Ohyabu and K. Watanabe, “Influence
of oxygen and carbon on performance of superpermeable
membranes”, Fusion Eng. Des. 81, 771 (2006).

[59] A.I. Livshits, M.E. Notkin, A.A. Samartsev and M.N.
Solovyov, “Interactions of low energy hydrogen ions with
niobium: effects of non-metallic overlayers on reemission,
retention and permeation”, J. Nucl. Mater. 233-237, 1113
(1996).

[60] C. Nishimura, M. Komaki and M. Amano, “Hydrogen
Permeation Characteristics of Vanadium-Nickel Alloys”,
Mater. Trans. JIM 32, 501 (1991).

[61] R.A. Anderl, M.R. Hankins, G.R. Longhurst and R.J.
Pawelko, “Deuterium transport in Cu, CuCrZr, and Cu/Be”,
J. Nucl. Mater. 266-269, 761 (1999).

[62] Yu.M. Gasparyan, A.V. Golubeva, M. Mayer, A.A. Pisarev
and J. Roth, “Ion-driven deuterium permeation through
tungsten at high temperatures”, J. Nucl. Mater. 390-391,

606 (2009).
[63] Y. Ueda, H.T. Lee, H.Y. Peng and Y. Ohtsuka, “Deuterium

permeation in tungsten by mixed ion irradiation”, Fusion
Eng. Des. 87, 1356 (2012).

[64] DOE: Materials-Based Hydrogen Storage, https://www.
energy.gov/eere/fuelcells/materials-based-hydrogen-storage

[65] J. Graetz, “Metastable Metal Hydrides for Hydrogen Stor-
age”, ISRN Materials Science 863025 (2012).

[66] W. Su, F. Zhao, L. Ma, R. Tang, Y. Dong, G. Kong, Y.
Zhang, S. Niu, G. Tang, Y. Wang, A. Pang W. Li and L.
Wei, “Synthesis and Stability of Hydrogen Storage Mate-
rial Aluminum Hydride”, Materials 14, 2898 (2021).

[67] Z. El Sayah, R. Brahmi, R. Beauchet, Y. Batonneau and C.
Kappenstein, “Synthesis, characterization and treatment of
alane (aluminium hydride, AlH3)”, 7th European Confer-
ence for Aeronautics and Space Sciences (EUCASS).

[68] S.M. Myers, P.M. Richards, W.R. Wampler and F. Besen-
bacher, “Ion-beam studies of hydrogen-metal interactions”,
J. Nucl. Mater. 165, 9 (1989).

[69] W. Möller, F. Besenbacher and J. Bottiger, “Saturation and
isotope mixing during low-temperature implantations of
hydrogen into metals”, Appl. Phys. A 27, 19 (1982).

[70] H. Saitoh, Y. Sakurai, A. Machida, Y. Katayama and K.
Aoki, “In situ X-ray diffraction measurement of the hydro-
genation and dehydrogenation of aluminum and character-
ization of the recovered AlH3”, J. Phys.: Conf. Series 215,
012127 (2010).

[71] C. Bellecci, P. Gaudio, I. Lupelli, A. Malizia, M.T. Por-
firi, R. Quaranta and M. Richetta, “Loss of vacuum acci-
dent (LOVA): Comparison of computational fluid dynam-
ics (CFD) flow velocities against experimental data for the
model validation”, Fusion Eng. Des. 86, 330 (2011).

[72] T. Honda, H.-W. Bartels, B. Merrill, T. Inabe, D. Petti, R.
Moore and T. Okazaki, “Analyses of loss of vacuum acci-
dent (LOVA) in ITER”, Fusion Eng. Des. 47, 361 (2000).

[73] J. Roth, T. Schwarz-Selinger, V.Kh. Alimov and E. Mark-
ina, “Hydrogen isotope exchange in tungsten: Discussion
as removal method for tritium”, J. Nucl. Mater. 432, 341
(2013).

[74] S. Markelj, A. Založnik, T. Schwarz-Selinger, O.V.
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