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This manuscript summarizes basic properties of hydrogen in materials, mainly metals, and resulting consequences for the

materials properties, including recent developments. It emphasises to introduce into the field of hydrogen in metals in a

focused manner. It addresses hydrogen solution in materials, hydride formation, hydrogen diffusion and permeation and

the interaction of hydrogen with defects. The influence of hydrogen on the defect energies and consequences for the metal

behaviour are addressed. Further, the influence of constraint conditions on the system properties is shortly discussed.
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1 Introduction

Hydrogen as the smallest of all atoms is solved in the inter-
stitial sites of a metal lattice. It migrates faster than all other
elements, especially at low temperatures. There is a thermo-
dynamic equilibrium condition between the outside gas
pressure py, and the concentration of hydrogen xy in the
material [1]. For metals, hydrogen solves as a single atom,
resulting in Sieverts’ law (see Sect. 3). The process of hydro-
gen uptake concerns different intermediate steps (Fig. 1)
such as adsorption (2) and dissociative chemisorption (3) of
the hydrogen gas molecule into single atoms at the material
surface, absorption via sub-surface sites and diffusion (4)
into the bulk material to defects (see Sect.2). Fig.1 illus-
trates these steps for a surface crack.

Figure 1. Hydrogen molecules
approaching the crack tip via
(1) H,-Gas transport, (2) H, mol-
ecule adsorption at the surface,
(3) dissociative H-chemisorp-
tion, (4) H-absorption, (5) diffu-
sion to a defect (6). The defect
here is a pore. Based on the
sketch of Vehoff et al. [2].

Hydrogen segregates in open-volume regions such as
vacancies in the host lattice, at dislocations, at grain bound-
aries, interfaces and surfaces (see Sect.5). Such defects are
commonly present in the metal microstructure, depending
on the production process. In additively manufactured met-
als or metals processed under large degrees of deformation,
the density of defects can be high and controls the mechani-
cal materials behaviour. Hydrogen segregating in these
regions can change the local inter-atomic bonding and
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hence further affect the mechanical properties. Even though
the solubility of hydrogen in the host lattice might be small,
locally high concentrations are reached at defects due to
trapping effects. As hydrogen migrates fast in the metal (see
Sect. 6), the traps commonly will be reached at reasonable
time scales. Safety aspects are targeted throughout the
paper, but not in a specific chapter.

Since in metals or metal alloys hydrogen is solved in
interstitial lattice sites as an atom or ion, it shares its elec-
tron with the host lattice. In some metals and alloys, high
hydrogen concentrations can be reached and new phases
(hydrides) can occur (Sect.4) next to the solid solution
phase. Some of these hydrides may be used for hydrogen
storage (FeTi or LaNis). For structural materials, the maxi-
mum hydrogen content should remain low. Some details of
the different topics are outlined in the following chapter, by
using Pd-H and Nb-H as general model systems.

2 Converting the H, Gas Molecule into
H-Atoms

When the hydrogen gas molecule approaches the surface of
a metal, it can adsorb by weak physisorption staying in the
molecular configuration, or bind to the surface via chemi-
sorption. [3,4]. If this chemisorption dissociates the mole-
cule, hydrogen can enter the metal lattice as atoms. For
Pd(110), (111), and (100) surfaces, Conrad et al. [5] and
Behm et al. [6] confirmed dissociative chemisorption.
Hence, Pd but also Ni and some other metals are capable of
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dissociating the H, gas molecule. As long as the dissociation
of the H, gas molecule is hindered, hydrogen cannot enter
the metal. Other sources for external atomic hydrogen can
result from chemical reactions, when, e.g., water releases
hydrogen ions or atoms during oxidation of a metal, or dur-
ing pickling of metal surfaces. [7-9]

3 Low Hydrogen Concentrations in Ideal
Solution: Sieverts’ Law

For low concentrations in the solid solution of the metal,
the hydrogen content xy in interstitial sites of the bulk
lattice often is found to scale with the square root of the
pressure py,. This dependency is expressed by Sieverts’ law.

0 0
(1)

Values for the entropy of hydrogen solution AS, and
the enthalpy of hydrogen solution AH, are listed by
Fukai [1]. py gives the reference pressure of 1 bar, and
R = 8314Jmol 'K is the universal gas constant. Eq. (1)
results from the thermodynamical equilibrium condition of
balanced chemical potentials. In equilibrium, the chemical
potential of the hydrogen in the gas phase i1, g.s €quals the
chemical potential of hydrogen in the metal zi; ). Consider-
ing that the gas phase molecules contain two hydrogen
atoms, it is 1/2 fip gas = prrm- This factor 1/2 converts into
the square-root dependency of the pressure in Sieverts’ law.
For molecular solution of hydrogen, present for example in
polymers, equation (1) would convert into a linear depen-
dency of the pressure. We note that the chemical potential
scales with the logarithm of the hydrogen gas pressure py, in
the gas phase, or of the concentration xy in the solid phase.

The hydrogen solubility Ko ; strongly depends on the kind
of the metal as mainly expressed by the enthalpy of hydro-
gen solution AH,, that differs for the different metals. On
top of the H,-molecule dissociation energy, it varies from
-90.7 kJ mol™" for Sc to +106.1 k] mol™ for W. (1) Very neg-
ative values mean a very strong bonding tendency of hydro-
gen in the solid solution of the metal.

The hydrogen solubility K, ; scales with the temperature
T via an Arrhenius dependency and decreases with T
increase. For the same external hydrogen gas pressure then
the amount solved on interstitial lattice sites is reduced, for
higher T.

4 Hydride Phases

For many metal-hydrogen systems, new phases can develop,
which are called hydrides. They contain a larger content of
hydrogen xi; than the solid solution phase and often possess
new lattice structures. Because of the high hydrogen con-
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tent, some hydrides can be used to store hydrogen in the
corresponding lattice. The volumetric hydrogen density in
metals is about 2.3 times higher than the hydrogen density
in the cold liquid hydrogen phase [10]. However, the gravi-
metric density is given by the host metal. Hence, for mobile
application, the host has to be as light as possible.

The hydride phases are electronically and elastically stabi-
lized. This can be understood by considering the following
arguments: The elastic strain energy of the free metal-hydro-
gen system can be reduced by positioning hydrogen atoms in
the strain field of the metal lattice around another hydrogen
atom, that has already been dissolved. This yields an attrac-
tive elastic H-H interaction energy. Thus, hydrogen atoms
prefer to share their elastic strain fields and tend to localize
in close vicinity of each other. For some metals, the electronic
energy can be lowered by localizing hydrogen in close vicini-
ty to each other by forming new low energy hybrid states of
hydrogen and the host metal in the electronic density of
states. If both energy contributions are large, hydride phases
appear. Hydride formation enthalpies are collected by Fukai.
[1] In Fukai’s data collection they range from -113kJ mol™
for Y-YH, to -10.6kJ mol™! for Mn-MnH. When hydrides
are considered for reversible hydrogen storage, hydrogen also
has to be removed from the host lattice. Therefore, very sta-
ble or very week hydrides are not suitable for storage applica-
tions. Target for practical storage applications is a formation
enthalpy in the range of —15 to —24 k] mol ™, giving a dissoci-
ation pressure of 1-10bar at 0-100°C. [11] For structural
materials, any hydride formation should be excluded under
the conditions of operation.

Owing to modified electronic densities of states, hydride
formation can be accompanied by a change in the bonding
character, changing the metal to a semiconductor or even
an insulator. [12] This changes the electrical resistivity
from metallic conducting to insulating, and the optical
properties from metallic reflective to transparent, respec-
tively. [13,14,15] For some materials, the hydrogen diffu-
sivity is reduced by orders of magnitude in the hydride.

5 Microstructural Contributions to Solubilities
in the Low Concentration Regime

The hydrogen atom is always larger than the interstitial site
(Fig. 2a) and thus locally leads to lattice expansion and an in-
crease in the strain energy. For many metals, the lattice
expansion AV/V scales linearly with the hydrogen concentra-
tion, for example it is AV/V = 0.174xy for Nb-H and AV/V =
0.19xy for Pd-H. [16] As sketched in Fig. 2, this yields a driv-
ing force for the hydrogen to solve in open volume defects.
For Nb vacancies, about 4 hydrogen atoms were found to
localize in one vacancy. [17] For Pd, for grain boundaries and
some phase boundaries (d), Miitschele and Kirchheim re-
ported on a H solubility between that of the a-and the
o’-phase of the Pd-H system. [18, 19] For the dilatation field
of edge dislocations in Pd (e), Maxelon et al. revealed a cylin-

Chem. Ing. Tech. 2024, 96, No. 00, 1-11

2518017 SUOWILLIOD BABID 30! dcke aU3 AQ paUBA0B 812 ORI WO ‘95N JO 3N 0} AReIq 1T UIIUO AB]IA UO (SUONIPUOD-pUR-SLLLIBY W00 /B | 1M Ate.q)1puTU0//SdIIL) SUOIIPUOD PLE SWLB | 3L 385 *[rZ0Z/T0/EZ] U Aiqi aUIUO AB|IA 4 IMISU| JBUNIS|e | AQ GEZ00EZ0Z @} 0/Z00T OT/10p/Wi00 /s | m: eI jpul|uoy/sdily wosy popeojumod ‘0 ‘0v9zzZST



Ingenieur  Review Article

Chemie
Technik

These are not the final page numbers! \\

3

Figure 2. Hydrogen is located in interstitial lattice sites (a), and
at open volume defects such as external surfaces and internal
surfaces available in pores and internal cracks (b and c), grain
boundaries or phase boundaries (d), in the dilatation field of
dislocations (e) and in vacancies (f). With kind permission
adapted from Ref. [24]

drical hydrogen rich region that increases with the hydrogen
concentration up to 2 nm in diameter. [20,21] For external
surfaces (b and c, surface and subsurface), Christmann [22]
or Behm et al. [23] reported on 1 H/Pd or even higher local
concentrations, depending on the type of surface phase. In-
ternal surfaces available in pores and internal cracks might
contain similar amounts of hydrogen.

The system total strain energy can be lowered by hydro-
gen ad- and absorption in these defects. Preferential hydro-
gen occupation in defect sites at low energies is called “trap-
ping’, the related energy is called the “trap” binding energy.
Hydrogen trapping in defects increases the total solubility
in the metal. [19]

Trap binding energies can be measured by thermal
desorption spectroscopy (TDS), using temperature ramping
with different velocities. [25] At corresponding tempera-
tures the trapped hydrogen desorbs from its trap, allowing
to measure the trap binding energy. Alternatively, measure-
ments of the electromotive force (EMF) can be used to
determine the trap binding energies in the low concentra-
tion range. [26,27,28,29]

The binding energies can be determined from the chemi-
cal potential iy considering the contributions of the major
defects and the related energetic site distribution Z(E). The
hydrogen concentration can be gained by filling up the
available energetic states with hydrogen atoms as a function
of the chemical potential. As one interstitial site can just be
occupied by one hydrogen atom and filled sites cannot be
filled any more, the Fermi-Dirac statistics properly de-
scribes the filling process. [30]

o) =7 [ —20<a @

1+ exp (E—;;f “)

with the maximum number r of available interstitial
sites per metal atom. Kirchheim summarized several
dependencies for the major defect types [2]. For a nanocrys-
talline material containing interstitial lattice sites with
Z(E) = O(E - E,) as well as two additional trap sites (i = 1,2)
of Gaussian energy distribution (for example grain bound-
ary and a further deep trap) gives [29]
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i=1 i

with the volume density f; of the two additional trap sites. o;
gives the widths of the Gaussian functions. These depend
on the individual trap sites [18].

Fig.3 visualizes the sensitivity of the adjustment of the
parameters of Eq.(3) to the measured EMF-curve, for a Pd
thin film electrochemically charged with hydrogen. The
EMEF U is proportional the chemical potential according to
un = (U - Up)F, with a reference potential U, with respect
to an electrochemical reference electrode, and Faradays
constant F = 96485 A s mol ™. Note that stress contributions,
related to the substrate have been subtracted in the EMF-
curves [29]. Fig. 3a shows the EMF curve of the ideal Pd-H
system, following Sieverts law in the o-phase region up to
its solubility limit x7**. For the 80 nm thin Pd film Fig. 3b,
the measured dependency strongly deviates from Sieverts
law (straight red line). The contributions of interstitial sites
Ey, deep traps E, (Fig. 3¢c) and grain boundaries E; (Fig.3d)
are subsequently added to the fit curve. Fig. 3d containing
all three contributions finally gives a satisfying fit to the
measured data. The trap energy gives the position of shift in
the chemical potential, the magnitude of the contribution
relates to the density of the trap.

Tab. 1 summarizes the trap energies measured for different
types of Pd material. Strong differences can be seen in the
interstitial site energy of the matrix, as well as in the trap
energies. The energies slightly depend on the type of material.

Table 1. Hydrogen binding energies in different traps, as mea-
sured in Pd materials.

Traps Binding energy = Material Reference
[kJ/mol]
Matrix 4.7 Pd sheet Wang [88]
7.7 Wicke and
Brodowsky
(32]
39 n-Pd Miitschele
and Kirch-
heim [18,19]
4.8(3) Pd film on V Wagner and
coated Sapphire  Pundt [29, 33]
substrate
Grain 9.2 n-Pd Miitschele
boundaries and Kirch-

heim [18,19]

0.5(1) Pd film on Sap- Wagner and
phire substrate Pundt [29]

Surface/inter- -42 (1) Pd film on Sap- ~ Wagner and
face sites: phire substrate Pundt [29]
deep traps
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a) 0 b) © 6 Hydrog_en Diffusion and
i e nn ST Tunnelling Effects
-10—/ -101 et
~ 201 = 201 - . In the solid solution basic metal struc-
2 g - tures, hydrogen occupies the interstitial
2 -301 2 30 sites of the lattice. Diffusion in the inter-
3 0 = ) stitial sites is by orders of magnitudes
- 401 Ey = 1.6 kJ/mol faster than substitutional diffusion in the
50 Eo=5.6 k/mol | ymax 50 - e lattice, as vacancy formation is not re-
. . ‘ - . . quired. [38] The prominent interstitial
0.001 0.01 0.1 0.001 0.01 0.1 .
%, (HIPA) ., (HIPG) sites have a tetrahedral (T) or an o?tahe—
dral (O) arrangement of the adjacent
c) ° d) ° metal atoms. The size of the interstitial
104 = 10 = sites scales with the size of the atoms,
considered as spheres with a radius ry.
3 -201 ] 209 Thus, from strain energy arguments sole-
2 0] 2 30| ly, hydrogen solution in interstitial sites
I I is more favourable for metals built of
-40 E, = 1.6 k/mol 40+ E, = 1.6 kJ/mol large atoms.
E, = -48.3 kd/mol E=05kimol | In the fcc and the hep lattice, the radi-
501 = 0] . B, = 483 kimol 1% us ro,r of the interstitial sizes, also con-
0.001 0.01 0.1 0.001 0.01 0.1 sidered as spheres, is 1o = 0,414 1y, Or 11
Xy (H/Pd) Xy (H/Pd) = 0,225\, with a coordination number
of the next nearest interstitial sites of the
6) 2] Interstitial sites : _ —
| same type being no = 12 or ny = 6,
| respectively. For the bcc lattice, ro =
E 151 i 0,155 ryp, or r1 = 0,291 ryp, with ng = 4 or
m Deep traps | Grain boundaries nr = 4. The number of O-sites and
N T-sites per atom is 3 and 6 for the bcc
lattice, and 1 and 2 for the fcc or hep lat-
tice. The distance between the nearest
neighbour O- and T-sites in the bcc lat-
E (ki/mol) tice (do = a/2, dT.= a/4) is significantly
smaller than that in the fcc or hep stuc-

Figure 3. Measured chemical potentials in the solid solution Pd-H phase of a) bulk and
b)-d) an 80 nm thin film on a Silicon substrate, up to the solubility limit xT'?*. While Sie-
verts line properly describes the bulk material in a), further microstructural defects have
to be considered for the thin film. Successive addition of interstitial sites (b), deep traps
(c), and grain boundaries (d) allows to properly fit the measured data via Eq. (2). e) gives
the normalized derived density of the different site energies distribution Z(E) in the
Pd-film (black line, see also [3]) and, for comparison, the Z(E) evaluated by Mutschele

et al. for a nano-crystalline Pd material (nc Pd, red dotted line, see also [31]). The site
energy distributions were normalized to the peak maxima for better visualization of

the different site contributions.

Strong hydrogen bonding appears at surfaces or interfa-
ces, the so-called deep traps, with binding energies of more
than —40kJ mol™'. Grain boundaries offer low energy sites
as well as high energy sites, the Gaussian distribution of site
energies is rather broad. The mean value can be even higher
than that of the interstitial sites. Adding deep traps such as
interfaces between carbides and the metal can bind internal
hydrogen and protect the metal from hydrogen embrittle-
ment [34-37] - as long as there is no external hydrogen
source.
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tures (do = a/V/2, dr = \/3a/2). Typical
distances in bee of dg = 1.4 A, and in fec
of do = 2.7 A occur. This jump distance
quadratically influences the diffusion
coefficient D;. But the enthalpy barrier
AH;,, between the nearest neighbour
sites is much smaller for the bcc lattice,
as there is no metal atom in the diffusion
path. [1] This allows for an exponential
increase of D; and, finally, a very fast
hydrogen diffusion, especially in the bcc lattice structure.
The temperature dependency of the diffusion coefficient D;
for interstitial diffusion is given by [38]

1 AS; AH;
D; = gdé/T”O/TfCXP (#) exp(— tm)

RT
AH;
= Dy ;exp (* T%m) (4)

with the jump frequency f, approximated by the Debye fre-
quency fp = 10”s™ of the lattice vibrations, [38] the
entropy for interstitial migration AS,; ,,, and the gas constant
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R = 8.314]mol'K™. An example for the structural influ-
ence on the diffusion coefficient is shown in Fig. 4, where
the measured hydrogen diffusion coefficient is plotted for
Pdg 47Cuq 53, in logarithmic scale as a function of the inverse
temperature T (Arrhenius plot). [39] The Pd-Cu lattice
structure is fcc for the whole concentration range, but offers
a bcc B2 ordered intermetallic phase at low temperatures.
Thus, both structures are available at around 47 at % Cu, as
by quenching the fcc-phase can be kinetically conserved.
The magnitude of D is strongly determined by the lattice
structure. [4] At 0°C (upper axis), the diffusion coefficient
of hydrogen in the fcc structure is about 4 orders of magni-
tude lower than in the bcc structure. The different slope
reflects the different enthalpy barrier AH; ,,,.

T[°C]
727 227 60 -23 -73 -106 -130 -148

becpgcy

D [m?/s]

fccpycy (quenched)

H in PdCu
T2 3 4 5 6 71 8
10T [K™]

Figure 4. Measured hydrogen diffusion coefficient for
Pdg.47Cug 53, in stable bcc and metastable fcc lattice structures.
The B2 (CsCl-structure type) ordered intermetallic phase occurs
at low T in the middle of the concentration range. A strong
influence of the structure on D is observed. Adapted from [39].

This structural dependency is of special importance for
metals exposed to mechanical strain. For steels, if the aus-
tensite stability is insufficient, strain-induced martensite
of bec-like structure can form and affect the materials
mechanical properties.

It should be also considered that hydrogen can propagate
by the quantum mechanical tunnelling mechanism. This is
of special importance for bcc metals such as V, Nb or Fe.
For Nb, hydrogen tunnelling effects are already observed
below about -50 °C, by increased mobility compared to the
expectations from the Arrhenius dependency. Conse-
quently, strong differences between the hydrogen isotopes
occur. For the bcc structure it is impossible to “freeze”
hydrogen on an interstitial site. [40] This has to be consid-
ered in measurements to determine local hydrogen concen-
trations in metals, like secondary ion mass spectrometry
(SIMS) or atom probe tomography (APT), where surface
atoms are removed and, thus, always empty surface sites are
offered for hydrogen to be trapped. [41] Accordingly, tun-
nelling effects are less pronounced for fcc lattices. [9]

Defects offer sites with different energies and different
diffusion barriers, leading to hydrogen trapping. Since trap-

Chem. Ing. Tech. 2024, 96, No. 00, 1-11
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ping depends on the temperature, one always has to consid-
er the temperature of operation and the relevant time
frame, if one differentiates between diffusible hydrogen and
non-diffusible hydrogen. While hydrogen might appear
trapped and non-diffusible at low temperatures, it may be
desorbed and diffusible at elevated temperatures. Under
cyclic load, during material creep or at a propagating crack
tip, when defects propagate with a certain velocity, the
mobility of hydrogen becomes relevant for the hydrogen
defect interaction, and also for the material properties.
Depending on the velocity interplay between the defect and
hydrogen, hydrogen can follow the defect or the defect
escapes from hydrogen. Hence, hydrogen may affect the
defect properties just as long as it remains located at the
defect.

7 Defect Energies Affected by Hydrogen

Kirchheim developed a concept (DEFect ACTing AgeNTS)
considering the change of defect energies y by the presence
of solutes, here hydrogen, [42] with Eq. (5) for constant vol-
ume, temperature, metal atom number and defect density p
(given by the grain boundary area, the dislocation length or
the number of vacancies per volume V).

;7)/ =-Ty )
HIT,V,ny p

The surplus amount of hydrogen located at the defect is
called excess I'yy. For small chemical potentials, hydrogen is
not allocated at the defect. Therefore, the defect energy
Yy = Yo remains constant, as shown in Fig.5. When the
chemical potential reaches the site energy of the defect Ej,
the excess increases and the defect energy y gets smaller,
according to Eq.(5). The change of the decay depends on
the excess hydrogen. A constant maximum excess leads to a
line with constant slope (line 1) which intercepts the abscis-
sa at u, . If the excess steadily increases, the drop occurs
faster (line 2). If a new H-rich phase is formed at the defect,
the excess I'y; and y remain constant despite increasing con-
centration in the sample (line 3).

As the defect energy v changes negatively with the excess
I'yy, hydrogen segregation results in a lowering of the defect
energy. Hence, the amount of defects can increase in a ma-
terial containing hydrogen. This has been shown in differ-
ent materials and for different types of defects. For o.-Nb-H,
vacancy concentrations of 3107 have been detected in
presence of 0.02 H/Nb, whereas the equilibrium concentra-
tion of thermal vacancies in Nb without hydrogen is negli-
gible. [17] Under high chemical potentials (H, gas pressures
of 5GPa) and high temperatures of 700-800 °C), Fukai and
Okuma reported on superabundant vacancy concentrations
of 1.8-107" for Pd. [44]

The concept can explain the easier nucleation of disloca-
tions by a reduction of the formation energy of dislocation.
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0.5 at.-% H/Pd B A
AH, AH;
=z Yo = Sy exp| —= | Dy jexp | — —2
é 0,i P RT 0,i p RT
>
& ©)
5]
£ - This equation considers hydro-
3 gen permeation in the solid solu-
0 tion and contains Sieverts’ law,
a) My~ In Cy b) .
Eq.(1). Py thereby exponentially

Figure 5. a) Development of the defect energy y(uy) on the excess I'y. For low chemical poten-
tials, there is no hydrogen located at defects and y = yo. As py approaches the defect energy Ey,
y decreases according to Eq. (5). The decrease depends on the excess I'y. For constant excess,
y(up) linearly decreases (1), it decays faster for increasing excess (2) and it stays constant for the
formation of a H-rich phase. A low y(uy) allows for high defect densities. b) TEM micrograph of
cold rolled Pd with reduction in thickness by 50 %, and c) charged with 0.005 H/Pd prior to roll-
ing. The dislocation density is significantly increased (micrographs from Deutges, see also

[43, 49, 52]).

Nanoindentation experiments support this effect by a reduced
pop-in load in hydrogen containing metals. [45-48] It can
also explain a faster dislocation mobility in hydrogen contain-
ing metals by the reduction of the formation energy of kink
pairs. Increased dislocation densities were observed for exam-
ple in Pd cold-rolled in the presence of hydrogen, [49,50] or
in Fe. [51] A decreased energy of dislocation formation has
been observed by a reduced pop-in load during nanoindenta-
tion in H-loaded V by Deutges [52] or Tal-Gutelmacher et al.
[53], in a H-loaded ferritic alloy by Gaspard et al. [54] or in
deuterium plasma exposed W by Fang et al. [55].

It is assumed that the different models suggested for
hydrogen embrittlement (it is noted that the wording ‘hy-
drogen embrittlement’ is misleading: hydrogen-induced
failure can either happen via a brittle fracture but also via
ductile fracture) such as hydrogen enhanced decohesion
(HEDE), e.g., [56-58], adsorption-induced dislocation
emission (AIDE),e.g., [59,60], hydrogen-enhanced localized
plasticity (HELP), e.g., [61-63], or hydrogen-enhanced
strain-induced vacancies (HESIV), e.g., [64,65], might be
explained by this underlying thermodynamical concept.
The change of the defect energy might also explain changes
from ductile to brittle hydrogen effect behaviour, as above a
certain excess hydrogen the defect energies can be even
close to zero (line 1 and 2 in Fig.5). This was calculated
recently for hydrogen decorated pores along Ni (111) planes
when hydrogen pressures exceed 100 MPa. According to
the calculation, above this pressure, separation of (111) lat-
tice planes can occur without applied external forces. [66]

8 Hydrogen Permeation
The hydrogen flux permeating through a material depends
on the hydrogens diffusivity D; and solubility xy. Thus,

the permeability Py is given by the product of both quanti-
ties, [67]

www.cit-journal.com
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depends on the enthalpy of hy-
drogen solution AH,, in the met-
al, and on the barrier for intersti-
tial hydrogen diffusion AH; ,,,.

This general treatment consid-
ering the bulk quantities neglects
any surface effects. It assumes
perfect dissociative chemisorp-
tion of the hydrogen molecule
and no hydrogen traps at the surface. But according to
Sect. 4, traps occur especially at the surface and change the
local hydrogen content. However, the surface can be cov-
ered by other elements, or even coated with an additional
layer. Gradients in the chemical potential, in the simplest
case given by gradients in the hydrogen concentration, drive
the permeation flux. Therefore, the surface conditions have
to be considered as they influence the hydrogen perme-
ation. [68]

Low hydrogen permeation coatings can be used as hydro-
gen barriers, to protect the material from external hydro-
gen. Ronnebroe et al. recently reviewed the actual hydrogen
barrier coatings like oxides, nitrides, carbon, carbides,
MAX-phases (layered, hexagonal carbides and nitrides, with
M being an early transition metal, A being an A-group ele-
ment and X being either carbon and/or nitrogen) and met-
als. [67] Most of the recent work focusses on ceramic-based
barrier coatings.

High permeation membranes are used for hydrogen sepa-
ration and purification, as long as just hydrogen is allowed
to permeate through the metal in large quantity. This relates
to its high diffusivity and solubility, when compared to oth-
er interstitial elements (e.g, O, N, C). Many membranes
base of Pd-alloys, such as Pd-Ag. [69] Non-Pd-based alloy
membranes usually are covered with protective Pd coating
layers to prevent oxidation. [70] Nb, V, and Ta-based
alloy membranes are less expensive and exhibit higher
hydrogen permeability than Pd. However, they suffer from
hydrogen embrittlement above a certain hydrogen content,
called “ductile-to-brittle transition hydrogen concentration
(DBTC)” [71]. The membrane has to possess a strong
resistance against hydrogen embrittlement to fulfil its pur-
pose.

Chem. Ing. Tech. 2024, 96, No. 00, 1-11
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9 Coatings: Mechanical Stress Effects

If a coating layer absorbs a greater amount of hydrogen on
the interstitial sites of the lattice, the related lattice expan-
sion can result in additional mechanical stress. [4,72] For
Nb- or Pd-layers adhered to Sapphire or Silicon substrates
this was intensively studied for different microstructures
and coating layer thicknesses. [73-78] Compressive me-
chanical stress ranging up to -8 GPa was measured in ultra-
thin Nb layers of about 5nm thickness, see Fig.6a). [79]
This stress results from the prevented lattice expansion in
the adhered plane directions. For the case of rigid substrates
linear elastic theory gives a stress of —-8.9 GPa for 1 H/Nb in
the considered orientation of the film. [4,74,79] In the film
vertical direction, the film is mainly free to expand. Here
the film expands strongly, because of the Poisson-effect.

Conventionally, high mechanical stress can be released by
the system via plastic deformation, grain sliding or twinning
or by detachment of the film from the substrate (buckling).
[80] An optical micrograph of a detached film is presented
in Fig.6b). [81] It was recently shown that hydrogen-in-
duced plastic deformation in the film can be partially su-
pressed when the coating layer thickness is thinner than
about 40 nm. For coating layers below 8 nm thickness, plas-
tic deformation is completely supressed. [33,82] These
coatings suffer from ultra-high stress when they stay ad-
hered. This high stress can strongly change the phase dia-
gram. For the Nb-H system the miscibility gap between the
o-phase and the hydride phase even vanishes, for tempera-
tures above room temperature. [74] This experimental
finding has been described by adding a stress related term
Apio;;) = —vgnpo;(xy), containing the sum of the axial
stresses 0;;(xy), to the conventional equation (see for exam-
ple [1]) for the chemical potential [29, 82]:

=RT1
Hu n(r—xH

> + Ey — EquXu — Volg0ii(xu) (7)

with the maximum number of available sites per metal
atom that can be occupied by hydrogen, the isotropic and
linear hydrogen induced delation factor ny = 1/(3xy) - AV/
V of the metal lattice and the molar volume of the intersti-
tial sites v,. For the O-sites in Pd v, = 8.56 - 10° m® mol™
[32]. For T-sites in Nb the molar volume of available sites is
v =9.29-10°m> mol™! [74, 83]. In the latter case it has to
be taken into account that not all tetrahedral interstitial
sites can be occupied by hydrogen according to Switendicks
criterion, requiring a minimum H-H distance of 2.1 A. [84]

This additional stress term destabilizes the hydride phase
and hence can increase the solubility limit of the a-phase.
Thus, it protects the film from unwanted hydride forma-
tion. Hydride formation also can trigger hydrogen embrit-
tlement. On top of that, coating detachment does not easily
happen when the coating is ultra-thin: The elastic energy
stored in the thin film does not suffice to nucleate and open
a detaching crack. [85] Thus, for membranes an ideal thick-

Chem. Ing. Tech. 2024, 96, No. 00, 1-11
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Figure 6. a) Mechanical stress measured via substrate curvature
for different hydrogen concentrations in Nb films (5-40 nm) on
Sapphire, capped with a Pd layer. The blue dots represent linear
elastic stress increase, the green dots represent plastic deforma-
tion. For very thin films purely elastic stress development is mea-
sured, reaching —8.3 GPa. All films stay adhered to the substrate.
[86] b) Detachment pattern observed by confocal microscopy on
a Nb film (200 nm) on Sapphire substrate, with a cap and a bot-
tom layer of Pd. The greenish regions (buckles) are detached
from the substrate and lifted by about 1.5 um above the base
level (blue color). [87]

ness has to be found, to safely protect the membrane mate-
rial from oxidation and to allow for high hydrogen flux.

Conclusion

The interaction of hydrogen with metals is manifold and
many different aspects have to be considered, when the
proper materials are planned to be chosen for a special
application of hydrogen. This targets hydrogen gas stored
in a container made out of a structural material, hydrogen
atoms stored in a metal or material lattice, or hydrogen
transport through membranes or in infrastructure compo-
nents. Some basic aspects have been presented in this man-

www.cit-journal.com
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uscript. Many studies of researchers worldwide on many
different materials offer deep insights into the topic. A large
quantity of background information is already at hand and
supports us in a safe and sustainable application of hydro-
gen as a future energy carrier for renewable energy.
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Basic properties of hydrogen in materials and some resulting consequen-
ces for the materials properties are addressed in a focussed manner to shortly introduce into
the field. Hydrogen solution in materials, hydride formation, hydrogen mobility, the inter-
action of hydrogen with defects, also influenced by constraint conditions are shortly
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