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Hydrogen diffusion and its interaction with dislocations play an important role in hydrogen embrittlement,
however, such a process in multiple-principal high entropy alloys (HEASs) is still elusive. Here, first-principles
calculations were performed to investigate the solution and diffusion of hydrogen and its effect on the stack-
ing fault energy of FeCoNiCrMn. It is shown that the unique lattice distortion in HEAs causes a wide distribution
of local hydrogen solution energy, and the trapping of hydrogen in low energy sites increases diffusion barriers.

The zigzag path and asymmetry of forward and backward diffusion result in the sluggish diffusion of hydrogen.
Furthermore, hydrogen reduces unstable and stable stacking fault energies, originated from the transfer of
electron between hydrogen and metal atoms, which promotes formation of deformation twins. This provides a
theoretical guidance for designing novel engineering materials with optimal combination of their mechanical
properties and hydrogen embrittlement resistance.

1. Introduction

Strength, ductility and damage tolerance are several key mechanical
properties of metallic materials for developing energy-efficient and
lightweight structural components in a wide variety of industries,
including energy supply, transportation and infrastructure. Under
hydrogen-rich environments, however, sudden fracture that is usually
referred to as hydrogen embrittlement occurs in metallic materials,
which may cause catastrophic and unpredictable industrial accidents
[1-4]. Several mechanisms have been proposed on hydrogen embrit-
tlement of traditional single principal element alloys, such as
hydrogen-enhanced decohesion [5-9], hydrogen enhanced localized
plasticity [10-13], formation of a hydride phase [14,15] and blister or
bubble formation [16]. There is still no consensus on its physical origin,
and especially recent researches have shown that chemical composition
and atom-packing order play an important role in hydrogen embrittle-
ment [17,18].

High entropy alloys (HEAs) [19-21], a new class of
multiple-principal and chemical-disordered alloys, have drawn surging
interest due to their superior mechanical properties, such as high cryo-
genic fracture toughness [22], exceptional combination of strength and

ductility [23-30], and excellent impact resistance [31-33]. These su-
perior mechanical properties are mainly derived from the chemical
disorder at atomic-level, where diverse elements are randomly arranged
on crystallographic positions [34-37]. It is such an inhomogeneous
distribution of elements that triggers strong fluctuation of the local
stacking fault energy (SFE). Thus, glide of dislocations and formation of
twins or new phases simultaneously occur, which leads to increase of
strength and ductility. In addition, element segregation and heteroge-
neity in HEA have been verified by experiments [38-42].

HEAs also possess the promising functional properties related to
corrosion and hydrogen embrittlement resistance [43-51], and have a
wide potential application under extreme industrial environments.
Compared with traditional alloys, instinctive lattice defects and stress
fields in HEAs offer abundant low energy sites for the trapping of
hydrogen [46,47,52], and hydrogen sluggishly diffuses due to inherent
and rugged potential energy surfaces [18,45,47], remarkably retarding
long-distance hydrogen migration. On the other hand, the fracture sur-
face of HEAs with hydrogen presents intergranular cleavage and piled
dislocation slip bands [53], as well as displays dense twins that impede
crack propagation [18,48,49]. That is, aggregation of hydrogen and
synergy of multiple plastic deformations play a vital role in hydrogen
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Fig. 1. Configurations with (a) a H tetrahedral interstitial atom, (b) a H octa-
hedral interstitial atom, (c) a prefect crystal, (d) a crystal with SF, (e) a crystal
with H and (f) a crystal with SF and H.

embrittlement of HEAs [18]. Under complex chemical environments,
however, the atomic-scale transferring behavior of hydrogen and the
interaction of hydrogen between defects in HEAs are illusive. Thus, it is
necessary to perform a comprehensive study of novel hydrogen
embrittlement in HEAs. Here, atomistic and electronic-level simulations
have been resorted to analyze hydrogen diffusion and its interaction
with dislocations.

The diffusion coefficient and SFE are known to be two critical
parameter to describe hydrogen migration and plastic deformations in
metals, respectively [17,34,54,55]. In this paper, first-principles calcu-
lations are carried out to investigate the solution energy, the diffusion
coefficient of hydrogen and effects of chemical order and hydrogen on
SFE in FeCoNiCrMn HEA. It is shown that the small diffusion coefficient
and the reduction of SFE may provide a deep understanding on the su-
perior hydrogen embrittlement resistance.

2. First-principles calculations

First-principles calculations were performed based on Vienna Ab
initio Simulation Package with the projector augmented wave method
[56]. In calculations, the plane wave cutoff energy was 420 eV, and the
energy and force convergence criterion were set to be 10> eV and -0.02
eV/A, respectively. The collinear spin polarization (ISPIN = 2) was
enabled. All HEA supercells were generated by using special
quasi-random structure method and alloy theoretic automated toolkit
codes [57].

HEA supercells with 80 atoms were established and fully relaxed
with 4 x 4 x 4 K-points gird, and hydrogen (H) atom was inserted into
tetrahedral interstitials (TIs) (Fig. 1(a)) or octahedral interstitials (OIs)
(Fig. 1(b)). The solution energy is calculated by: A = Ey — Eini — 1/2Ep,,
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Fig. 2. The solution energy of an H atom in different interstitial sites.

where Ej,; and Ey are the total energies of relaxed configurations with
perfect lattice and the one embedding H atom, respectively, and Ey, is
the chemical potential of Hy in the gas phase. The climbing-image
nudged elastic band method [58] was applied to determine the diffu-
sion barrier of H interstitial atom. Two optimized supercells with H
interstitial atom were selected as the initial and final configurations, and
six intermediate structures were interpolated along a pathway and
connected like a “spring band” to search the minimum energy path.

What is more, we built six independent initial supercells, containing
120 atoms and 15 close-packed (111) atomic planes in the z direction
(Fig. 1(c)). Here 30 supercells with stacking fault (SF) were created by
shifting atoms above five different slip planes along the <112> direction
in each initial supercell (Fig. 1(d)). Then, a vacuum layer of 10 A was
added above the periodically repeated slabs, and the bottom and top
layers of atoms were fixed. Brillouin zone integrations were performed
using Monkhorst-Pack meshes with a 5 x 8 x 1 grid. To obtain the effect
of hydrogen on SFE in FeCoNiCrMn, H atom was introduced into the
interstice between the sliding atomic layers (Fig. 1(e) and 1(f)). The
stacking fault energy y can be calculated by:

_ Esg — Eiy

y @

where Egr and Ej,; are the total energies of configurations with and
without a SF, respectively, and A is the area of SF.

3. Results and discussion
3.1. Hydrogen diffusion in HEAs

In a pure face-centered cubic metal, there are two kinds of interstitial
positions due to the periodicity. However, the diversity of chemical
environments breaks the high symmetry of lattice in HEAs, and then all
TIs or OIs are no longer equivalent. Here, ten random interstitial sites
were chosen, including five OIs and TIs, to study the solubility of H atom
in FeCoNiCrMn HEAs. Fig. 2 shows that the H solution energy splits into
multiple values, rather than a single value in a pure metal or dilute alloy.
In addition, OI is slightly superior to TI for H residing as a whole.

Hydrogen diffusion between interstitial positions can be considered
as a thermal activation event. According to Einstein’s equation, the
atomic diffusion coefficient can be written as: D = LI, where f is a
coefficient related to the type of interstitial positions, L is the jump
length projected onto the diffusion direction, and I is the effective
atomic jump frequency between neighboring sites. Based on the tran-
sition state theory [59], the effective atomic jump frequency can be
derived as: I' = voe En/ksT where kg is the Boltzmann constant, T is
temperature, Ey, is the diffusion barrier, and the vibration frequency (vo)
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Fig. 3. Hydrogen diffusion pathways in HEAs, where red, blue and green lines
represent the diffusion paths of OI-TI, TI-TI and OI-OI, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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frequencies of initial stable structure and saddle structure, respectively.
Here, the metal atoms were set to be fixed owing to their relatively
heavy mass.

The barriers of three typical diffusion paths were calculated: from OI
to TI (OI-TI), TI-TI and OI-OI. As shown in Fig. 3, the diffusion barriers
(0.17-1.05 eV) vary with local chemical environments and are obvi-
ously higher than that in pure metals [33,34]. Interestingly, the diffu-
sion path is not the geometric shortest path for TI-TI and OI-OI and
always contains OI-TI or TI-OL In all situations, the vibration fre-
quencies from OI and TI to transient state are close to 9.9 THz and 30.1
THz, respectively.

Generally speaking, spatial composition variation is inevitable in
multiple principal elements. Electronic charge transfer between
hydrogen and different metal atoms causes local fluctuation of potential
energy surface and thus, the solution energy of hydrogen is variant in
HEAs. Such nanoscale heterogeneities may favor H trapping and
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enhance its solubility in HEAs. That is, hydrogen must overcome a high
barrier to escape from local interstitial positions. Furthermore,
hydrogen diffuses only along the paths of OI-TI and TI-OI and it cannot
directly diffuse between OI-OI and TI-TI, resulting in a zigzag diffusion
path. The distinct forward and backward vibration frequencies and
diffusion barriers break the periodicity and symmetry of hydrogen
diffusion in HEAs. This makes it difficult to predict the next jumping of H
atom in HEAs. Thus, the high diffusion barrier, zigzag diffusion path and
asymmetry induce sluggish diffusion of hydrogen in HEAs, which im-
pedes hydrogen accumulation at various defects and enhances resistance
of hydrogen embrittlement.

3.2. Influence of hydrogen on SFE

Compared with the traditional alloys, SFE of HEA is not only deter-
mined by distance change between the second nearest neighbor atoms,
but also related to local chemical environment in the stacking fault zone.
As shown in Fig. 4(a), SFE values of these samples distribute in a wide
range and even can be negative. In the low SFE crystals, plasticity is
primarily achieved by phase transformation and twins; and for the high
SFE, dislocation gliding plays a leading role [37]. Therefore, the wide
distribution of SFEs is helpful to the activation of several plastic defor-
mation events in HEAs, which results in an excellent combination of
high hardening rate, ultimate strength and tensile ductility. Further-
more, SFE increases with the contents of Mn and Cr, and decreases with
the Co contents, but it is basically independent of Fe and Ni. SFE is
mainly dependent on valence density count and d-electron density [36].
Since Mn, Cr and Co all have valence electrons in d orbitals and their
bond strengths are high, the content changes of these elements signifi-
cantly affect their SFE. As reported, the poor Co [36] and rich Cr [34]
regions have a higher SFE in CoCrNi. However, Fe and Ni have nearly
full d shells and weak bond strengths, and their contents make less
contribution to SFE.

As shown in Fig. 4(b), no matter samples contain hydrogen or not,
SFEs obey normal distribution with average value of -107.07 and -5.43
mJ/m? for HEAs with and without hydrogen, respectively. That is,
hydrogen reduces stacking fault energy of HEA. Furthermore,
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Fig. 4. (a) Effects of the chemical order on SFE, where straight lines represent the linear fitting. (b) The influence of hydrogen on SFE, where inset represents the
average SFE and standard deviation with the number of samples. (c) Generalized planar stacking fault energy curves.
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Fig. 5. (a) Effect of hydrogen on the bond strength, where dotted lines represent the normal distribution. (b) Charge density difference between configurations
without and with SFEs, respectively. Red and blue colors represent electron gain and depletion, respectively. (For interpretation of the references to colour in this
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generalized planar stacking fault energy curves were calculated by
selecting three configurations (Fig. 4(c)). It is seen that the unstable SFE
is positive in all samples. Although the energy of stacking fault config-
uration is lower than that of initial configuration, there is an energy
barrier during formation of stacking faults, and the initial FCC phase is
metastable. Hydrogen also reduces the unstable SFE of HEAs, which
promotes formation of stacking faults and twins. In other words,
hydrogen promotes a significant production of nano-twins during
deformation, which increases increasing the work-hardening capability,
strength and ductility.

As is known, primary plastic deformation mechanism in FeCo-
NiCrMn is due to partial dislocation gliding and twins, and its critical
resistance to partial dislocation nucleation is proportional to the un-
stable SFE [62]. It implies that hydrogen simultaneously reduces the
dislocation nucleation stress. Yang [43] confirmed the effect of
hydrogen on onset of plastic deformation through analysis of the first
pop-in during nanoindentation. This is consistent with description of
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H-enhanced local plasticity, which is also verified by the morphology of
fracture surfaces after tensile testing [48].

Next, influence of H atom was investigated from the viewpoint of
bond length and electronic structure. The relative change of bond length
between the nearest-neighbor metal atoms of a hydrogen atom can be

H A
g sp —lini s 1

H
, linisr and [

ini,S]

calculated by: ¢ = ¢ are the metal-metal bond

ini SF
lengths in sample without and with hydrogen, respectively. It is seen
from Fig. 5(a) that hydrogen increases the length of a metal-metal bond
and a larger relative change occurs in the configuration without stacking
faults. Thus, the increase of bond length results in decrease of bond
strength. That is, hydrogen weakens the metal-metal bond.

The charge density difference of an H atom in HEA in Fig. 5(b) is
calculated by: Ap = pupa_g — Pura — Pu, Where pypa_p represents the
electron density of HEA with H atom, and pyp, and py represent the
electron densities of pure HEA and H atom, respectively. As shown in
Fig. 5(b), the charge density around H increases but it decreases around
metal atoms. The charge transfers from metal to H atom, and the H atom
forms a bond with its nearest metal atoms. However, the charge density
in the region between the adjacent metal atoms obviously decreases,
implying that the metal-metal bond weakens.

To explore electronic-level bonding properties, the local electronic
density of states of hydrogen and its nearest-neighbor metal atoms were
calculated. From Fig. 6(a—f), no matter whether samples contain
hydrogen or stacking fault, the Fermi level is occupied by electrons,
showing characteristics of metals. Compared with local electronic den-
sity of states in configurations without hydrogen, metal atoms exhibit a
distinct peak around —8 eV in configurations with hydrogen (purple
line), and the position matches the peak of H atom (red line), which
indicates that orbits of metal atoms hybridize with that of H atom.

A detailed crystal-orbital Hamilton population (COHP) calculation
was conducted to describe bonding and antibonding contributions to
bond-structure [63]. The integration of COHP (ICOHP) curve up to the
Fermi level gives the total overlap population of a bond and it is a
measure of the bond strength. It is seen from Fig. 7(a) that -COHP is
positive around —8.0 eV and negative around 5.0 eV, indicating that the
bond at —8.0 eV is H—Co bonding and the bond at 5.0 eV is H-Co an-
tibonding. Moreover, the major contribution of hybridization is from 1 s
orbit of H and 4 s orbit of Co. The bond energies between the H and Co
atoms in configurations without SFE and with SFE are 0.9 eV and 0.5 eV,
respectively. That is, H and Co can form a stronger bond in the config-
uration without SFE, resulting in a clearer changes in bond length and
charge transfer. The trends of H-Cr and H-Mn bond are similar to that of
H—Co (Fig. 7(b) and (c)).

As shown in Fig. 8(a), bond strengths exhibit obvious fluctuation
under different local chemical environments, which results in the vari-
ety of solution energy. The bond strength of H-Cr (i.e., the average
strength of 0.49 and 0.42 eV in configuration without and with SF,
respectively) is much larger than that of H and other metal atoms. It is
because Cr can offer more valence electrons and form more stable bonds
with H. At the same time, the bond strength between nearest-neighbor
metal atoms of H atom was calculated (see Fig. 8(b) and (c)). In the
initial configuration, the average metallic bond energies without and
with hydrogen are 0.57 eV and 0.23 eV, respectively. In SF configura-
tion, the average metallic bond energies without and with hydrogen are
0.45 eV and 0.28 eV, respectively. Hydrogen reduces the metallic bond
energy and the weakening effect of H on bond strength is more notice-
able in the initial configuration. The charge transfer between metal and
H atoms causes the increase of metal-metal bond length and the decease
of its bond strength. Therefore, atoms move more easily along the slip
plane and there is a lower unstable SFE. Furthermore, introduction of H
atom causes bigger energy perturbation in the initial configuration, i.e.,
EL. — Egr <El. — Ei, implying hydrogen reduces SFE due to
E§ — Ejy < Esp — Eini.

Here it is worth noting that these findings have revealed the mech-
anisms about a combined balance of opposing constraints such as
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strength, ductility and hydrogen embrittlement in HEAs. There are two
main influencing effects: (i) The solid solution elements lead to a low
hydrogen diffusion coefficient, suppressing high local hydrogen accu-
mulation, and (ii) the stacking fault energy of HEAs is reduced by
hydrogen, promoting formation of nanotwins and enhancing local strain
hardening. The interaction between hydrogen and defects in HEAs is
quite distinct from that of other steels or intermetallics with low diffu-
sion coefficients. For example, accumulation of hydrogen at defects in
intermetallics results in hydrogen-enhanced decohesion [8,64] and
formation of hydrogen bubble [65] or hydride [15], which accelerates,
rather than decreases, damage and failure.

4. Conclusion

In summary, by using the first-principles method in combination
with the special quasi-random structure technique, hydrogen embrit-
tlement of HEAs have been investigated from the viewpoints of
hydrogen solution and diffusion as well as the interaction between
hydrogen and dislocations. In contrast to traditional alloys, the solution
energy appears fluctuation due to different bond strengths of H and
metal atoms. The high diffusion barrier leads to trapping of H in low
energy sites. It is shown that hydrogen diffuses only along paths of OI-TI
and TI-OI, and the distinct forward and backward vibration frequencies
and diffusion barriers break periodicity and symmetry of hydrogen
diffusion in HEAs. It leads to sluggish diffusion of hydrogen in HEAs and
slows down aggregation of hydrogen. In hydrogen-free HEAs, SFE in-
creases with local contents of Mn and Cr, and decreases with Co.
Furthermore, introduction of H induces the transfer of charge from
metal to H atoms, leading to the increase of metal-metal bond length and
the decease of bond strength, which reduces stable and unstable SFE.
These findings provide a theoretical basis for better understanding the
excellent hydrogen embrittlement mechanism of HEAs.
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