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Hydrogen-enhanced vacancy embrittlement of grain boundaries in iron
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We have investigated atomistic and electronic mechanisms of hydrogen embrittlement at grain boundaries of
iron in the presence and absence of vacancies by using first-principles calculations. Considering interactions
between hydrogen, vacancies, and X3 grain boundaries in «-Fe, we have searched for the most deleterious defect
states by evaluating their influence on tensile strength under static tensile strain. The calculated results show
that hydrogen and vacancies prefer to accumulate as defect complexes near grain boundaries, thereby decreasing
the tensile strength of grain boundaries. Theoretical stress-strain curves show that a strength lowering at grain
boundaries by the defect complexes is found to be much worse than the effect of each factor. Because of the low
mobility of vacancies, this mechanism can account for the delayed brittle fractures induced by hydrogen in steel

materials.
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I. INTRODUCTION

Hydrogen embrittlement (HE) in steels, known as a cause
of delayed fractures of high-strength steels, has been a
long standing problem, and the atomistic mechanisms of
HE have not been fully understood yet.'"® This problem
is associated with many different materials including added
elements, external environments such as temperature and
loading, and microscopic structures of materials. At the atomic
scale, interactions between H and Fe, H and defects, and
accumulation of a large amount of H at voids or lattice
defects can all have effects on embrittlement."® Leading
theories of HE include the H-enhanced local plasticity’ and
the H-enhanced decohesion® models, which are developed
by considering atomic and electronic interactions between H
in Fe and defects such as point defects, grain boundaries,
and dislocations. Recently, more practical continuum models
of HE are suggested with considering many contributing
parameters such as H diffusions and temperatures and so
on.? However, an atomic-scale deterioration mechanism in
steels, which probably depends on the materials and their
environments, is still under discussion.

For high-strength steels, experiments have shown that
maximum tensile stress decreases with increasing H content
in the materials,'” and in many cases, fractography shows
grain-boundary (GB) fractures induced by H.'%'> In the
most recent and in some advanced cases, grain sizes of
steel materials have become smaller and smaller reaching
less than 1 pum with controlling types of GBs, to improve
material strength.® Thus understanding of HE mechanisms
at GB regions becomes increasingly important, and the most
deteriorating atomistic factors among complex processes
involving many proposed mechanisms need to be clarified,
focusing attention on GB regions.
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One question is how interstitial H (H™) influences the
mechanical strength of a GB. Such knowledge is particularly
important for preventing delayed fractures,'*> which occur
under sustained loads and cold environments, in spite of
the light hydrogen, which is considered to be diffusive.” An
attractive hypothesis for H-induced GB fractures is that H™
in Fe at GB reduces the work of fracture, which is an energy
difference between a GB and two fractured surfaces.>>!314
Previous first-principles calculations of Fe GBs have clearly
shown that GB regions are stronger trap sites for H™ than the
bulk interstitial sites, and the trapped H™ at GBs reduces
the work of fracture.'>~'® To understand the H™ effects on the
GB strength more precisely, a mechanism requires a rigorous
link to interatomic bond-breaking behaviors, as pointed out in
literature,>* which is an important property especially under
tensile strain.

From an another viewpoint, it has long been recognized
that there exist Fe vacancies (VF®s), which interact with
H in steels.”” Thanks to recent technical advances, both
experimental'®->* and computational?>-* studies have shown
the significance of Vs in the presence of H. It has been
experimentally reported that strain and plastic deformation can
create a huge amount of vacancies inside steel materials, which
can be present in much higher concentration than the thermal
equilibrium values.?? It has also been experimentally shown
that such vacancy creations inside the materials are drastically
enhanced by H.?*>* First-principles calculations have shown
that H energetically stabilizes VF® by coupling as point-defect
complexes,”>~* and this is also considered as a reason of the
superabundant vacancy formation phenomena.’*?! In addition,
theoretical calculations have shown attractive interactions
between VFes and GBs in Fe,?'~** and V¥ at GBs significantly
influences VF-migration and GB-sliding properties in the
materials.’>3 These findings suggest that VI has a potential

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.88.144107

MOMIDA, ASARI, NAKAMURA, TATEYAMA, AND OHNO

Ce:nter G:B
(b) *3(1 1 1)

"a"a'\ /.n'.n'.n
2 8a"0."0
\ ".A".A'

Cener bl—?

FIG. 1. (Color online) Atomic structures of the pristine (a)
¥3(112) and (b) £3(111) symmetric tilt grain boundary (GB) models.
The GB Fe atoms within five layers are highlighted by red, yellow,
and gray for the GB, GB-1, and GB-2 layer atoms, respectively.

Center 'B

influence in HE, but its actual effect on mechanical tensile
strength is not yet clear. Therefore it is important to know how
H and GB interact in Fe with, and without, the presence of
VFe and how they influence mechanical strength.

In this study, using first-principles calculations, realistic
defect-structures for H, V¥, and ¥3 GBs in «-Fe are
investigated by energy analyses considering potential multiple-
defect configurations. Then the influence of H™, VF¢ and VFe
with H atoms on GB strength is assessed by using tensile
test calculations under static uniaxial strain perpendicular to
the GB planes, in which the elongation-breaking behavior
of electronic bonds is explicitly considered. Comparing the
calculated stress-strain curves, we find an atomistic and
electronic mechanism for significant GB weakening in a-Fe,
which is induced by the coupling effects of H and Ve,
Calculated results show that H stabilizes VF® at GBs, and the
VFe_H complexes (VF°H,,, where n is the number of trapped H
at a VF®) accumulated at GBs significantly reduce the tensile
strength of GBs, resulting in them locally becoming much
weaker planes inside the materials. In comparison with H™
at GBs with realistic concentrations, this deterioration of GB
strength by VF®H,, is much worse than that by H™™, and is more
selective to the type of GB involved.

II. MODELS AND METHODS

A. Grain boundary models

Figure 1 shows atomic structures of GB models used in
this study. We use the periodic supercell models of two
symmetric tilt GBs which are modeled on the basis of the
coincidence site lattice theory: ¥3(112) GB having a dense GB
structure and X3(111) GB having an intrinsic open space at
GB.3!3 The local environment of Fe at GB in £3(112) is the
distorted eight coordination, relatively similar to that in bulk.
In £3(111), the Fe atoms of GB-1 layers across the GB layer
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are closed relative to the Fe-Fe distance in the bulk. X3(112)
and X3(111) are known to have much lower and higher GB
energies among the symmetric tilt GBs of «-Fe, respectively,
and the smaller and larger local-structural units at the GBs
can be considered as basic structure units for modeling other
local GB-structures.?'** Considering such GB characters, the
33(112) and the widely-used X£3(111) GB models may be
considered as a model for the major component of the system
and for a trigger region of a fracture, respectively.

We use orthorhombic supercell models of both the pristine
GBs composed of 96 Fe atoms per unit cell. Both supercells
have 24 layers/cell in a direction perpendicular to the GB
plane and have two GBs in the cell due to the periodicity. The
cell lengths (a,b,c) for the £3(112) and the ¥3(111) GBs
are (4v/6apuik, 27/ 2apuik, v3apu) and (v6apuk, 2+ 2apuik
4«/§abu1k), in which GB planes are perpendicular to the a
and c axes, respectively. Here, apy is the lattice constant of
o-Fe. We use the calculated apyx value of 2.837 A as shown
in the next section, thus the supercell sizes are (27.797, 8.024,
4.914) and (6.949, 8.024, 19.655) in angstroms having the GB
areas of 39.43 and 55.76 A?/cell for £3(112) and £3(111),
respectively.

B. First-principles calculations

The first-principles calculations are based on the density
functional theory (DFT)*>% within the generalized gradi-
ent approximation (GGA) of the Perdew-Burke-Ernzerhof
exchange-correlation functional (PBE),?” and the Kohn-Sham
equations are solved self-consistently using the projector
augmented wave method (PAW)3#° under periodic boundary
condition. Computations are performed using the Vienna ab
inito simulation package (VASP).*%*! The real-space method
is used for the projection operators, and the first-order
Methfessel-Paxton scheme with a smearing width 0.2 eV is
used for the Brillouin-zone integration.*?> The cutoff energy is
set to 334.9 eV for the plane-wave basis set and 511.4 eV
for the augmentation charges. The convergence criteria of
self-consistent calculations are set to 1 x 107> eV/cell for
the total energy, and that of structure relaxations are set to less
than 5 x 1072 eV/A for the atomic forces. The charge density
distributions shown in this paper are visualized by utilizing the
computer software vMD.*®

C. Bulk and pristine grain boundaries

As listed in Table I, we have checked calculation accuracies
for the ferromagnetic «-Fe perfect crystal using the I'-centered
sampling k mesh 12 x 12 x 12. Our calculated values of
lattice constant 2.837 A, bulk modulus 179 GPa, which are
calculated by the DFT total energies least-square-fitted to
Murnaghan’s equation of state, and spin magnetic moment
of 2.26 up/Fe are consistent with previous DFT-GGA
calculations!”-1825-3244-46 anq experiments.*’** We use the
calculated lattice constant in this study.

In Table I, we also list defect formation energies (E f) of Hint
and VT calculated using the bulk 128-atom cubic supercell of
a-Fe using the 2 x 2 x 2 k mesh, here Efs are referenced
to the gaseous H, molecule and pure Fe calculated using the
same supercell size. There are tetrahedral and octahedral trap
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TABLE I. Calculated values of ferromagnetic bulk a-Fe compar-
ing with experiments and other DFT-GGA calculations for lattice
constant (a), bulk modulus (B), and spin magnetic moment (M).
Vacancy formation energy [Ef(VF®)] and formation energy (heat of
solution) of interstitial hydrogen at the tetrahedral site [ Ef(H™)] are
calculated using the 128-atom cubic supercell of the bulk.

Other DFT-GGA
Our calculation calculations Experiments
a (A) 2.837  2.83-2.86!71825:324445 3 Q747
B (GPa) 179 152174254546 168.3%
M (ug/Fe) 2.26 2.20-2.3225:4346 2.216%
Ef(H™) (eV/H) 0.21 0.20-0.25!7-1846 0.296°
(0.30-0.342546)a
Ef(VF®) (eV/VFe)  2.15 1.95-2.1425:32:45 1.4-2.0%1:49-51

*Values in the parenthesis include the zero-point motion energies of
hydrogen, which is not included in our calculations.

sites (7 and O sites) for H™ in the bulk environment, and the
calculated ET of H™ are 0.21 and 0.34 eV/H for the T and
O sites, respectively, showing that the 7T site is more stable.?’
The calculated Ef of VF® is 2.15 eV/VF. Our calculations
of the defects in bulk show good agreement with the previous
DFT studies, 71823324546 and close to the experimental values
listed in Table 1.3:2149-51

For the X3(112) and the X3(111) GB models, the
I'-centered sampling k meshes in the Brillouin zone of
1 x4 x 4and4 x 4 x 1 are used, respectively. The GB energy
(ygp) of a pristine GB is calculated as

Egg — Epuik

) 1
3Sos 1)

YGB =

where Egp and Eyy are the DFT total energies of GB and
bulk calculated with the same 96-atom orthorhombic supercell
size, respectively, and Sgp is the area of GB in the unit cell
that contains two GBs. The calculated ygg listed in Table II
of the ¥3(112) and the X3(111) GBs are 0.44 and 1.66 J/m?,
showing lower- and higher-energy GBs, respectively, which
are consistent with the reported theoretical values®'** and
close to the previous DFT calculations.'6-18:44

D. Formation energy of defects

To find most stable defect structures, we calculate the
formation energy (ET) of a defect composed of nVF® and mH
in the cell (denoted as VﬁeHm, n and m are the number of each
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defects per cell) as
E'(V,*H,) = Ecs(Fen—nV,*Hy) — Eca(Fey)
n m
+ NEbulk(FeN) - EEgas(HZ)a 2

here the number of Fe atoms N = 96 atom/cell in our models.
EgB, Epuik, and Eg, are the DFT total energies of the GB, the
bulk, and the gaseous H, molecule, which are calculated using
the same unit-cell size.

We search for the most probable defect structures, which
have the lowest Ef for er, H;, VlfeHl ,and erHz, as a function
of distance from the GB with considering configurations and
distances of V¢ and H atoms. As a result of most-stable
locations of H at VT, cluster structures of erHl and erHz
at GBs are basically similar to the previously reported VI°H,,,
cluster structures in bulk a-Fe.?>?’

The calculated lowest E' values within the present study
are summarized in Table III; all of the defects are more
stable near GBs relative to the bulk, as discussed later in
the results sections. Note that the bulk formation energies
listed in Table III are calculated using the bulk 96-atom
orthorhombic supercell, which has the same cell size as
the £3(112) GB supercell. The energy difference relative
to the bulk 128-atom cubic supercell (Table I) show rather
weak interactions between defects of neighboring cells within
0.03 eV, thus a single defect in the present supercells has
basically the property of isolated defects on GBs.

E. Models and methods of tensile-test calculations

First-principles studies of mechanical strength have pro-
vided us useful information, for example, about the ideal shear
strength of Al and Cu,” effects of Bi on the GB strength
of Cu,>® embrittlement of Ni GB by S segregations,* and
Na-induced embrittlement of Al GB.>> Based on the reported
simulation methods of first-principles tensile tests, we evaluate
the effect of defects on tensile strength at GBs under uniaxial
tensile strain. For the tensile-test calculations, we use slab
models of GB with and without the defects. The following
procedure of tensile tests is applied in the same way for all of
the GB models with/without defects, considering elongation-
breaking behaviors of bonds as accurately as possible, and
we use the same calculation conditions for our purpose of
comparison between the models.

(1) We prepare a slab model that is composed of a test
specimen including the GB, held between two grips. The test
specimen is seven layers of the GB with/without a defect,
which is extracted from the GB model used for the defect

TABLE II. Calculated grain boundary energies (yg) and works of fracture (cohesive energies) (2y) of the pristine £3(112) and ¥3(111)

grain boundary models.

GB type Our calculation Other DFT-GGA calculations Other theories
vee (J/m?) ¥3(112) 0.44 0.47' 0.267%, 0.262°

23(111) 1.66 1.52Y7,1.614 1.23%,1.297°
2y (J/m?) ¥3(112) 4.66 49318

23(111) 3.65 3.86'°

#Reference 34, classical potential calculations.
bReference 31, molecular statics simulations.
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TABLE III. Calculated lowest formation energies of interstitial
hydrogen (H™), iron vacancy (VF®), and vacancy-hydrogen com-
plexes (VF°H,,, n =1 and 2) at bulk, £3(112), £3(111) and the
reconstructed £3(111) [re-X3(111), Fig. 16] grain boundary models.

(eV/fu.) Hint VFe VFeH, VFeH,
Bulk® 0.18 2.12 1.73 1.31
$3(112) —0.10 1.73 1.36 0.98
$3(111) —0.19 —0.22 —0.28 —0.46
re-23(111) —0.15 0.67 0.28 —0.06

4Listed bulk values are calculated using the 96-atom bulk or-
thorhombic supercell, which has the same cell size as the £3(112)
model. Differences from the bulk values listed in Table I show
a rather small cell-size dependence within 0.03 eV/f.u. For the
96-atom bulk supercell, which has the same cell-size as the £3(111)
model, calculated formation energies are 0.18 eV/H, 2.16 eV/V'e,
1.76 eV/VFH,, and 1.32 eV /VF°H,, respectively.

energy analyses. The test specimen is inserted between two
grips that are respectively bulk-terminated three layers having
the same plane orientation, thus atomic structures between
the test specimen and the grips are naturally connected in a
seamless manner. The GB plane is parallel to the slab, and the
slab is placed in a vacuum. The unit cell has the same size as
that used in the energy analysis, and is fixed during the tensile
test.

(2) The slab thickness is optimized, and the atomic positions
except for the grip atoms are relaxed to remove any artificial
strain. Thus the model is set in its equilibrium structure, which
is defined as the zero-strain state.

(3) Before doing the tensile test calculations, we search for
the most probable fractured surfaces. The slab is artificially
cleaved at the GB and is separated by a large enough distance
to make two fractured surfaces, and the atomic structures are
allowed to fully relax except for the grip atoms. Comparing
the DFT total energies for assumed cleavage pathways at the
GB, we determine the lowest-energy fracture surface.

(4) The tensile test is carried out using the slab model. The
two grips are pulled in opposite directions perpendicular to the
GB. For a fixed distance between the two grips (d), which is
measured from the equilibrium zero-strain structure (d = 0),
the atomic structures are fully relaxed except for the grip
atoms. Thus the tensile test is done under the static strain. In
order to promote a reasonable fracture, especially for the model
having the mirror symmetry with respect to the GB plane,
the model structures are forced to adopt a lower symmetry.
For generating the initial structure at d, the test specimen is
divided at the probable fractured surface, estimated by (3),
and displaced in opposite directions respectively with each of
the grips. By repeating this procedure as a function of d, the
tensile stress-strain curves are obtained. One of the limitations
of this method is that the Poisson contraction is completely
neglected.

(5) We define the energy difference as a function of d per
unit area [U(d)] as

E(d) — E(0)

v = ScB

3
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where E(d) — E(0)is the DFT total energies of the slab models
at d relative to that at d = 0, and Sgg is the area of the GB.
The tensile strain [e(d)] is defined as

e=d/L, “

where L is the equilibrium thickness of the test-specimen
region between the two grips. The tensile stress [o(d)] can
be calculated as

F;
ody= 5)
iegrip GB
where F; is the atomic force (component normal to the GB)
acting on the ith grip atom. We can also calculate o(d) by
differentiating U (d) with respect to d as
_du@)

o(d) = T, (6)

and we plot tensile U-¢ and o-¢ curves.

The calculated maximum tensile stresses (omax) of the
pristine X3(112) and ¥3(111) GBs are 25.1 and 22.3 GPa
at the maximum tensile strain (£y,,,) of 0.22 and 0.25, which
correspond to d = 0.206 and 0.165 nm, respectively. opax
values calculated by the first-principles tensile-tests, in which
several effects such as dislocation motions in real materials
are neglected, are typically 1 or 2 orders higher than the
experimental o, of real steel materials. Although it is
difficult to provide quantitative comparison with experiments
for real steel materials, calculated stress-strain curves give us
an ideal strength, which is an important concept to understand
mechanical properties of materials.”>%7 The present tensile
tests can give us information about the influence of defects on
the strength by comparing between the models with/without
the defects.

As previously discussed for effects of P, B, and H on Fe
GB cohesion from first principles,'3'®% one important index
to characterize tensile strength is the work of fracture 2)/,13
which is defined as a difference between a GB energy ygg and
two fractured-surface energies 2ygyf,

2y = 2¥suf — VGB- (7

The 2y value of a pristine GB can be calculated as the U
at infinite d (at the largest d in the unit cell). As listed in
Table II, the calculated values of 2y of the pristine ¥3(112)
and X3(111) are 4.66 and 3.65 ] /mz, respectively, consistent
with that of the reported DFT calculations.'®!® The 2y values
indicate that the GB strength of X£3(111) is lower than that
of £3(112). The calculated yq.¢ values are 2.65 J/m? for
(111) surface and 2.55 J/m? for (112) surface showing a
small difference. Thus the much higher ygp value of X3(111)
contributes to decrease the 2y. Another important index is
the elastic modulus that is defined as the slope of stress-strain

curve at zero strain,
do
EY = (-) ) 8)
de J,_,

Calculated EY values of the pristine ¥3(112) and X3(111)
are 204 GPa and 198 GPa, respectively. Near the maximum
of stress-strain curves, nonlinear effects are not negligible as
shown later. Here, we note again that effects of the Poisson
contraction are not included in this study.
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FIG. 2. Formation energies of a single interstitial hydrogen (H™)
at the ¥3(112) grain boundary. Closed and open circles are for H™
in octahedral (O) and tetrahedral (7") positions, respectively.

III. RESULTS OF X3(112) GRAIN BOUNDARY

A. Interstitial hydrogen
1. Accumulation of hydrogen at grain boundary

We start by reporting our results on the influence of H"
at the X3(112) GB in the absence of VFe. Figure 2 shows
calculated formation energies (E's) of a single H™. In the
bulk «a-Fe, H energetically prefers the interstitial tetrahedral
site (T site),> for which calculated E' is about 0.2 eV/H.
The H gains energy stability by moving from the bulk to the
GB, and the octahedral coordination site (O site) at the GB
center is the most stable position, having an E' value that
is about 0.3 eV/H lower than that at the bulk T site. This
result is consistent with the previous work by Du et al., which
extensively studied interactions between H™ and GBs in Fe
from first principles.'®

Figure 2 shows that there are many potential trapping sites
of H" near the pristine GB where ET is lower than the bulk T
site. We can estimate how many H™ can accumulate at the GB
by filling in the potential trapping sites with H™ and by finding
the lowest-energy site near the GB as a function of number of
trapped H™ atoms (n). We calculated the formation energy of
H™ in the (n — 1)H™-trapped GB model as a function of n as

E'(n-thH) = Egp(FeyH,) — Egp(FenH,_1) — 3 Egas(Hy).
©))

The calculations were started from n = 1 to 12 sequentially,
and the lowest E' position of H™ in the (n — 1)H-trapped GB
model was searched for each n from unoccupied 7" and O sites
within the five GB layers.

Figure 3 shows the lowest Ef(n-thH) values as a function
of n. The E' values up to four H"/cell shows almost flat
and lower than the bulk 7 site and the H, gas values.
Therefore four H™ /cell can readily accumulate on the GB,
corresponding to the fully covered O sites at the GB center.
The H™ concentration of 4 H"/cell is equal to an area
density of 10.1 atom/nm? (areal weight density of 1.69 x
10~!7 g H/um?), which is a reasonable value if we compare
with the experimental estimation of 2.18 x 10~'7 g H/um?
observed in steel.”* In the 4H™-trapped GB, the fifth H"
will try to occupy the O site at the GB-1 layer, but it will
go back into the bulk region, because repulsive interactions
with the trapped H™™ make the formation energy higher than
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FIG. 3. Lowest formation energies of an interstitial hydrogen
(H™™) versus number of trapped H™ at the £3(112) grain boundary.
Upper and lower scales show the number of H™ per unit cell
(H atoms/cell) and the areal number density of H™ (H atoms/nm?),
respectively.

that for the bulk 7 site. To accumulate with much higher H™
concentrations at GBs, additional mechanisms, such as mobile
effects of H during crack propagations, may be necessary as
discussed by Yamaguchi et al.'’

2. Effects of hydrogen on tensile strength

Figure 4 shows the calculated energy-strain and stress-strain
curves of £3(112) GBs with and without H™. Figure 4(a)
shows that the work of fracture 2y decreases with increasing
number of H™, indicating that H™ is a grain-boundary
embrittler as reported previously.>"'® However, we can also

5T : : :
NE L(a) =3(112) Pristine__s————2""4
S 4 R | L
;’ i A 4Hint |
%] rg
g T J y
5 2f y
> i
o
e 11 .
= L 4
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0 A I NI R S
0.0 0.1 0.2 0.3 0.4 0.5
Strain
Vr———7——T7—— 77—
~ _[(B)X23(112) it 1
& 251 4Hint 2 o) Pristine 7]
S [ 4 ]
o 201" L ool 7]
g I L -
s 151 Vo ]
] L I‘ '1‘ 4
2 10 -
2 | -
& s .
0 T S . SO
0.0 0.1 0.2 0.3 0.4 5
Strain

FIG. 4. (Color online) Results of tensile test calculations for the
pristine [solid line with closed circles (black)], 1H™- [broken line
with open circles (blue)] and 4H™-trapped [broken line with squares
(red)] £3(112) grain boundaries: (a) energy difference relative to the
equilibrium and (b) tensile stress vs uniaxial tensile strain.
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FIG. 5. (Color online) Formation energies of vacancy-hydrogen
point-defect complexes VF°H, (n =0-2) at the £3(112) grain
boundary. Closed circles (black), open circles (blue), and squares
(red) are for n = 0, 1, and 2, respectively.

find that the elastic modulus slightly enhances by accumulating
H™ at GB, and the slope of stress-strain curves slightly
increases with increasing number of H™, especially at larger
strains of about 0.1-0.2.

Figure 4(b) shows that the maximum tensile stress (Opmax)
slightly decreases by accumulating H™, thus H™ can have an
embrittlement effect at GBs. However, the H™ accumulation
with the estimated areal density do not drastically reduce o,
at the GB, contrary to our expectations. The effect of a single
Hint /cell on omax is almost negligible, and the o, value is
lowered by only 4% even for the four H™ /cell accumulation,
relative to the pristine £3(112) GB (om.x = 25.1 GPa).

The maximum tensile strain (emy.x), at which electronic
bonds connecting the GB are all broken, slightly decreases with
an increase in the number of trapped H™™. One likely reason for
the reduced e,y is that the accumulated H™ at GB expands
native Fe-Fe bonds at GB at equilibrium structure (zero strain),
relative to those in the pristine GB. Such local expansions
of Fe-Fe distances at GBs can increase with increasing H™
density at GBs, being explained by using the experimental
partial molar volume of 0.3 nm?/H.>? Such volume effects
of H" might be related to the size effect described for Bi
in Cu GB.>*

B. Vacancy-hydrogen defect complexes
1. Interactions with grain boundary

To clarify the influence of Ve at the ¥3(112) GB, we
evaluate the energy stabilities of V' with, and without,
H as a function of the distance from the GB by finding
the lowest energy structures. Figure 5 shows calculated
formation energies of vacancy-hydrogen defect complexes
VFeH, (n = 0-2). The lowest E' of the single VF® at the
GB-1 layer is about 0.4 eV/VF lower than that in bulk,
indicating the presence of attractive interactions between Ve
and GB and the easier creation of V¢ at GB. The VF®H and
VFeH, complexes can be also attracted by the GB from the
bulk, and the ET values at the GB-1 layer lower by about
0.4 eV/VFH and about 0.3 eV/VFH, relative to the bulk
values, respectively. Thus all the VF-related defects tend to
accumulate at the GB. Calculated lowest-energy structures of
VFeH and VF°H, defects near GB have the basically similar
VFe_H configurations with that in bulk.?
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FIG. 6. (Color online) Energy diagram of defects composed of
2H and 1V™ in the bulk (solid circles), £3(112) (open circles),
¥3(111) (solid squares) and the fully reconstructed £3(111) (open
squares) grain boundary models. Plotted formation energies of GBs
are calculated as a sum of the lowest formation energies of VF°H,
and H™ at (a) bulk and (b) GBs.

To evaluate what interactions act between a single VFe and
two H™ at GB, we compare formation energies of defects
composed of 2H and 1V*® by calculating

E(VFH,)) + (2 — m)Ef(H™) (10)

as a function of m = 0-2. In the bulk environment of «-Fe,
first-principles studies have shown that V¢ is energetically
stabilized by trapping H as shown in Fig. 6, and that the VF°H,
is assigned as a major complex.?>?’” At a grain boundary, we
calculate the formation energies by using Ef(H™) of H™ at
bulk and at a grain boundary shown in Figs. 6(a) and 6(b),
respectively. We find that V¢ and H are stably coupled as the
VFeH, on the 3(112) GB. Vs in both the bulk and the GB
are stabilized by about 0.6 eV by trapping H™ from bulk one
by one [see Fig. 6(a)], and the calculated bulk value is close
to the experimental value of 0.63 eV,*?! as discussed in the
previous DFT studies.>> VF®s at the GB can be also stabilized
by 0.3 eV by trapping H™ of the £3(112)-GB O site [see
Fig. 6(b)]. The results show that the VF-related defects are
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FIG. 7. (Color online) Results of tensile test calculations for the
pristine (solid line with closed circles, black), V- (solid line with
open circles, green), VF°H,- (broken line with open squares, blue)
and 2(VF®H,)-trapped (broken line with closed squares, red) £3(112)
grain boundaries: (a) energy difference relative to the equilibrium and
(b) tensile stress vs uniaxial tensile strain.

more stable at £3(112) GB than that in bulk, and the V' at
GB is further stabilized by trapping H atoms.

We further considered what interactions act between two
VFeH, complexes, and find that they tend to be closer to the
GB. The lowest-E! structure of VF¢H,-VFeH, complex at the
GB is the nearest neighbor in the same GB layer, and the E'
value (0.76 eV/VF®H,) is lower than that of the single VF°*H,
at the GB (0.98 eV/V®H,). This result potentially indicates
a strong tendency for the Vfe-related defects to cluster,
thereby contributing to initiate the creation of a nanocluster
at GB,? although careful attention associated with a cell-size
limitation is required to discuss energy stabilities of larger
clusters. Such clusters might contribute to reduce the local
tensile strengths of GBs.

2. Effects of vacancy-related defects on tensile strength

Calculated tensile-test results (see Fig. 7) show that the
single and the double VF®H, at the GB significantly reduce
the omax by 12% and 35% respectively, relative to the pristine
33(112) GB. These complexes therefore appear to be powerful
embrittlers. The oy reduction by VF®H, is almost same size
as that by Ve,

Figure 7(a) shows that the VF-related defects reduce the
work of fracture 2y. Compared with the effect of VF® on
the 2y reduction, the 2y is further reduced by VF®H,, and
the reduction is more pronounced by double VF¢H,. Contrary
to the H™ cases, the elastic modulus before the fracture is
also decreased by the VF-related defects, contributing to
lower opmax. Thus the VF-related defects can have stronger
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embrittlement effects at wider range of strain, comparing
with H™.

One can speculate that the oy,,x reductions originate from
missing Fe-Fe bonds which connect the GB caused by
the presence of stabilized VFe However, the reduction size
is significantly enhanced by the VFH,-VFH, clustering,
indicating that they have another degradation mechanism in
addition to the simple effect due to number of the missing
Fe-Fe bonds. This result suggests that local strengths of
GBs become worse and worse with accumulating VF¢-related
defects locally at GBs. When compared with the H™ cases,
the effects of VF®H, on the stress-strain characteristics are
distinctly different, especially before fracture, indicating a
different nature of the bond breaking processes in the two
cases.

C. Analyses of defect influences
1. Griffith theory analysis

To characterize the influence of defects on the GB
strength, we consider results based on Griffith’s elastic fracture
mechanics' in which the failure criterion parameters are the
elastic modulus EY and the work of fracture 2y, as expressed

m
2vEY
O = | = (1)
mc

for a crack of length 2¢ without considering plasticity. Here,
EY and 2y are the slope and the total area of a stress-strain
curve, respectively, and the latter corresponds to the energy
difference between a GB and a fractured surface.

As shown in Fig. 4(a), the presence of H™ at the GB reduces
2y, but increases EY slightly with an increasing number
of trapped H™, indicating that the effects are competitive.
The VF®H, complex reduces both 2y and EY as shown in
Fig. 7(a), showing its stronger embrittling effects. As an
extension of the Petch-Stables surface-energy model,>*!'* the
2y-reduction effects of H™ have been studied precisely from
first principles.”>"'®?” We find that a similar 2y-reduction
effect works also for the VF*H, defect complexes.

2. Charge density analysis

To understand the strength changes produced by the defects
from an electronic structure viewpoint, we analyzed the charge
densities of the X3(112) GB models under static uniaxial
strain. Figure 8 shows charge densities of the pristine [see
Fig. 8(a)], 4H™-trapped [see Fig. 8(b)], and single and double
VFeH,-traped [see Figs. 8(c) and 8(d)] £3(112) GB models.

First, let us examine the influence of H™. In Fig. 8(a), at the
zero strain, the charge densities at the GB O sites are slightly
lower than the bulk interstitial sites, in the pristine ¥3(112)
GB. The GB O sites are occupied by the H™ atoms in Fig. 8(b),
thereby making additional Fe-H™-Fe bonds connecting the
GB Fe atoms. Previous studies have shown that the Fe-H bonds
have an ionic nature because of electron transfers from Fe
to H.'>227 We can speculate that there are two electronic
effects involving bonds that are competitive: the additional Fe-
H bonds might more tightly bridge the GB, thereby enhancing
elastic strengths, but the native Fe-Fe metallic bonds at the
GB might be weakened by an electron-transfer mechanism. '
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(a) pristine £3(112)

PHYSICAL REVIEW B 88, 144107 (2013)

(b) 4H"-trapped £3(112)

€=0.00
(0.00 nm)

FIG. 8. (Color online) Charge densities under static uniaxial tensile strains of (a) the pristine, (b) 4H™-, (c) the single VFH,-, and
(d) 2(VFH,)-trapped £3(112) grain boundaries. Three isosurfaces of 0.05 (red), 0.2 (green), and 0.5 ¢ /A3 (gray) are plotted. Tensile strain (¢)
is indicated on each panel with the displaced distance (d) of the grips (dotted lines) measured from equilibrium position.

Although it is a subtle problem to accurately determine which
effect is dominant, the former seems to be predominant if
we consider the enhanced values of EY by H™ in Fig. 4.
Actually, the elastic bond-elongation behavior under strain is
rather similar to those of the pristine [the middle panels of
Figs. 8(a) and 8(b)], except for the Fe-H-Fe bridging. After
the fracture [the lower panels of Figs. 8(a) and 8(b)], it is
energetically more preferable for H to locate at the surfaces,
and this contributes to the 2y lowering.'3-!8:2

The charge densities of the two-V*Hys-trapped £3(112)
GB show a least-density volume at the GB which is observable
as an atomic-scale hole [see Fig. 8(d)]. With an increase in the
tensile strain, this hole quickly enlarges at atomic dimensions,
and the remaining Fe-Fe bonds at the GB are elastically
elongated. One striking observation is that the Fe-Fe bonds
around the two-VF®H,s are already relaxed even before the
fracture, and the elastic elongations of bonds are concentrated
spatially on just some limited number of atoms at the GB. Thus
a macroscopic concept of stress/strain concentration at a crack
or hole is valid even for VFe-related defects, which have small
holes, with sizes less than a nanometer. This behavior is seen
also for the single—VF°H2 defect at the GB [see Fig. 8(c)], and

its effect is smaller than that of the two-VF¥¢H,, indicating that
accumulated clusters of Ve-related defects at GBs make the
strength significantly worse.

IV. RESULTS OF x3(111) GRAIN BOUNDARY

A. Interstitial hydrogen

We performed similar studies for the £3(111) GB models.
Figure 9 shows calculated formation energies E' of a single
Hi" as a function of distance from GB. The result shows that
E' becomes lower as H™ approaches to GB. The O site at
GB is the most stable for H™, where Ef is about 0.4 eV /H"
lower than the bulk T site, consistent with the previous report
by Yamaguchi et al.'®

Figure 10 shows calculated formation energies of H™ as
a function of number of trapped-H™ at £3(111) GB. The Ef
values up to eight H atoms/cell are lower than that of H,
molecule, and the ET values up to twelve H™ atoms/cell are
lower than that of the bulk 7 site. Thus even if we set a strict
condition, we can estimate that eight H™ /cell (area density
14.4 atom/nm?) can be readily trapped at the GB O-sites.
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FIG. 9. (Color online) Formation energies of a single interstitial
hydrogen (H™) at %3(111) grain boundary. Closed and open
circles are for H™ in octahedral (O) and tetrahedral (T') positions,
respectively, and the square at the GB layer is for H™ at the center of
the inherent open space.

Figure 11 shows effects of single, four, and eight H™
atoms/cell on the energy-strain and stress-strain curves at
23(111) GB calculated by the tensile tests. The effect of the
single H™ on 0y 1S very small, and op,ax values are lowered
by 1% and 8% by 4H™ and 8H™, respectively, relative to the
pristine X3(111) GB (omax = 22.3 GPa). The work of fracture
clearly decrease with increasing number of H™ at GB, and
elastic modulus before the fracture slightly increase but look
as nearly unchanged. These results show that influences of
H™ on the £3(111) GB has a similar character to that on the
3.3(112) GB case.

Figures 12(a) and 12(b) show calculated charge densities
of the pristine and 8H™-trapped £3(111) GB models under
strains, respectively. In the pristine GB, the charge densities
show that the intrinsic voids at the GB become wider with
increasing the tensile strain. Similar to the pristine case, the
intrinsic-void regions at the H™-trapped GB become wider as
strain increases as seen in Fig. 12(b). H atoms occupy the GB
O-sites, and there are additional Fe-H™"-Fe bonds connecting
the GB. As a result, the strength change induced by H™ is
similar in nature to the £3(112) GB case.

Number of hydrogen (atoms/cell)
0 2 4 6 8 10 12

Formation energy (eV/H)

1
-0 5 10 15 20 25
Areal density of hydrogen (atoms/nm?)

FIG. 10. Lowest formation energies of an interstitial hydrogen
(H™) vs number of trapped H™ at the £3(111) grain boundary. Upper
and lower scales show the number of H™ per unit cell (H atoms/cell)
and the areal number density of H™ (H atoms/nm?), respectively.
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FIG. 11. (Color online) Results of tensile-test calculations for the
pristine (solid line with solid circles, black), 1H™- (broken line with
open circles, green), 4H™- (solid line with open squares, red) and
8H™-trapped (broken line with solid squares, red) X3(111) grain
boundaries: (a) energy difference relative to the equilibrium and
(b) tensile stress vs uniaxial tensile strain.

B. Vacancy-hydrogen defect complexes

Figure 13 shows calculated E' values of VF®H,, (n = 0-2)
defects at £3(111) GB. Ef near GB are much lower than
the bulk values, and the lowest Efs of all the VFeH,, defects
have negative values. The primary reason for the low E is
that the GB-1 Fe-atoms across GB are very close to the Fe-
Fe distance of 2.14 A in the pristine £3(111) GB, that is
shorter than that of the bulk 2.46 A. Thus the removal of a
GB-1 Fe atom is easier than the bulk and X3(112) case, and
structure relaxations around V® after the removal of Fe further
reduce the E' values. Therefore all the VF-related defects are
powerfully attracted to the ¥3(111) GB.

In case of the X3(111), we found significant atomic-
structure relaxations induced by V¢ as shown in Fig. 14. The
VFe without H causes a barrier-free structure reconstruction of
the GB, indicating a vacancy absorber behavior. By absorbing
the VF¢, the GB plane is shifted and the Fe atoms neighboring
to VFe shrink with a bond rearrangement that makes the
triangular structural unit shown on the right side of Fig. 14(a).
Consequently, the VF¢ does not result in much change in the
stress-strain character relative to the pristine GB, as shown
in Fig. 15. Because the number of Fe atoms is reduced at
the reconstructed GB, there is a lower charge-density space
near GB [see Fig. 12(c)]. The low-density space becomes
open with increasing strain, that is similar to a behavior of
the intrinsic space in the pristine ¥3(111) GB. As a result, the
grain boundary strength is not enhanced relative to the original
33(111).
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(a) Pristine =3(111)

PHYSICAL REVIEW B 88, 144107 (2013)

(b) 8Hint-trapped £3(111)
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FIG. 12. (Color online) Charge densities under static uniaxial tensile strains of (a) the pristine, (b) eight H™, (c) a single V¥, and (d) a
single VF*H, trapped £3(111) grain boundaries. Three isosurfaces of 0.05 (red), 0.2 (green), and 0.5 /A3 (gray) are plotted. Tensile strain ()
is indicated on each panel with the displaced distance (d) of the grips (dotted lines) measured from the equilibrium position.

w

=

g

32 VFH (n=1) , g

> — __,—-’22‘—_

AN 2 =

N S\ NN VFeH, (n=2)

]

o _

2

= 0

é i

£ 1 P Y EE S H
GB GB-1 GB-2 GB-3 Bulk

Vacancy position

FIG. 13. (Color online) Formation energies of vacancy-hydrogen
point-defect complexes VI®H, (n =0-2) at the X3(111) grain
boundary. Closed circles (black), open circles (blue), and squares
(red) are for n = 0, 1, and 2, respectively.

In the presence of H, however, the VF°H, and the VF°H
complexes are structurally quenched, becoming rigid and
stable, and all the Fe atoms at the GB do not move much from
their original positions in the pristine GB [see Fig. 14(b)],
indicating that H is a potential obstacle to the annihilation
of Ve at GBs. As a result, the VF®H, significantly reduces
the omax by 23% (see Fig. 15), with similar mechanism to
the X£3(112) GB case as also seen in charge densities under
strains [see Fig. 12(d)]. The result for the £3(111) GB shows
that the joint effect of H and VF® is more pronounced on the
GB weakening than on the individual respective point defects.

As shown in Fig. 6(a), we find that VF® at the X3(111) is
also stabilized by trapping H™"'s that come from bulk. However,
Fig. 6(b) shows a special behavior of the VFe-related defects
at the ©3(111), indicating that separated VF® and 2H™ are
slightly more stable than VF®H,. Thus VFeH, at £3(111)
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(a) VFe-trapped =3(111)

(b) VFeHo-trapped 23(111)
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FIG. 14. (Color online) Atomic structures at (a) V- and
(b) VFeH,-trapped £3(111) grain boundaries. V¥ induces the GB
structure reconstruction mainly due to large atomic relaxations of
GB-1 and GB-2 atoms (yellow and gray spheres) as seen in (a), but
atomic structure relaxations near the VF°H, are relatively small as
shown in (b).

will release H atoms to the GB O sites to decrease the
grain-boundary energy gained by the structure reconstruction
induced by VT, If a vacancy concentration is high enough
near GBs, the local structure-reconstruction at GB induced
by vacancies will be further promoted until a grain-boundary
energy reaches an energy minimum.

Table IV lists the cell-size dependence on E' of a single
VFe for £3(112) and £3(111) GB supercell models composed
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FIG. 15. (Color online) Results of tensile-test calculations for the
pristine (solid line with circles, black), V- (broken line with open
squares, red) and VFH,-trapped (broken line with solid squares,
blue) £3(111) grain boundaries: (a) energy difference relative to the
equilibrium and (b) tensile stress vs uniaxial tensile strain.
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TABLE IV. Calculated formation energies of a single vacancy
E"(VF®) (eV/V™)in £3(112) and £3(111) grain-boundary supercell
models composed of a number of atoms (N) of 48, 96, and 192
atoms/cell. The 48- and 192-atom supercells have half and twice
of the grain-boundary area per cell (Sgg) of the 96-atom supercell
described in Sec. Il A, respectively.

N (atom/cell) Sgp (A2/cell) Ef(VF)at GB-1 E(VF) at GB-2

$3(112)
48 19.72 1.72

96 39.43 1.73 1.80
192 78.86 1.79

£3(111)

48 27.88 0.07 0.03
96 55.76 0.03 —0.22
192 111.52 0.05 -0.31

of 48, 96, and 192 atoms/cell. The supercell models of 48 and
192 atom/cell have half and twice GB area of the 96-atom
model described in Sec. I A. The cell-size dependence on
Ef values is rather small for £3(112) within 0.07 eV/VFe,
and VF at GB-1 for £3(111) show positive values within the
0.04 eV/ Ve difference depending on the supercells.

VFe at GB-2 in the 192- and 96-atom ~3(111) models,
corresponding to the areal VFe-density of 0.9 and 1.8 VF¢/nm?,
show negative E'. The negative E' contribute to reduce the
grain boundary energy ygg of X3(111). The calculated ygp of
the 192- and 96-atom cell with VI are 1.62 and 1.60 J/m?,
respectively, which is lower than ygg of the pristine ¥3(111)
of 1.66J/ m2. We also found in the 192-atom cell, the triangular
structural unit is made at the VF® position, but the formations
of triangular structural unit are not possible in the 48-atom cell
because atomic relaxations of Fe atoms neighboring to VF¢ are
restricted due to its high VF¢-density within the orthorhombic
cell shape. Thus ygg of ¥3(111) may further decrease by
maximizing the density of the triangular structural units.

We further studied the defect stabilities by modeling a
fully reconstructed X3(111) GB with a hexagonal supercell
(see Fig. 16), which is generated in a way to be a higher
density of the triangular local-structural unit in the GB plane.
The atomic structures of the model are fully relaxed by

(a)

FIG. 16. (Color online) Local atomic structure of the fully recon-
structed £3(111) grain boundary (GB) model, which is generated in
a way to be a higher density of the triangular structural unit in the
GB plane using the hexagonal 70-atom unit cell. Atomic structures
are optimized from first principles. The calculated GB energy of this
model is 1.52 J/m?, which is lower than the original £3(111) GB
(1.66 J/m?).
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first-principles calculations until the forces acting on atoms
become negligible. The model is a hexagonal cell and has
70 Fe atoms per unit cell, which has the GB area of 41.82 A2,
The calculated GB energy of the fully reconstructed model
is 1.52 J/m?, which is lower than the original £3(111) GB
(1.66 J /mz). The calculated lowest Ef of H™ and VF°H,
(n = 0-2) defects at the fully reconstructed X£3(111) model
are listed in Table ITI. The Ef values of all the defects in the
fully reconstructed model are higher than that of the original
¥3(111), but lower than those at the £3(112). Figure 6 shows
what interactions act between 1V¥¢ and 2H, and the fully
reconstructed model shows that VF® is stabilized by trapping
H atoms, similar to the £3(112) case, supporting the idea that
H stabilizes V¢ at the GB.

V. DISCUSSION

Based on the results, the vacancy mechanisms could help
to explain a long time delay in the development of a brittle
fracture in steel. Because H is basically diffusive in Fe,? time
delays in developing damage from embrittlement might be
expected to be short.'* On the other hand, the mobility of
vacancies is generally much slower. Thus the VF-related
defects, which are created inside materials in association
with strains and plastic deformations,>?>?* will slowly and
steadily accumulate at GBs, thereby producing damage that
will eventually cause a brittle fracture at the GBs. A previous
first-principles study has shown a V¢ migration energy of
0.65 eV in bulk a-Fe, which is close to an experimental value
0.55 eV.*® Interestingly, recent computational study shows that
the VF® migration energies along GBs become smaller than that
in the bulk.?

In addition, our results show that the formation-energy
differences between the two GBs are about 1.5 eV and
about 0.1 eV for the VF*H, and the H™, indicating that
they are respectively sensitive, and insensitive, to the type of
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GB. Although direct comparisons are difficult, intergranular
cracks are experimentally known to be sensitive to GBs in
Fe.>!!2 A certain amount of H™ can be trapped at most
GBs, and H™ should have an influence on the overall material
if H™ is insensitive to the type of GB. On the other hand,
the VF-related defects would selectively attack susceptible
GBs inside a material, and the GBs would lead to a brittle
failure.

V1. CONCLUSION

We have investigated atomistic mechanisms of hydrogen
embrittlement with vacancies at grain boundaries in «-Fe
from first-principles calculations. We evaluate the influence
of defects in a-iron on mechanical strength under static tensile
loadings, and find that hydrogen and vacancies accumulate as
defect complexes at grain boundaries, thereby decreasing
tensile strength. This effect of defect complexes is found to be
much worse for the grain boundary strength than the effect of
each factor, and hydrogen promotes the activities of vacancies
at grain boundaries. Because of the low mobility of vacancies,
this mechanism can account for the delayed brittle fractures
induced by hydrogen in steel.
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