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Stability and clusterization of hydrogen-vacancy complexes ire-Fe: An ab initio study
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By means ofab initio supercell calculations based on the density-functional theory, we have investigated
stability of hydrogen-monovacancy complexes (YHnd their binding preferences Fe. We have found
that VH, is the major complex at ambient condition of hydrogen pressure, which corrects the conventional
model implying the VH predominance. It is also demonstrated that monovacancies are not hindered from
binding by the hydrogen trapping in the case of Mptedominance. Besides, the presence of hydrogen is found
to facilitate formations of line-shaped and tabular vacancy clusters without the improbable accumulation.
These anisotropic clusters can be closely associated with the fracture planes observed in experiments on
hydrogen embrittlement in Fe-rich structural materials such as steel. The present results should suggest impli-
cations of hydrogen-enhanced vacancy activities to microscopic mechanism of hydrogen embrittlement in
those materials.
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[. INTRODUCTION In this context, establishment of quantitative understand-
ing of hydrogen-vacancy interactions irFe is quite indis-
Hydrogen effects on vacancy properties in metals attragpensable for further discussion of the microscopic mecha-
considerable attention in various points of view. Fundamenhism of hydrogen embrittiement in those Fe-rich materials.
tally, several new phenomena have been recently observédhe knowledge obtained in such investigations will be of
under hydrogen-rich conditior’s? Large volume contraction great use for control of material properties by changing hy-
under high hydrogen pressure was found in some metals irfirogen condition.
cluding a-Fe 2 This universal phenomenon was explained The nature of hydrogen-vacancy complexesaitre, in
by an idea of superabundant vacancy formation induced bfact, was extensively examined in terms of plasma-wall in-
hydrogen. Enhancement of interdiffusion at the junction ofteraction in fusion reactors, not hydrogen embrittlement,
two metal§ was attributed to the difference of the hydrogen-over a decade ago. Implantation-annealing experiments have
enhanced stabilization of vacancy crucial for the diffusionrevealed some hydrogen trapping energies of vacafhtiés.
process. A superlattice of hydrogen-vacancy complexedhen, a model on multiple trapping of hydrogen in a
(VH,) was observed in the x-ray analyéidlevertheless, monovacanci'’was proposed in conjunction with the re-
the underlying interactions between solute hydrogen and vesults of the effective-medium thedfy(EMT) calculations.
cancy in metals have not been fully understood yet. This model has been referred as a settled one to“date.
In technological viewpoints, vacancy contributions to hy- However, we should point out that the model itself still in-
drogen embrittlement, hydrogen-induced degradation of mevolves several inconsistencies.
chanical properties, have been an interesting issue especially In general, there are six sites possible to trap hydrogen in
in Fe-rich materials such as stéefensile experiments with @ monovacancy of a bcc metal. They are located near octa-
hydrogen charging showed that the susceptibility of steel téiedralO sites adjacent to the vacarityas shown in Fig. 1.
hydrogen embrittlement increases with the amount of strondhe experiments imply two characteristic states on the hy-
trap sites for solute hydrogénlt was then suggested that drogen trapping of monovacancy inFe. The energies trap-
those sites correspond to some point defects like vacahcieping a hydrogen atom from an interstitial site were estimated
However, no cleafquantitative characterization has been to be 0.63 and 0.43 eV with the help of a transport mdflel.
provided on the defect states and their interactions with hy- The EMT calculations, on the other hand, gave the result
drogen. Therefore, the effects of vacancy-related processéBat the hydrogen trapping energies for the VH and,VH
have been still argued in spite of the plausibility. formations are about 0.8 eV, while those of ¥H/Hg are
The presence of some widely accepted mddellso  estimated between 0.45 and 0.55'%8V/ From these results,
seems to prevent extensive discussion on the vacancy contit-was concluded that the experimental 0.63-eV state corre-
butions. As the universal models for hydrogen embrittlementsponds to hydrogen trapping for VH and YHwhile the
lattice  decohesioft’®  hydrogen-enhanced localized 0.43-eV state for Vi—VHs.2%” Since the heat of solution
plasticity"*~** (HELP) and so on were already evolved. for interstitial hydrogen imx-Fe is 0.29 e\*! this conclusion
These models essentially rely on the elastic effect of interstitmplies that all of the six sites in the monovacancy are exo-
tial hydrogen, universal for various materidl€onsequently, thermic for hydrogen. Namely, hydrogen in the yldom-
they tend to be applied to a lot of materials without exami-plex is energetically favorable than that in theg molecule
nation of the hydrogen concentration. Yet, their applicationin vacuum. Thus Vi is regarded as the most major complex
to materials highly endothermic for hydrogen is still a matterat ambient condition of hydrogen pressaré:°
of discussion. However, one can see a distinct difference in the absolute
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FIG. 1. Schematic view of a hydrogen-monovacancy complex a____
VH, in bcca-Fe. The transparent cube at the body center expresses
the monovacancy. Gray spheres show Fe atoms and the black one is
hydrogen. Six open circles located at the face centers of the cubic
lattice are octahedrdD sites. Each hydrogen atom is located near
the correspondin® site. The distance between them is referred as
d throughout this paper.
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values of hydrogen trapping energies between the experi-
ment and the EMT calculations. Besides, the deduced model
implies significant decrease of the monovacancy formation
energy in«-Fe by trapping six hydrogen atoms. The de-
crease corresponds to the sum of heats of solution for
VH-VHg formations, which is estimated to be 1.43 eV ac-
cording to the above assignmehfsSince the experimental
monovacancy formation energy is about 1.6—2.G€this
energy decrease leads to a serious increase of vacancy con- . . .
centration even at ambient pressure of hydrogen gas argjudy of hydrogen, is evaluated by Sciiiger equation
room temperature, whereas such extreme vacancy formatid‘ﬁ'th adlabatlc potential. The results provide a d_|fferent in-
has not been reported at the condition as yet. S|g_ht into the fun_dame_ntal nature_ of Wdomplexe_s inv-Fe,

The model of the Vi predominance at ambient condition which can explain va_rlousl;expenmental res_ults in contrast to
will also affect the binding properties of vacancies. Concern{he previous calculations:'" We then examine the energet-
ing divacancies inx-Fe, it was reported from the empirical ics of vacancy cIuster_s beyond dl\_/acancy in the presence of
potential analysis thatl00) divacancy[Fig. 2(@], a mono- hydrogen in a-Fe. Finally, we discuss the _relevancg of
vacancy occupying a second nearest-neighbor site of th¥acancy-related processes to hydrogen embrittlement in Fe-
other, is energetically most favoraBfewith respect to the 'ch materials from a microscopic viewpoint. _
VH; binding, it is naively expected that tk200) divacancy Th|'s paper is organized as follows: In Sec. lI, we first
reduces the number of hydrogen trap sites and forces an ef€scribe the method and conditions we have used in the cal-
cess hydrogen atom to go out of the vacancy and occupy Lplations. Some detailed formulations of the energetics of
interstitial site. This is likely to increase the total energy of NYdrogen-vacancy complexes are also presented. In Sec. |lI,
the system, which makes the vacancy binding energeticall¥® €xamine vacancies without hydrogendirFe, mainly to
unfavorable in the presence of hydrogen. Thus the stabilit _emonstrate th_e accuracy of our calculations. We then inves-
of VH,, largely affects the binding preference and finally thel92t€ the stability of hydrogen-monovacancy complexes and
defect behaviors in the materials. their binding preferences inx-Fe. Application of the

In order to elucidate the nature of hydrogen-vacancy comvacancy-related processes to the hydrogen embrittlement
plexes ina-Fe, thus, more precise examinations should pdnechanism in F_e-r_lch materlals is als_o discussed. A summary
still indispensable. However, experimental approaches to soPf the present findings is presented in Sec. IV.
ute hydrogen ina-Fe are quite limited owing to the ex-
tremely low solubility of hydrogen. In this context, compu-
tational approach with accuracy would be a most promising
tool to address the problem. Our electronic state calculations are based on BFEY.

In this paper, we investigate the stability and bindingCompared to EMT used in the previous calculations, DFT
properties of VH in a-Fe by means oéb initio calculations can equivalently deal with various chemical states such as
based on the density-functional thedBFT).2>?® Zero-point ~ covalent, ionic, as well as metallic bonds. Among several
motion energy of hydrogen, which is also important in thetypes of DFT-basedb initio calculation methods, we use a

FIG. 2. Schematic views of) (100) and (b) (111) divacancies.

Il. CALCULATION DETAILS
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TABLE |. Lattice constangy (A), bulk modulusB, (GP3, and  rium one of the supercell for the perfect lattice. This is often

magnetic momenM, (g per atom of pure a-Fe obtained in our  expressed abl(),, where(), is the equilibrium atomic vol-
ab initio calculations with the results of other calculations and ex-yme in the perfect lattice.

periments(Ref. 33 Calculated heat of solution for interstitiedol- There are several manners to deal with the volimef
ute) hydrogenEg (eV/H) is also compared with the experimental {he supercell containing a monovacancy, depending on the
values. targets to be examined. In terms of enthalpy at zero pressure,

va(p=0), the relaxed volume to the given pressure should

Our calculations  Other calculations  Expt. . .
P e used. In this case, the vacancy formation volume can be

ag (A) 2.85 2.86%2.76 2.86 obtained by the following formulation:
B, (GPa 152 1552 239 168
1o (15 per atom 224 2322089 222 Q5 =V—(N-1)Q,. )
E, (eV/H) 0.34 0.29 , _

The relaxatior{contraction volume due to the monovacancy
*Reference 34; GGA results. formation is expressed @,—Q%,,. These quantities are
bReference 34; LDA results. inherent properties of the monovacancy, and thus should be
‘Reference 21. independent of the supercell size.

If the supercell is large, the ratio of the relaxation volume
method employing plane-wave basis set along with pseuddo the total one becomes quite small. In this case, energy
potential techniqué’ This method has an advantage that re-change caused by the volume relaxation due to the vacancy
laxed atomic configurations as well as electronic states caformation can be negligible, since the elastic energy depends
be easily and accurately calculated. For defect properties ian the volume ratio, not the absolute volume. Thus the
3d transition metals where localized electronic states andonstant-volume manner fixing the supercell volumé/to
atomic relaxations are important, the method we employed iss N}, becomes reasonable if a large enough supercell is
most suitable. used. In the present conditions, the energy changes by the

In this study, we use theb initio code sTATE developed volume relaxations are found too small as described later, so
by Morikawaet al?®to carry out electronic state calculations that we primarily use the results within the constant-volume
and structure optimizations. We utilize an ultrasoft manner in the following discussion. Note that local lattice
pseudopotentid® The cutoff energies of plane-wave basis relaxations essential for defect properties are, on the other
for wave functions and augmented charge are 25 and 289 Rand, carried out in all of the present calculations.
respectively. A spin-polarized generalized gradient Following these formulations, we have defined the total
approximatior® (GGA) is used for the exchange-correlation energy of arbitrary hydrogen-vacancy complex at ambient
energy. GGA is known to be essential to obtain the bcc fercondition of hydrogen pressufehemical potential The to-
romagnetic phase as the ground state of iron at zertal energy of \tH, at the supercell volum¥, E(m,n,V), is
pressuré! Taking spin polarization into account is crucial expressed as
for the vacancy stability inx-Fe, since the monovacancy
formation energy is found to vary with the magnetic state in N—m n
the previous studie®:* E(mn,V)=e(mn,V)— —5—e(0,0Vo)~5enz, (3

Most of our calculations use a supercell consisting of 54
bcc sites, aiming at accurate estimation of point defect propwheree,, is the total energy of Himolecule in vacuum. The
erties. We use & points for integration of full Brillouin  monovacancy formation energ?;/;\, described above corre-
zone(FBZ) of the supercell. This is equivalent to making usesponds tdE(1,0V). This expression is easily extended to the

of about 1500 points for FBZ of the bcc primitive cell. Pre- case of finite chemical potential of Hnolecule ;) as
liminary calculations to fix this condition will be described fgllows:
below. These conditions give lattice constant (2.85 A), bulk
modulus (152 GPg, and magnetic moment (2.24g) of n
pure a-Fe, in good accordance with the results of E(m,n,V;MHz)ZE(m,n,V)—EMHz- (4)
experiment®® and other accurate calculations with G&A,
as shown in Table I. . -

Energies of hydrogen-vacancy complexes are calculated h'_l'f;}e. Zy(?_rog;n—trtipmng(bmdmg) bentergy_ for \4”:'" titial
by means of formulations in the supercell schefhin this which is defined as the energy gain by trapping an interstitia

scheme, monovacancy formation energy is formulated as hydrogen atom mtp a vacancy site to form,i, is ex-
pressed as follows:

EF = e(L0V)~ -~ €(0,0Vo). 0 Eyap(m,n)={E(m,n—1V") + E(0,1V,)}
—{E(m,n,V)+E(0,0Vo)}, )
Throughout this papeN is the number of lattice sites in the
supercell, an@(Ny,Ny ,V) denotes the calculated energy of whereE(0,1V;) denotes the total energy of the system con-
the supercell involving\y, vacancies andNy hydrogen at- taining one interstitial hydrogen atom. Although there are
oms at the cell volum&. The volumeV, means the equilib- several volumes in this formulation, which leads to some

174105-3



YOSHITAKA TATEYAMA AND TAKAHISA OHNO PHYSICAL REVIEW B 67, 174105 (2003
complications in the calculations, negligible energy variation TABLE Il. Representative energies ef-Fe calculated in the
to the volume change clears off such difficulties. N;-site supercell withNy k points. The number ok points in the

As the interstitial hydrogen state im-Fe, we suppose a bcc primitive cell corresponding to each condition is expressed as
hydrogen atom located at a tetrahed@l site. As is known, N AEi (€V/atom is total energy of perfect lattice compared to
the ground state of interstitial hydrogendnFe has been still that in the 54-site supercell with R7points which we mainly
a matter of discussion, since a delocalized state tunnelingSed in this study. The formation energies of monovacagy,
among some potential minima was suggested to b&L00 divacancyEay 0, and (111 divacancyEzy,y, are also
possible’® We have extensively examined this problem andSnoWn in eV.
concluded the hydrogen localized around aite to be the

ground state, which will be described elsewhere in détail. _s N N Ao Elv  Evao  Evn
Zero-point motion energy for such hydrogen at aite has 54 1 54 ~0.108 2.37 4.56 4.37
been calculated by means of the Sclinger equation with 128 1 128 0.046 1.85 3.62 3.59
an adiabatic potential evaluated &ly initio calculations. The g4 ) 432 —0.007 2.02 4.01 4.00
resultant energy is 0.20 eV/H. _ 128 8 1024 -0005 210 396  4.02
Heat of solution for the interstitial hydrogen state is cal- g, 27 1458 0 2.00 3.85 3.92
culated as the energy difference from that gf iHolecule in 54 64 3456 —0004 2.04 3.91 3.97

vacuum. In conjunction with hydrogen atom energy in alr
initio calculations and the experimental dissociation energy

37 P
of H, molecule,” we have obtained 0.32 eV/H of the heat of condition is necessary for convergence of defect-related

solution. This is 1|n good agreement with the EXpe”mentalenergies than the case of perfect lattice.
value of 0.29 eV}

R di int i e f e Comparison with respect to the supercell size is another
€garding zero-point motion  energies tor v oM matter of concern. The vacancy formation energfy=(V),
plexes, we found that those in \jth=1-4) are very simi-

. 4 enthalpy at zero pressuteelaxedV), and the formation vol-
lar (0.135-0.145 eV/Hi Ffotentlal cur\(ature perpenghcqlar to ume are listed in Table Ill, where the results of 54-site and
the nearby{100 plane increases with, while oscillation

U 128-site supercells are shown. The difference in the absolute
energy along the parallel directions becomes small. Based o

these results, we employ 0.14 eV/H, the average so far, foéhergues 's found to be about 0.1 eV. This does not alter
zero-point motion energies of all the complexes. In practice,
we add 0.14 to e(m,n,V) in Eg. (3), which almost cancels
out the zero-point motion energy ohf2) H, molecules

(0.14 eV/H included in the last term of Eq3). It is found

TABLE Ill. Formation energies without volume relaxatid,
(eV), enthalpies for the relaxed volume at zero pres$1h§e(eV),
and formation vqumezQi(/QO) in a-Fe calculated by use of a

- - . . 54-site supercell (& pointg and a 128-site one {Bpoints. Note
that this approximation does not affect the conclusions. that all the present results take local lattice relaxations into account.

In the exploration of binding possibility of VIHcom-  pne “resyits of previousab initio calculations (LSGF-LDA,
plexes, we examine two types of divacancies, monovacarnp| \ito.LpA, PWPP-GGA are also listed. Details of those cal-

cies aligned in th¢100) and in the(111) directions. This is  yjations are described in the text. Experimental results are also
because it was reported that the former is the most stable argown.

the latter is the next in the early work on vacanciesvifre

using classical potentiaf8.Their schematic views are shown EX HY o
in Fig. 2. X (eV) (eV) (190)
\
Ill. RESULTS AND DISCUSSION 54-site 2.00 2.00 0.86
. . 128-site 2.10 2.09 0.80
A. Vacancies without hydrogen LSGE-LDA? 225 055
First, we have calculated vacancy properties without hy+PLMTO-LDAP 2.76
drogen in order to search optimal calculation conditions an®bwpp-GGA 1.95 0.90
evaluate the energy convergence. Here we calculate elegxptd 1.6-2.0 0.95
tronic states in metallic systems, so that dependence of ener
gies on thek-point density in the calculation is one issue to V2(100
be checked. The total energy of perfect lattice and severdi4-site 3.85 3.84 0.65
vacancy formation energies with respect to the effectivel28-site 3.96 3.95 0.70
number ofk points for FBZ of the bcc primitive ceIINE) are (112
shown in Table Il. ThAAE,,; indicates that the convergence 52-site 3.02 301 074
for the perfect lattice is achieved arouh§=432. The va- 128-site 402 401 0.72

cancy formation energies seem to be converged in the same

condition within an error of 0.1 eV, whereas the relative sta®Reference 32.
bility of the two divacancies is not converged yet. Thus webreference 38.
employ theN?= 1458 condition, namely, a 54-sites supercell‘Reference 39.

with 27k point. These data clearly show that a more severéReferences 22 and 23.
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0.2 formations are about 0.60 eV, which correspond to the
Interstitial H 0.63-eV state in experiments. Also, the experimentaI.0.43-eV
0.0 frrmmm e e state is regarded as \(\Hormation, because the trapping en-
_ ergy is 0.40 eV in our calculations. Agreement between our
- 02} trapping energies and experimental values is quite good,
= H, in vacuum compared to the EMT result§:'’
S 4l The heat of solution for VH, which is the energy com-
:’Q pared to H molecule in vacuum at ambient condition, sug-
ujg 0.6 gests that VH and Vklare completely exothermic for hydro-
, gen and almost zero is VHOn the other hand, the \j+and
08f g g o Ourcae 11 VHs formations are slightly endqthermic, and the sixth hy-
-o--EMT cale. drogen in VH has no energy gain at the trapping from an
1.0 . . . . . , interstitial site. These indicate that kb the major complex
o 1 2 3 4 5 6 7 at ambient condition owing to the large negative heat of so-
n lution for hydrogen, and slight increase of chemical potential

of H, may lead to an increase of the Yhkbopulation. This
circles. The open circles and arrows show the results of EMT caI-COhCIu_Slon is in good agreement V‘_/'th the experlme_ntal ob-
culations and experiments, respectively. The energies at a interstitig€rVation that the 0.63-eV state exists even at ambient con-
site (origin) and in H, molecule in vacuum at ambient condition are dition, while the 0.43-eV state appears with increase of im-
shown by horizontal broken and solid lines, respectively. The H Planted hydrogen isotopeS.It is also consistent with the
energy minus the VHone corresponds to the heat of solution at theObservation of 0.46 eV of hydrogen-trapping energy after
H trapping from vacuum into VK., forming VH, . quenching from high H pressufeHence our calculations
well explain the experiments quantitatively as well as quali-

binding preference of the two monovacancies as well as reld@tively, in contrast to the conventional model based on the
tive stability between the two divacancies. Regarding the forEMT results. In consequence, it is demonstrated that the ma-
mation volume, the relative magnitude is not changed by théor complex in a-Fe at ambient condition of hydrogen
supercell size. Thus convergence even on the divacanc§hemical potential is VB not VHs as believed to date.
properties is achieved in the 54-site supercell witrk 27 ~ Hydrogen effects on vacancy concentratiiarmation
points, which allows us to examine binding behaviors ofaré also very interesting. The formation energy of \Vid
monovacancies. defined as the monovacancy formation energy minus the sum

The effects of volume relaxation have also been checked?f heats of solution for Vid-VH, . At ambient condition of
Energy reduction by the volume relaxation are found to bdydrogen pressure, the \(Hormation energy is 1.51 eV in
within 0.01 eV for both monovacancies and divacancies irPur calculations. This does not lead to an unrealistic large
the present conditions. This demonstrates that the size of @mount of vacancy formation resulting from the conven-
54-site supercell is sufficiently large, and allows us to discus§onal model as described above. We should point out that the
the present problems with the constant-volume manner.  VH» formation energy is lower than the monovacancy for-

Finally, we make a comparison with results of other cal-mation without hydrogen by about 0.5 eV at ambient condi-
culations and experiments. Calculations using locally selfiion. According to Boltzmann statistics at 300 K, this energy
consistent Green’s functiéh(LSGP and full-potential lin-  reduction leads to a T@imes increase of vacancy density by
ear muffin-tin  orbital® (FPLMTO) methods rather trapping two hydrogen atoms. Thus enhancement of vacancy
overestimate the monovacancy formation energy and undeformation in the presence of hydrogen is still very remark-
estimate the formation volume. This is mainly ascribed toable. This result is a clear evidence of enhancement of va-
their way that only volume relaxation was included. Also, cancy formation by “hydrogen trapping” suggested by Fukai
local-density approximatioLDA) has some contribution. and co-workers:?

On the other hand, inclusion of local lattice relaxation and What determines the stability of \if2 We first examine
use of GGA gave much better formation energy andthe problem in terms of the electronic states of VHFigure
volume2® where theab initio method using plane-wave basis 4 shows densities of stat¢®OS) in the V and VH com-

with pseudopotentialsPWPB, equivalent to ours, is used. plexes. The DOS of Vhlindicates that a new state appears
These again ensure that our investigation taking local lattic®elow the 4 band of purex-Fe by trapping hydrogen atoms
relaxation into account and using GGA is quite reasonablén monovacancy. Partial electron density of these new states
for the present targets. clearly indicates Fe @H1s hybridization as shown in Fig.

5. This hybridization is responsible for the large hydrogen
trapping energies for VK (and VH formation through the
termination of broken Fe bonds.

Hydrogen trapping energies for \(Hare shown in Fig. 3 The new state has a bonding character mainly consisting
with the EMT and experimental results. Note that the EMTof H 1s orbital and is doubly occupied by electrons. This
results involve the zero-point motion effects of hydrogen asndicates electron transfer to the region around the hydrogen
well as ours. We found that the \(Hormation has almost atoms from the neighbor Fe. The resulting negatively
zero in the trapping energy. The energies for VH and,VH charged hydrogen atoms repel each other. The repulsive in-

FIG. 3. Calculated hydrogen trapping energiesaiire (filled

B. Stability of hydrogen-monovacancy complexes
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9y [eV] FIG. 6. Distances between hydrogen atoms and the correspond-

FIG. 4. Density of states for up- and down-spins in the V anding O sites in the VK complexes inx-Fe. Closed and open circles
VH, complexes ina-Fe. New states clearly appearing in the ¥H show the maximum and minimum distances. Owing to the large
are pointed by black arrows. The energy origin is set to the Fermfymmetry breaking, the differences among the distances are large in
energy. the VH; and VH; complexes.

This view is supported by change of hydrogen positions
teraction seems to become more dominant with increase igepending on the number of hydrogen atoms in the monova-
the number of trapped hydrogenatoms. This can explain theancy. The distances between hydrogen atoms and the corre-
abrupt decrease of hydrogen trapping energies for,(iH spondingO sites in each VH complex are shown in Fig. 6.
=3). Consequently, the competition between hybridizationwe found that the distances do not alter between VH and
and Coulombic repulsion makes YHhe major complex at VH,, suggesting that the hybridization effect prevails in
ambient condition. These results demonstrate that the EMihese complexes. At=3, on the other hand, the distance
method is not adequate to the present system, becausegitadually decreases with This agrees with the explanation
mainly deals with hydrogen interaction with delocalizedthat the repulsion effect becomes effective in those com-
states(e.g., Fe 4) of electrons'® plexes.

FIG. 5. (Colorn Atomic configurations and
partial charge densities of the minimum-energy
structure of VH. Yellow and red spheres express
Fe and H atoms, respectively, while the white
diamond indicates a vacancy. For visibility, only
Fe atoms and bonds surrounding the vacancy are
shown. The three-dimension&BD) isosurfaces
around H show the partial charge density (
=0.004) of the new states appearing with the H
trapping. Orange 2D contours express the density
(p=0-0.002) on th¢010) plane through the H
atoms, which clearly demonstrate Fé-3H 1s
hybridization.
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25 TABLE IV. Calculated binding energies of \jHcomplexes in
a-Fe. Positive energy indicates that the binding is energetically

favorable. The energies for the rigid as well as relaxed Fe lattices

2'0‘: are listed, where hydrogen positions are fully relaxed in both cases.
< [ The former energy reflects the electrofibhiemical contribution to
o 157 the binding, while the difference between the two energies in the
’TI\. same system reveals the effect of local lattice relaxation.
= 1.0
c Reactants Products E, (eV)
E’ 0.5¢ Relaxed Fe lattice
: 2V V,(100) +0.15
0.0 - 2V V(112 +0.08
: 2 VH, V,H,(100 —-0.06
05— ; ; . : : 2 VH, V,oH.(112) +0.18
c 1t 2 3 VH4 5 6 7 2 VHg V,H, /100 ~2.60
n( n ) 2 VHg V,H11(100)
+Interstitial H —0.57

FIG. 7. Total energies of VKlin several chemical potentials
(pressurepof hydrogen gas. The potentigig;,=0,0.56, and 0.72  Rigid Fe lattice
eV correspond to 0, 1, and 2 GPa of pressures. Between 1 and 2 , , V(100 +0.21
GPa, negative vacancy formation energy is realized, which is i

. : . V(112 +0.19
good agreement with the experimental observation of superabur&—
: VH, V,H,(100 -0.06
dant vacancy formation at the,Hbressure of 1.7 GPa.
2 VH, V,H,(112) +0.27

When a hydrogen atom is put at the substitutional position

in the examinations of VH stability, we found that the hydro- ot the present supercell size as described above, we primarily
gen relaxes to the equilibrium position without any barrier.;se the constant-volume manner. The results are listed in
We also put H molecule in the vacancy. ButHlissociates T5pje |V.
and moves to the equilibrium positions. This suggests that if |, the case without hydrogem & 0), binding energies to
the vacancy cluster is small,,Hnolecule could not survive the (100) and(111) divacancies are calculated to be.15
in the cluster. So, the previous models on hydrogen emznq 1 0 08 eV, respectively. Unfortunately, no experimental
brittlement where accumulated ;Hpressure expands the g3 are available for comparison. However, the same rela-
voids leading to crack initiation may be questionable in thegye stability and similar energy difference for the two diva-
initial stage. _ , cancies were obtained in the recatt initio calculations
Our results can be also compared with those in the experij;ith the vasp code as welf® Thus the preference tE100)
ment using highOhydrogen gas pressure. According t0 SUgiyacancy may be regarded as the conclusion in termabof
imoto and Fukaf, compressive pipressures of 1 and 2 GPa jnitio GGA calculations. Note that, surprisingly, the study
at 500 K approximately correspond tg Ehemical potentials  sing classical Johnson’s potential over three decades ago
iz 0f 0.56 and 0.72 eV, respectively. Using these potentgme to the same conclusigh.
tials, we have calculatgd the formatior) energies of ,\at As described in Sec. I, the binding of \{tomplexes is a
these H pressures, which are shown in Fig. 7. The resultyatter of concern. We have calculated two binding manners:
clearly indicates that negative formatlon_er]er_gy is realize¢yne is the formation of WH1,, and \,H,, (with an intersti-
between 1 and 2 GPa in,Horessure. This is in excellent jg hydrogen atom escaping from the clustiar the other.
agreement with the observation of superabundant vacancphe results have clarified that both these processes are ener-
formation in a-Fe at 1.7 GPa of ypressuré. In such a  getically unfavorable, as previously expected. Therefore, fol-
pressure region, Viand VH; become the major complexes. |gwing the conventional model based on the y/ptedomi-
nance at ambient condition, one might have concluded
C. Hydrogen effects on vacancy clusterization that the Vacancy b|nd|ng iS Unfavorable in the presence Of
hydrogen.
However, the present finding of the \YHredominance
leads to the opposite conclusion. ThgH/(111) formation
by binding two VH, complexes is found to have a binding
energy of+0.18 eV, thereby being energetically favorable
(Table 1V). Thus we can conclude that the vacancy binding is
Ep=E(2,20,V')+E(0,0Vo)—2E(1,n,V). (6)  preferred in the presence of hydrogen at ambient condition.
Furthermore, the binding energy is larger than those without
Each term in the right-hand side of the formulation is inde-hydrogen(e.g.,+ 0.15 eV), so that the presence of hydrogen
pendently calculated with the corresponding relaxed volumés likely to slightly facilitate(or not to suppress at leaghe
(V or V"), in principle. However, owing to the convergence binding processes. The minimum-energy configuration of hy-

We next investigate binding preference of Yebmplexes
in a-Fe. The binding energgenergy gain at the bindingf
two VH, complexes is calculated by means of following
formulation:

174105-7



YOSHITAKA TATEYAMA AND TAKAHISA OHNO PHYSICAL REVIEW B 67, 174105 (2003

clusters of the VH complexes seems likewise energetically
favorable in terms of the context that the electronic contri-
bution (involving hydrogen relaxation in this caséor the
(111) binding (+0.27 eV) overcomes the lattice relaxation
effect. On the other hand, there is another characteristic in
the clusterization of VH. The energy gain by Fe-H hybrid-
ization in the VH, formation is 0.5 eV/H. If a hydrogen
atom in a VH complex loses its site at the binding, the
energy loss of 0.25 eV/H for the Fe-H bonding is expected in
the binding energy. Since this energy is larger than
+0.18 eV, the loss of hydrogen sites finally leads to the
negative binding energy. As a consequence, this Fe-H hy-
bridization is also predominant in the energetics of cYH
These considerations indicate that Yldomplexes are
likely to favor not only line clusters along thel11) direc-
tions but also tabular ones alod@l10 or {100 plane as
shown in Fig. 8, so as to keep the hydrogen sites as well as
the (111) binding networks. Thus we have found that the
FIG. 8. Schematic view of probable vacancy cluster configurapresence of hydrogen will induce anisotropic clusterizations
tions. (a) The light gray cube denotes monovacancy without H, of vacancies inx-Fe. This finding will be crucial for under-
while the dark one indicates the directional ¥init where the standing various phenomena induced by hydrogen as well as

black plane expresses H occupation near the plane. A probable cofsqgre active applications such as control of internal defects
figuration without H is shown irtb). A line-shaped, a tabuldd1G by hydrogen.

as well as a tabulgfl00; VH, clusters probable in the presence of
hydrogen are shown ifc—e), respectively.

D. Potential vacancy contributions to hydrogen embrittlement

drogen atoms in the 3H, complex shows that orientations Our present findings of the hydrogen effects on vacancy
of the hydrogen pairs in both V}onstituents are aligned in properties ina-Fe will present not only a fundamental
the same direction. This suggests that the atomic configuragrogress in defect physics but also a breakthrough to eluci-
tion of VH, (Fig. 5 can be a directional unit to the formation date microscopic mechanism of hydrogen embrittiement in
of larger Vj,H,, clusters[Fig. 8a)]. Fe-rich materials. Here we discuss possible implications of
Based on these results, we explore the larger cluster fothe hydrogen-enhanced vacancy activitid&VA) in the hy-
mations. Here we divide the binding energy of each vacancyrogen embrittlement phenomena.
cluster into the contributions from the electronic rearrange- The anisotropic vacancy clusterization induced by hydro-
ment and from the local lattice relaxation. The former isgen can be directly linked with anisotropy observed in sev-
obtained by calculating the energy without any lattice relax-eral fracture experiments. TR&10 clusters are the first rea-
ation, namely in the rigid Fe lattice. The difference betweensonable theoretical evidence of the enhancement of fracture
this energy and the fully-relaxed one corresponds to the locallong these slip planes of bcc metals experimentally
lattice relaxation effect. We show the binding energies ofobserved!#? Since(111) are slip directions of bcc metals,
some clusters in the rigid lattice in Table IV as well. the vacancy rows along these directions can be connected
Without hydrogen, electronic contributions of the binding with the dislocation motions, which is also likely to contrib-
energies are about 0.2 eV (+0.19 or+0.21 eV}, while the  ute to fracture along the slip planes. On the other hand, the
local lattice relaxation effects are roughy0.1 eV(—0.06 or {100 tabular clusters directly lead to the void formation or
—0.11 eVj. Accordingly, the former positive contribution of crack nucleation on these cleavage planesdfe. This is
the electronic rearrangement at the binding is found morelso consistent with fractures on these planes observed in
dominant. This intrinsic preference of the binding implies some experiment®.
that the total binding energies for,\€luster at arbitraryn Moreover, the hydrogen-induced decrease of vacancy for-
will be also positive. mation energy will be associated with the experimentally ob-
We also found that the lattice relaxation effects primarily served enhancement of dislocation mobility in the presence
make a difference betwedry,(100) andV,(111). Examina-  of hydrogen as the elastic shielding mechanism based on
tion of the local lattice relaxations indicates that thg 100 interstitial hydrogert?>~4 Several dislocation motions such
cluster has larger relaxation around the binding region. Thigs cutting or jog climb-up are known to be accompanied by
seems responsible for more increase of the binding energyacancy formations. In particular, the cutting motions are of
namely decrease of the total energy. These indicate that great importance in a region with a high dislocation density,
cluster allowing larger lattice relaxation, namely a moresuch as the region ahead of a crack tip. The formation energy
compact(spherical cluster, is energetically favorable in the decrease could be regarded as falloff of activation energies
case without hydrogen as shown in Figb8 The same con- for such dislocation motions, so that it may contribute to
clusion was obtained in Ref. 24 for, Mvith largen. increase of the dislocation mobility experimentally
If the (111) binding is predominant, formation of larger observed*
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In addition to the consistent explanations of experimentabmissiof® through HEVA might be also probable. In order to
results, the HEVA has some advantages to the atomic-scakstablish what microscopic effects are crucial, fair compari-
mechanism of hydrogen embrittlement in Fe-rich materialsson between interstitial hydrogen and hydrogen-vacancy
compared with the interstitial hydrogen effects dominantlycomplex is still indispensable, which is now under study.
discussed to date. As described in Sec. |, whether concentrilevertheless, our present results strongly suggest that
tions of interstitial hydrogen in highly stressed regions aheadhydrogen-enhanced fracture through vacancy processes is
of a crack tip are sufficient for the propagation has been stilexpected to be more relevant to the microscopic mechanism
a long-standing issue in the endothermic materials. On thef hydrogen embrittlement in Fe-rich materials.
contrary, the vacancy-related processes provide a scenario
that large (10 fold) increase of the concentration may occur V. CONCLUSIONS
without improbable accumulation of hydrogen.

: . . , In conclusion, we have examined energetics of stability
Hydrogen-induced anisotropic vacancy clusters give 4nd clusterization of hydrogen-vacancy complexes-ife
clear view to “material thinning,” an ambiguous concept ydrog y P '

used to date in the mechanisms with interstitial hydrogenpy means ofab initio supercell calculations. We have pre-

Compared to the preference of isotropic vacancy clusters iﬁzgiedf;?ﬁ](;;.egfg:‘;\ggegces ggtége-nh)édroe%-emn;rtlgarnceirya-
the case without hydrogen, the hydrogen trapping induce y lon 1 » SU9g In exper -np

vacancy clusters with tabular shapes. This hydrogen effect o Clélr%r’ enw-(:no?la(l)\gcgr?(r:nogs:rr]aﬁzges V\r/]ri\::vh zgar?ggé t?\fe gl)en-
the shape of vacancy clusters can be closely related wit ydrog y P '

hydrogen-enhanced generation of microcracks that are al \6ent|onal _model frequently referred to date_. Besides, we
planar voids. ave predicted hydrogen-enhanced anisotropic vacancy clus-

We discuss the processes in the monovacancy formatiotr?r'zat'on based on our extensive calculations. These results

> ; . re r viden for the relevan f vacancy-rel
and clusterization more intensively. For the former processa e robust evidences for the relevance of vacancy-related

Frenkel-pair formations have considerably high activationprocesses to the atomic-scale mechanism of hydrogen em-

energie$? Thus monovacancy formations accompanyingbﬂieerge:;'neﬁezigr?owage;ﬁti’evrvhc'I?rif??;t? O?]zr%l%/ Eegpod;sl:l
with dislocation motions as well as near surface regions argﬁects are s),/tilllnecessagr this point of view ma beyof ?eat
more probable processes. Regarding the clusterization, cod: Y. P y g

lescence of vacancies generated in distant regions is rath Pe for full understanding of the whole mechanism in those

unlikely, since vacancy migration is suppressed by the hy_matenals.

drogen trapping® In this respect, the relationship with dis-
location motions that can directly introduce combined va-
cancy rows is of great importance for microcrack generation We acknowledge Professor Y. Fukai and Professor M.
in highly deformed regions away from the surface. Nagumo for their helpful discussions and suggestions. We

Summarizing these results and considerations, HELRIso thank Dr. T. Miyazaki and Dr. Y. Morikawa for their
through HEVA is expected to be a promising mechanism fohelp with theab initio calculations. The calculations in this
hydrogen embrittlement in Fe-rich materials. Owing to thestudy have been performed on the Numerical Materials
relation with dislocation, the adsorption-induced dislocationSimulator at NIMS.

ACKNOWLEDGMENTS

1Y, Fukai and N. Okuma, Jpn. J. Appl. Phys., Par82 L1256  ®E. Sirois and H.K. Birnbaum, Acta Metall. Mated0, 1377

(1993. (1992.
2M. Iwamoto and Y. Fukai, Mater. Trans., JIND, 606 (1999. 14p. sofronis and H.K. Birnbaum, J. Mech. Phys. Solith 49
SE. Hayashi, Y. Kurokawa, and Y. Fukai, Phys. Rev. L86,. 5588 (1995.

(1998. 155 .M. Myers, D.M. Follstaedt, F. Besenbacher, and J. Boettiger, J.
4Y. Fukai and N. Okuma, Phys. Rev. Le#3, 1640(1994). Appl. Phys.53, 8734(1982.
SM. Nagumo, ISIJ Int41, 590 (2001, and reference therein. 18F. Besenbacher, S.M. Myers, P. Nordlander, and J.kshktoy, J.
5M. Nagumo, M. Nakamura, and K. Takai, Metall. Mater. Trans. A Appl. Phys.61, 1788(1987.

32A, 339(2001). 17p. Nordlander, J.K. Niskov, F. Besenbacher, and S.M. Myers,
™. Nagumo, K. Ohta, and H. Saitoh, Scr. Maté@, 313(1999. Phys. Rev. B40, 1990(1989.

8For a review, see S.M. Myers, M.I. Baskes, H.K. Birnbaum, J.W.*8J.K. Narskov, Phys. Rev. B6, 2875(1982.
Corbett, G.G. Deleo, S.K. Estreicher, E.E. Haller, N.M. Johnson°Y. Fukai, The Metal Hydrogen Syste(Springer-Verlag, Berlin,
R. Kirchheim, S.J. Pearton, and M.J. Stavola, Rev. Mod. Phys. 1993.

64, 559 (1992. 205 M. Myers, P.M. Richards, W.R. Wampler, and F. Besenbacher,
9A.R. Triano, Trans. Am. Soc. Me&2, 54 (1960. J. Nucl. Mater.165, 9 (1989.
10R.A. Oriani and R.H. Josephic, Acta Metal2, 1065(1974). 2R.B. Mclellan and C.G. Harkins, Mater. Sci. Er8, 5 (1975.
1c.D. Beachem, Metall. Tran8, 437 (1972. 22p_Ehrhart, P. Jung, H. Schultz, and H. Ullmaier,Atomic De-
124 K. Birnbaum and P. Sofronis, Mater. Sci. Eng.,1X6, 191 fects in Metalsedited by H. Ullmaier, Landolt-Bmstein, New
(1999. Series, Group Ill, Vol. 25Springer-Verlag, Berlin, 1991

174105-9



YOSHITAKA TATEYAMA AND TAKAHISA OHNO PHYSICAL REVIEW B 67, 174105 (2003

23, DeSchepper, D. Segers, L. Dorikens-Vanpraet, M. Dorikents, York, 1987.
G. Knuyt, L.M. Stals, and P. Moser, Phys. Rev.2B, 5257  3*E.G. Moroni, G. Kresse, J. Hafner, and Jrffmuller, Phys. Rev.

(1983. B 56, 15 629(1997, and references therein.
24].R. Beeler, Jr. and R.A. Johnson, Phys. Ré&6, 677 (1967. 35M.J. Gillan, J. Phys.: Condens. Mattkr689 (1989.
25p, Hohenberg and W. Kohn, Phys. R&@6, B804 (1964). 36y Tateyama, T. Miyazaki, and T. Ohr{anpublishedl
26\, Kohn and S.J. Sham, Phys. R0, A1133(1965. 37The dissociation energy of Hn GGA calculations is shown to be
2’M.C. Payne, M.P. Teter, D.C. Allan, T.A. Arias, and J.D. Joan- inaccurate due to worse description of the tolecule energy.
nopoulos, Rev. Mod. Phy$4, 1045(1992. Thus we use the experimental value for this quantity. See Ref.
283imulation Tool for Atom TechnologysTaTE), released by the 30, and D.C. Patton, D.V. Porezag, and M.R. Pederson, Phys.
Research Institute for Computational Scien@@ECS), National Rev. B55, 7454(1997).
Institute of Advanced Industrial Science and Technology®®P. Salerlind, L.H. Yang, J.A. Moriarty, and J.M. Wills, Phys. Rev.
(AIST). B 61, 2579(2000.
29D. Vanderbilt, Phys. Rev. B0, 7892(1990. 39C. Domain and C.S. Becquart, Phys. Rev6® 024103(2001).

303.p. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R. Ped?°H. Sugimoto and Y. Fukai, Acta Metall. Matet0, 2237(1992.
erson, D.J. Singh, and C. Fiolhais, Phys. Rev.4g 6671 41T, Tabata and H.K. Birnbaum, Scr. Metall8, 231(1984.

(1992. 42A. Kimura and H. Kimura, Mater. Sci. Eng@7, 75(1986.
31p, Bagno, O. Jepsen, and O. Gunnarsson, Phys. Ré0, B997  “*T. Tabata and H.K. Birnbaum, Scr. Metall7, 947 (1983.
(1989. 44H. J. Wollenberger, ifPhysical Metallurgy edited by R. W. Cahn
32p A. Korzhavyi, I.A. Abrikosov, B. Johansson, A.V. Ruban, and  and P. Hassen, 3rd etElsevier, Amsterdam, 1983
H.L. Skriver, Phys. Rev. B59, 11 693(1999. 45Y. Tateyama and T. Ohno, ISIJ Int3, 573 (2003.

33C. Kittel, Introduction to Solid State Physicgth ed.(Wiley, New  4S.P. Lynch, Acta Metall20, 2639(1988.

174105-10



