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Energetics and electronic structure of grain boundaries and surfaces of B- and H-doped Ni3Al
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By using a first-principles plane-wave pseudopotential method, the energetics and electronic structure of
S5(210) grain boundary~GB! and the~210! surface of undoped as well as B- and/or H-doped Ni3Al are
investigated. The geometric structures of the GBs and surfaces are fully relaxed by minimizing the total energy
and interatomic force. The results show that B induces a large lattice expansion but H does not. Both B and H
‘‘prefer’’ to occupy the Ni-rich hole at the GB or surface but not the Ni-deficient one. The segregation energies
of B and H as well as the interaction energy between them at the GB and surface are calculated. The
calculation indicates that B segregates more strongly to the GB than to the surface, which results in an increase
in the Griffith work of the GB and, therefore, in agreement with the experiments, improves the ductility of
Ni3Al. Contrary to the case of B, H segregates more strongly to the surface than to the GB, which results in
a decrease in Griffith work and confirms H as an embrittler for Ni3Al. The calculation of the interaction energy
between B and H demonstrates that B and H repel each other. Consequently, B may block the site of occupa-
tion of H at the GB, and restrain the H-induced embrittlement. To understand the mechanism of the obtained
energetic features, the electronic densities of states~DOSs! are calculated. A comparison of the total DOSs
between the B-doped GB and undoped as well as H-doped ones shows that B increases the hybridization of the
GB, which contributes to the enhanced binding of the B-doped GB over the undoped and H-doped ones. When
the site of B changes from bulk to GB to surface, the hybridization between B and Ni decreases accordingly.
It is proposed that the segregation behavior of B at the GB and surface is dominated by the competition
between B(p) –Ni(d) bond energy and the strain energy induced by B. The preference of B for the Ni-rich
interstice in Ni3Al is explained by the repulsive interaction between B and Al atoms resulting from the
hybridization between their electrons when they are close to each other. The repulsion between B and H can
also be explained by the same electronic structure mechanism as that for the B-Al interaction. The segregation
of B at surface shifts the DOS of its nearest neighbor Ni to lower energy. This may increase the chemisorption
potential energy of H2O on Ni3Al surface and, therefore, decrease the reactivity of the surface, inhibiting the
environmental embrittlement of Ni3Al.

DOI: 10.1103/PhysRevB.67.224203 PACS number~s!: 68.35.2p, 68.35.Dv, 71.20.Gj, 81.40.Lm
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I. INTRODUCTION

Stoichiometric Ni3Al is ductile as a single crystal,1 but it
exhibits brittle intergranular fracture in the polycrystallin
state.2 Two factors have been proposed to account for
intergranular fracture:~1! environmental embrittlement~EE!
due to hydrogen released from simple environments s
as air and water at ambient temperature3,4 in the process
of surface reaction M1H2O→M–O12H or M1H2O
→M–OH1H; and ~2! an intrinsic weak link at the grain
boundaries~GBs! as demonstrated by the fact that the fra
ture mode of polycrystalline Ni3Al is always intergranular
regardless of the atmosphere.5,6 To overcome the embrittle
ment of the compound, microalloying and macroalloyi
strategies have been adopted. It is well documented tha
addition of boron suppresses the brittleness of polycrystal
Ni3Al and changes the brittle intergranular to ductile tran
granular fracture.2,7

Attempts have been made to relate the intergranular f
ture of Ni3Al to the localized GB electronic structure by bo
experiments8,9 and first-principles calculations.10,11 It was
suggested that the intrinsic weakness of GBs in Ni3Al re-
0163-1829/2003/67~22!/224203~9!/$20.00 67 2242
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sulted from the less hybridization of GBs than bulk.8,10

Muller et al.8 measured the change in bonding at GBs us
spatially resolved electron energy loss spectroscopy,
found that the Nid band is less hybridized at GBs than
bulk material. Eberhartet al.10 used a multiple-scatteringXa
method to calculate the density of states~DOS! of a polyhe-
dral model of a GB structure and compared it with the DO
of the corresponding single crystal. They found that moresp
states appeared near the Fermi level in the DOS of the
cluster. The increase in the DOS at the Fermi level for
grain boundary cluster actually indicates a weaker cova
bonding at the GB, which also means that there is a los
hybridization at the GB. It was believed that the loss of h
bridization at the GB will reduce the cohesive energy a
increase the chemical activity of the GB, which may indu
intergranular fracture.8 In addition, Eberhartet al.10 argued
that the decrease in the covalent character of the bonds a
GB will make the GB more responsive to an extern
stimulus,12 accommodate greater strain than the parent c
tal and, therefore, lead to a localization of the strain a
subsequently to intergranular fracture.10,13,14

The origin of the embrittling effect of H on Ni3Al was
©2003 The American Physical Society03-1
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also approached by electronic structure calculations.15–18Sun
et al.15 investigated H-doped bulk Ni3Al using a full-
potential linear-muffin-tin-orbital~FP-LMTO! method. Their
results show that hydrogen enhances the bonding charg
rectionality near some Ni atoms and reduces the interst
charge, suggesting that the presence of H deteriorates
cohesion. Using a discrete-variational method within
framework of density-functional theory~DFT!, Wanget al.16

studied the behavior of H at aS13(320) tilt GB. Their cal-
culations of local interatomic energy formulated by Wa
et al.17 indicate that H forms strong bonding with its neare
neighbor Ni but bonds much weaker with its next-neare
neighbor Ni atoms. Meanwhile, the bonding strength
tween host metal atoms neighboring H is weakened.
segregation of H at the GB induces a decrease in local ch
density. On the basis of these results, they concluded th
acts as an embrittler in Ni3Al and makes intergranular frac
ture easier. Using a full potential linearized-augmen
plane-wave method~FLAPW!, Lu et al.18 calculatedDEgb
2DEs due to H segregated at aS5 tilt GB and at the surface
of Ni3Al, where DEgb5E(gb1H)2E(gb) and DEs5E(s
1H)2E(s) are the hydrogen formation energies at the
and at free surface, respectively. They obtained a pos
value of 1.4 eV, indicating that H is an embrittler accordi
to the theory of Rice and Wang.19

A number of mechanisms have been proposed to exp
the beneficial effect of B on the ductility of Ni3Al. 2,20–24

Efforts have also been made to understand the beneficia
fect of B on the mechanical behavior of Ni3Al on the basis of
the electronic structure.8,9,11,15,25–29Painter and Averill25 ad-
dressed the effect of B on the GB cohesion of pure Ni us
a first-principles local spin-density atomic-cluster mod
Their calculations showed that B is an enhancer of GB
hesion and increases the maximum sustainable resto
force in the cluster. Because B prefers to occupy the Ni-r
site in Ni3Al, 15,30 the studies of the effect of B in pure Ni i
instructive for the investigation of B effect in Ni3Al. The
calculation of Sunet al.15 suggests that when bulk Ni3Al is
doped with B, the Ni(d) and B(p) hybridization between the
nearest-neighbor Ni and B sites results in an enhanceme
the intraplanar metallic bonding between the Ni atoms,
enhancement of interstitial bonding charge, and a reduc
of the bonding charge directionality around the Ni atoms
the ~001! planes, leading to B-induced strengthening.
spatially resolved electron energy loss spectroscopy m
surement, Mulleret al.8 observed that, when B is present a
Ni-rich GB, the Ni(d) DOS resembles that of bulk Ni3Al
~lessd holes at the Fermi level!, supporting the argument tha
B improves the cohesion of GB. The interatomic energy c
culations of Wanget al.28 using a discrete-variational metho
show that B forms stronger bonding states with its neighb
ing host atoms, acting as a ‘‘bridge’’ and increasing the
hesive strength of the GBs in Ni3Al.

The above first-principles investigations greatly extend
our knowledge of the fracture of Ni3Al. However, some fun-
damental problems, such as the segregation behavior an
electronic structure mechanism of B and H at the GB a
surface, are still to be clarified. Experiments have shown
the addition of B affects the dissociation of H2O on Ni3Al
22420
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surface,31,32 which has not been interpreted theoretically.
addition, the above mentioned first-principles investigatio
are mostly based either on the local electronic structure, s
as DOS and charge density, or on local interatomic inter
tions, which contributes indirectly to the fracture propertie
Fracture properties are generally scaled by global ener
such as the ‘‘Griffith work.’’ Therefore, to describe the G
fracture behavior more directly and clearly, it is desirable
investigate the energetics of the GB. Luet al.18 calculated
the GB and surface energies of undoped and H-doped N3Al
using a FLAPW method, but did not present any results
B-doped case. Chen and co-workers33,34 evaluated the GB
and surface energy of undoped and B-doped Ni3Al by atomic
simulation using interatomic potentials; however, the en
getics for the H-doped case was not presented. Though
atomic simulations~utilizing an interatomic potential! that
involve the process of fitting parameters determine the e
getics for GB accurately, they fail to provide insight into th
chemical bonding characteristics. To our knowledge,
combined effect of B and H on the energetics of the GB a
surface of Ni3Al has not been studied.

In this paper, we investigate the energetics of the undo
and B and/or H modified GB and surface on an equal th
retical footing. The segregation energy of B and H at GB a
surface as well as the Griffith works of pure and B and/or
modified GBs were presented. The geometric and electro
structure characteristics of the GB and surface are inve
gated. From the calculated electronic structure, some insi
concerning the mechanism of B segregation at GB and
face, the origin of site occupancy of B in Ni3Al, the mecha-
nism of B–H interaction, and the effect of B on the reactiv
of the surface of Ni3Al, are obtained.

The paper is organized as follows. In Sec. II, we descr
the models of GB and surface and the first-principles pseu
potential method used in our calculations. Section III p
sents the optimized GB and surface geometries. In Sec
the segregation energies of B and H and the interaction
ergy between them at the GB and surface are evaluated.
effect of the doping of B and/or H on the Griffith work of th
GB is estimated. In Sec. V, the behaviors of B and H
Ni3Al are discussed on the basis of the calculated DOSs

II. CALCULATION DETAIL

A. Method of calculation

To investigate the energetics as well as electron struct
and geometric characteristics of B and/or H modified GB a
surface of Ni3Al, the CASTEPprogram, an implementation o
the first-principles plane-wave pseudopotential method35,36

based on density functional theory, is used. The local den
approximation~LDA ! is adopted to formulate the exchang
correlation potential.

The ultrasoft pseudopotentials37 represented in reciproca
space with the Cepeley-Alder exchange-correlation poten
were used for all elements involved in this work. Th
pseudopotential of Ni was generated with a nonlinear c
correction. These pseudopotentials are provided with
CASTEP package36 and have been well tested. Here, w
present a simple test on the pseudopotentials of Ni and Al
3-2
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TABLE I. A simple test of the ultrasoft pseudopotentials of Ni and Al for Ni3Al.

Current
work

TB-LMTO
~Ref. 38!

AE-LMTO
~Ref. 39!

Expt.
~Refs. 38 and 39!

Lattice constant~Å! 3.49 3.51 3.55 3.57
Heat of formation~eV/atom! 2.27 2.20 1.94 1.59;1.62
Bulk modulus~Mbar! 2.20 1.46 2.10 2.40
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Ni3Al. Table I compares the equilibrium lattice consta
heat of formation, and bulk modulus evaluated by the fir
principles plane-wave pseudopotential method used in
current work with those calculated by tight-binding line
muffin-tin orbital ~TB-LMTO! ~Ref. 38! and AE-LMTO ~all
electron linear muffin-tin orbital! ~Ref. 39! methods and with
experimental results referred to in Refs. 38 and 39. The
tice constant and heat of formation calculated here are c
to those calculated by the TB-LMTO, but slightly differe
from those calculated by the AE-LMTO. However, it is in
teresting to note that the bulk modulus calculated here
close to that calculated by the AE-LMTO and the experim
tal measurement, but deviates considerably from that ca
lated by the TB-LMTO. The error of lattice constant calc
lated here relative to the experimental result is about 2%
the range of the accuracy of the LDA. All the theoretic
heats of formation are comparable to the experimental re

In our calculations, the cutoff energy of plane wav
~PWs!, Ecut, is set at 330 eV. A finite basis set correction41 is
applied in the evaluation of energy and stress. The Pu
scheme of density mixing40 is used for self-consistent fiel
~SCF! calculation. The SCF tolerance is set at 131026 eV.

B. Models of grain boundary and surface

In the current work, a supercell approach is used to c
struct the models of the GB and surface. The grain bound
of S5(210) is constructed by means of the coincidence
lattice model as shown in Fig. 1~a! in which one supercel
contains two GBs. With nine atomic layers in between,
interaction between two adjacent GBs is expected to be
ficiently weak. The composition of the GBs is 100/50, ind
cated by the composition of the first layer of each grain~per-
centage of Ni atoms: top grain/bottom grain!.33 There are
two types of GB holes, one with all Ni neighbors~Ni-rich,
site 1! and the other with both Ni and Al neighbors~Ni-
deficient, site 2!. The ~210! surface is simulated by a sla
model with ten~210! atomic layers and ten layers of vacuu
in between, as shown in Fig. 1~b!. The slab contains two
surfaces: one containing 50% Ni and the other contain
100% Ni, corresponding to the composition of the GB. Sim
lar to the GB, there are also two types of surface holes.
the impurity doped GB and surface, B and H are first plac
nominally in the GB and surface holes, site 1 and/or site
For a consideration of the symmetry, the supercell with G
is doped with two impurity atoms partitioned to the two G
planes. All atomic positions in the undoped and B and/o
doped supercells have been relaxed according to the
energy and force using the BFGS scheme, with lattice c
stants fixed at theoretical values as listed in Table I. The t
22420
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energy and force tolerances for the geometry optimizat
are set at 131025 and 0.03 eV/atom, respectively.

III. GEOMETRIC STRUCTURE

When the equilibrium structures are achieved, the B a
H at site 1 and B at site 2 do not move far from their origin
sites. But it is interesting to note that the H atom origina
placed at the Ni-deficient hole~site 2! moves to a distorted
Ni-rich octahedral interstice~site 3! of the GB and the cor-
responding Ni-rich hole of the surface.

Table II lists the calculated atomic displacements obtain
by subtracting the unrelaxed atomic positions normal to
boundary plane from the relaxed atomic positions. Posit
values mean that the atom moves away from the GB pla
whereas negative ones mean that the atom moves clos
the GB plane. The data in the parentheses are the ato
displacements calculated by Luet al.18 It is seen that the
displacements of the atoms in the first layer calculated in
work are comparable to those obtained by Luet al.However,
the displacements of the atoms in the second and third la
calculated here are significantly different from those cal
lated by Luet al., which may be related to the fact that the
used a slab GB model, different from the supercell G
model used here. In spite of the discrepancy, both calc
tions show an oscillatory pattern of interlayer distance, t
is, the first and third layers move away from and the seco
layer moves toward the GB planes.

FIG. 1. Unrelaxed supercell geometry for~a! two S5(210) tilt
grain boundaries and~b! the ~210! surface of Ni3Al. The solid and
open circles denote Ni and Al atoms, respectively. The large
small circles represent atoms on two adjacent~001! planes. Site 1
and the atoms represented by the large circles are located on
same~001! plane whereas the small circles, and sites 2 and 3 are
the ~001! plane next to it.
3-3
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As seen from Table II, the GB hole accommodating the
atom is obviously expanded. The displacements of Ni and
atoms of the first layer are 0.27 and 0.40 Å, respectively,
the undoped system. The B atom at site 1 increases the
placement of its nearby Ni atom~at the first layer! from 0.27
to 0.31 Å, and the B atom at site 2 increases that of
nearby Al atom from 0.40 to 0.44 Å. However, the positio
of the atoms near the H atom are almost not altered, mea
that H does not induce large lattice distortion.

IV. ENERGETICS

In this section, we first define the energies involved in o
calculations. The GB energy for the undoped system
evaluated by

Egb5
1

2S
@E~N,2gb!2E~N!#, ~1!

whereE(N,2gb) is the total energy of theN-site supercell
containing two GBs@see Fig. 1~a!#, E(N) is the total energy
of anN-site supercell of bulk Ni3Al, andS5a3b is the area
of the GB plane witha and b being the supercell lattice
constants alongx andy directions, respectively. Surface e
ergy for the undoped system is expressed by

Esurf5
1

S
@E~N/2,2s!2E~N!/2#, ~2!

with E(N/2,2s) being the total energy of theN/2-site super-
cell containing two surfaces. It should be noted that the s
face energy calculated here is the sum of that of the
surfaces with different composition@see Fig. 1~b!#.

The GB energy for the impurity doped system and
segregation energies of impurity at GB are defined as

Egb
i 5

1

2S
@E~N12i,2gb!2E~N12i!# ~3!

and

DEgb
i 5

1

2S
$@E~N12i,2gb!1E~N!#

2@E~N12i!1E~N,2gb!#%, ~4!

TABLE II. Calculated atomic displacements~in Å! normal to
the GB, for three~210! layers which are nearest to theS5(210) GB
plane of Ni3Al. B1 denotes the configuration of GB with a B atom
occupying site 1, and H1, B2, and H3 have similar meanings.
data in the parentheses are those from FLAPW calculations by
et al. ~Ref. 18!.

Layer Atom Undoped B1 H1 B2 H3

1 Ni 0.27~0.31! 0.31 0.28 0.27 0.27
1 Al 0.40~0.43! 0.39 0.40 0.44 0.40
2 Ni1 20.05(20.10! 0.06 20.01 20.07 20.03
2 Ni2 20.02(20.07! 20.03 20.00 0.15 0.03
3 Al 0.01~0.17! 0.06 0.02 0.01 0.03
3 Ni 0.07~0.09! 0.07 0.08 0.11 0.07
22420
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respectively, whereE(N12i,2gb) andE(N12i) are the to-
tal energies of the impurity-doped supercells of GB and b
Ni3Al, respectively. Previous investigations15,30 demon-
strated that both B and H prefer to occupy the Ni-rich oc
hedral interstices in bulk Ni3Al. Therefore, in the presen
work, E(N12i) is calculated with B or H occupying the
Ni-rich octahedral interstices. A negativeDEgb

i means that
the impurity has a tendency toward segregation at the G
Similarly, the impurity doped surface energy and impur
segregation energy at the surface are defined as

Esurf
i 5

1

2S
@E~N12i,2s!2E~N12i!# ~5!

and

DEsurf
i 5

1

S
$@E~N/21 i,2s!1E~N!/2#

2@E~N12i!/21E~N/2,2s!#%, ~6!

respectively. Here, we would like to mention that, in prev
ous studies18,34 of B and H doped GB and surface, the im
purity formation energy was defined asDEgb

i 5E(N1 i,gb)
2E(N,gb) and DEsurf

i 5E(N1 i,s)2E(N,s), from which
one cannot determine whether the impurity segregates to
GB and surface or not.

The Griffith work is defined as the work needed to clea
a crystal along the GB, and can be calculated as the dif
ence between the GB and surface energies, i.e.,

EGW5Esurf2Egb ~7!

for an undoped system, and

EGW
i 5Esurf

i 2Egb
i ~8!

for an impurity doped system, respectively. From the defi
tions of segregation energies and the impurity doped GB
surface energies as shown in Eqs.~3!–~6!, it is easy to show
that the difference in the Griffith work between the impuri
doped and undoped systems,

DEGW
i 5EGW

i 2EGW, ~9!

can be equivalently expressed as the difference between
segregation energies of the impurity to surface and GB,

DEGW
i 5DEsurf

i 2DEgb
i . ~10!

A positive DEGW
i indicates that the work needed to clea

the GB doped with impurity is larger than that for the u
doped system, and the impurity segregates more strong
the GB than to the surface.

Table III lists the GB energy, surface energy, and Griffi
work for the undoped system. Also listed in the table a
those energies obtained by other methods. It is seen tha
the energies calculated here are larger than those calcu
by embedded atom method~EAM! ~Ref. 34! and FLAPW
~Ref. 18! methods. TheEgb calculated here is about twice a
large as that from the EAM,33 consistent with the finding of
Wright and Atlas42 who showed that the DFT grain-bounda
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and staking fault energies tend to be a factor of 2 larger t
the EAM values, although the EAM provides a good descr
tion of structural properties. Apart from the difference b
tween the supercell model of the GB used here and the
model used by Luet al.18 the discrepancy between our ca
culations and those of Luet al. is possibly related to the
lattice constants which are set at experimental values in
work of Lu et al. but is set at theoretical equilibrium value
in the present work.

Table IV lists the segregation energies of B and H at
GB and surface and the change of Griffith work due to
doping of B or H. As seen from the table, for systems with
occupying the Ni-rich holes~site 1!, the segregation energ
of B at the GB is more negative than that at surface, wh
induces an increment of Griffith work of 0.22 J/m2 relative
to the undoped system. This result indicates that the stre
of the GB is enhanced by the doping of B, consistent w
the well known experimental observations. For the syste
with B occupying the Ni-deficient holes~site 2!, we obtain a
negative GB segregation energy and a positive surface
regation energy. The Griffith work is 0.29 J/m2 larger than
that of the undoped system, which seems to suggest th
may also enhance the strength of the Ni-deficient GB. Ho
ever, it should be noted that the segregation energies o
at the Ni-rich hole of the GB (20.84 J/m2) and surface
(20.62 J/m2) are much more negative than those at the
deficient hole (20.22 and 0.07 J/m2 of the GB and surface
respectively!. Therefore, the stable configurations
B-doped GB and surface are the ones with B occupying
Ni-rich hole instead of the Ni-deficient one, the electron
structure mechanism of which will be discussed in Sec. V
can be expected that, with the increase of Al at the GB,
segregation energy of B at GB will become positive. That
B will not segregate to an Al-rich GB. Accordingly, B ca
not enhance the binding of an Al-rich GB. This result co
firms the Auger electron spectorscopy~AES! analyses which
indicate that the decrease in ductility with increasing alum
num content of B-doped Ni3Al was associated with a de
creasing tendency for B segregation to the GB.2,43

TABLE III. GB and surface energies and Griffith work of un
doped Ni3Al ~in J/m2).

Source Egb Esurf EGW

Current work 2.12 5.91 3.79
FLAPW18 1.7 4.2 2.5
EAM33 1.2 4.3 3.1

TABLE IV. Segregation energies of B and H at GB (DEgb
i ) and

surface (DEsurf
i ) and change of Griffith work (DEGW

i ) due to the
doping of B and H~in J/m2).

Impurity DEgb
i DEsurf

i DEGW
i

B at site 1 20.84 20.62 0.22
B at site 2 20.22 0.07 0.29
H at site 1 0.17 20.03 20.20
H at site 3 20.04 20.29 20.25
22420
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For H at site 1, we obtain a positive GB segregation e
ergy (0.17 J/m2) but a slightly negative surface segregati
energy (20.03 J/m2), which means that H does not segr
gate to the Ni-rich GB hole but weakly segregates to
Ni-rich surface hole. For H at distorted octahedral interstic
~site 3!, we get a slightly negative GB segregation ener
and a very negative surface segregation energy, indica
that H weakly segregates to site 3 of the GB and m
strongly to the corresponding surface hole. The stronger s
regation of H to the surface than to the GB results in
decrease in the Griffith work, and induces the hydrogen e
brittlement of Ni3Al, again in consistency with experimenta
findings.

The above results show the effects of B and H atoms
the Griffith work of the GB when they are not associat
with each other. It is interesting to know what would happ
if B and H coexist at the GB or surface. The calculat
Griffith work of the system containing both B~site 1! and H
~site 3! is 3.82 J/m2, close to that of the undoped syste
(3.79 J/m2), which is not adequate to explaining the tran
tion of fracture mode from intergranular to transgranular
duced by B doping. In fact, if considering the interactio
between B and H, one finds that B and H cannot coexis
the GB or surface. The interaction energy between B an
at the GB or surface can be evaluated from

DE5@E~B1H!1E#2@E~B!1E~H!#, ~11!

whereE(B1H), E(B), andE(H) are the total energies o
the GB or surface supercells containing both B~site 1! and H
~site 3!, B only, and H only, respectively.E is the total energy
of the GB or surface supercell of undoped Ni3Al. The cal-
culated interaction energy is 0.17 eV for both the GB a
surface, meaning that B and H repel each other at the GB
surface. Therefore, once B segregates to the GB or surf
the neighboring sites will be unavailable for H due to
repulsive interaction with B~because the segregation ener
of B is much larger than that of H, the segregation of B h
priority over that of H!. Therefore, besides the benefici
effect of B in improving the binding strength of the GB, a
shown earlier, the blocking of H site occupation by B al
contributes to the enhancement of the GB, confirming
hypothesis of some experimental researchers.23,24

Both theoretical calculations34 and experiments44 demon-
strated that B segregates to the GBs of Ni3Al. However,
previous theoretical investigation did not give direct info
mation concerning the segregation behavior of B and H
the free surfaces.18,34 Different from previous studies, ou
calculations explicitly give the segregation energies of B a
H at the surface. A direct comparison between the theoret
and experimental results of surface segregation, howeve
difficult because the theoretical calculation deals with
ideal surface that can hardly be obtained by experime
Many factors, such as unwanted contaminants, imperfect
face structure, etc., may affect the behavior of surfa
segregation.43–45 However, we do find some consistency b
tween our calculations and experiments. As seen from Ta
IV, B segregates to the Ni-rich hole of surface but not to t
Ni-deficient one. This result agrees with the experimen
3-5
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finding that B segregates significantly to a sputter etc
Ni3Al surface, where preferential removal of Al was o
served but does not segregate strongly to well annealed
face that is fairly representative of the bulk allo
composition.43

V. ELECTRONIC STRUCTURE

In this section, we will explore the electronic structu
mechanism underlying the behavior of B and/or H dop
Ni3Al. Figure 2 compares the total DOS of the supercells
bulk Ni3Al and undoped and impurity-doped GB. The imp
rities occupy their stable sites at the GB~site 1 for B and site
3 for H!. It is seen that, for the DOS of bulk Ni3Al, a
pseudogap occurs just above the Fermi level, and a p
exists at about22.0 eV, which are the results of the hybrid
ization between Ni(d) and Al(sp) states. For the GB super
cell, the pseudogap above the Fermi level and the pea
22.0 eV are invisible. This is because, for the GB superc
the Ni atoms around site 1 have fewer nearest-neighbo
atoms than the Ni in bulk whereas the Al atoms around si
have fewer nearest-neighbor Ni atoms than the Al in b
~see Fig. 1!. Therefore, the hybridization at GB is weakene
and more nonbonding states occur near the Fermi level~see
Fig. 3 which shows the variation of DOS at the Fermi lev

FIG. 2. Total density of states for bulk Ni3Al, undoped GB, GB
with B at site 1, and GB with H at site 3.

FIG. 3. Projected density of states of Al in bulk, near the G
plane, and near the surface plane.
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for Al in different environments!. The weakening of hybrid-
ization represents a decrease in binding of GB relative to
bulk. For the B-doped GB, a peak near22.0 eV and the
pseudogap appears again, though the height of the peak
the depth of the pseudogap are somewhat smaller than t
for the bulk Ni3Al ~Fig. 2!. This is because B hybridizes wit
its nearest-neighbor Ni atoms, indicating a covalent bond
between B and Ni. The covalent bonding is responsible
the beneficial effect of B on the strength of GB. Howev
the DOS of a H-doped GB is very similar to that of a
undoped GB. From the point of view outlined above, w
conclude that H does not improve the cohesion of GB.

As discussed in Sec. IV, the effects of impurities on t
intergranular fracture of Ni3Al can be represented by th
changes of Griffith work, which are in turn determined b
the segregation behavior of impurities at the GB or surfa
Therefore, it is of fundamental interest to understand
mechanism of the impurity segregation. It is natural to co
sider that the impurity segregation is related to the electro
structure of the systems. In order to explore the mechan
of the segregation behavior of the impurities, we calcula
the projected DOSs of B and H in different environment46

~Fig. 4!.
Because thes states of B are pushed far below the Fer

level ~see the top graph of Fig. 4!, their contribution to the
B-Ni binding is quite small for the B atoms in all thre
environments ~bulk, GB, and surface!. As a result of
B(p) –Ni(d) hybridization, there are pseudogaps near
Fermi level for thep DOS of B that indicate covalent inter
action between B and its surrounding Ni atoms~see the
middle graph of Fig. 4!. The DOS at the Fermi level,Nf ,
increases, but the width of the pseudogap decreases,
bulk to GB, then to surface, which means that the coval
interaction becomes weaker accordingly. This is beca

FIG. 4. Projected density of states of B and H in bulk Ni3Al, in
the GB and surface holes. In bulk Ni3Al, both B and H occupy the
Ni-rich octahedral interstice; at the GB and surface, B is locate
site 1, and H occupies site 3~see Fig. 1!.
3-6
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from the octahedral interstice to the GB hole, then to
surface hole, the number of nearest-neighbor Ni atoms c
dinated around B decreases. Therefore, considering only
covalent interaction, GB and surface holes are not prefe
by B compared to the octahedral interstice in bulk. T
seems to contradict the calculation of segregation energy
implies the segregation of B at the GB and surface. Howe
it should be noted that B doping induces a considera
amount of local lattice expansion~see Table II!. Conse-
quently, strain energy is needed for the accommodation o
which induces an increase in the energy of the syst
Therefore, the segregation behavior of B is actually the re
of the competition between the B(p) –Ni(d) bond energy,
Epd, and the strain energy,Estr. Because the volume of th
octahedral interstice in bulk Ni3Al is smaller than that of the
Ni-rich GB hole, and the surface hole is open whereas
GB hole is closed, the strain energy induced by B-dop
decreases from bulk to the GB to surface. The segregatio
B at the GB and surface may be explained by the fact
when B moves from the octahedral interstice in bulk to
GB or the surface hole, the decrease in strain energy,Estr

bulk

2Estr
GB or Estr

bulk2Estr
surf, is larger than the increment of energ

due to the weakening of B(p) –Ni(d) bond, Epd
GB2Epd

bulk or
Epd

surf2Epd
bulk . Similarly, the stronger segregation of B to th

GB than to surface stems from the fact (Estr
GB2Estr

surf)
,(Epd

surf2Epd
GB).

Similar to that of B, thes DOS of H is pushed far below
the Fermi level due to the H(s) –Ni(d) hybridization~see the
bottom graph of Fig. 4!, and contributes little to the binding
between H and Ni. However, different from the case of
there is nop-d hybridization between H and Ni. In addition
as seen from Table II, H doping does not induce signific
lattice expansion. Therefore, the mechanism of segrega
of B at the GB and surface discussed above is not applic
to explaining the segregation behavior of H.

Though both experiment30 and theoretical calculation15

demonstrated that B and H prefer to occupy Ni-rich octa
dral interstitial sites in Ni3Al, the mechanism behind th
preferential occupation was not fully explained. The t
graph of Fig. 5 compares the projected DOSs of B at sit
~without nearest neighbor Al! to those of B at site 2~with
two nearest neighbor Al atoms!. It is seen that thep DOS of
B at site 2 has three more peaks below about27.5 eV than
that of B at site 1, and a pseudogap occurs at about27.0 eV.
For the s DOS of B at site 2, there occurs a pseudog
located at about210.5 eV. Similar features are seen in t
projected DOSs of Al near the GB plane with and withou
nearest neighbor B~see the bottom graph of Fig. 5!. The
occurrence of the additional low-lying states and pseudog
in the projected DOSs of the nearest neighbor B and Al
oms relative to those of B and Al that are separated fr
each other can be explained as results of the hybridiza
between the electrons of Al and B. B(p) –Ni(d) and
Al( p) –Ni(d) hybridizations result in the formation of bond
ing and antibonding states which are separated by
pseudogaps near the Fermi level~see the thin curves in Fig
5! for B and Al, respectively. The bonding states due
B(sp) –Ni(d) and Al(sp) –Ni(d) hybridizations are of close
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energy levels and, therefore, they further hybridize when
and Al are nearest neighbors of each other, which induces
additional low-lying states and pseudogaps. As seen fr
Fig. 5, both the bonding and antibonding states result
from the hybridization between the electrons of B and Al a
below the Fermi level, and are occupied by electrons. C
sequently, this hybridization contributes little to the bindin
between B and Al. However, the Pauli principle states that
two electrons can be in the same states, which means tha
states of B have to become orthogonal to those of Al wh
they come into contact. This raises the kinetic energy a
indicates the repulsion between B and Al, which explains
preference of B for the Ni-rich interstice in Ni3Al. The elec-
tronic structure mechanism for the repulsion between B
Al seems always true for the interaction between two sim
metal atoms in a transition metal host.47,48

The calculation of interaction energy between H and
atoms demonstrates that they repel each other~see Sec. IV!,
which can also be traced to the electronic interaction
tween H and B~see Fig. 6 for a comparison of the projecte
DOSs of B and H associated with each other with those o
and H separated from each other!. The mechanism is simila
to that of the interaction between B and Al as discuss
above.

As shown in Sec. III, the H atom originally placed in th
Ni-deficient hole~site 2! of the GB and surface moves to th
distorted Ni-rich octahedral interstice~site 3! after the geo-
metric optimization. This may also be the result of the rep
sion between H and Al due to the same electronic mec
nism as discussed above. Though B and Al atoms repel e
other, different from the case of H, the B atom placed at s
2 does not move to site 3. This is understandable becau
does not induce a significant lattice distortion but B expan
the lattice considerably. The large strain energy needed
accommodate B at site 3 makes it inaccessible for B.

It is now widely accepted that the hydrogen released fr
simple environments such as air and water at ambient t
perature in the process of surface reaction is responsible
the environmental embrittlement of Ni3Al. 3,4 Therefore, it is

FIG. 5. Projected density of states of B and Al at GB. The t
graph compares the DOSs of B at site 1~thin curves! without near-
est neighbor Al to those of B at site 2~thick curves! with two
nearest neighbor Al atoms. The bottom one shows the DOSs o
with ~thick curves! and without nearest neighbor B~thin curves!.
3-7
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interesting to know if B doping affects the reactivity on th
surface of Ni3Al. It has been recognized that the reactivity
closely related to the electronic structure in the valence b
of the metal surface. For transition and noble metal surfa
the reactivities can be evaluated by the location and width
their d bands.49,50 Moving to the left in the 3d, 4d, or 5d
series of the Periodic Table, thed band moves up in energy
so that the metal is more reactive. Going down a column
the Periodic Table, the width of thed band increases, and th
reactivity of the metal decreases accordingly. For a furt
discussion of this topic, see a recent review by Hammer
Norskov.49

The calculation of the segregation energy in Sec.
shows that B does not segregate to the Al associated su
hole. So the change of reactivity of Ni3Al surface due to B
doping may be dominated by the variation of the electro
structure of Ni but not that of Al. Figure 7 compares thed
partial DOSs of Ni at B-free and B-doped surface. It can
seen that the DOS of Ni neighboring B is shifted to a low
energy. This should increase the chemisorption potential
ergy of H2O on the Ni3Al surface, and, therefore, decrea
the reactivity of the surface, inhibiting the environmen
embrittlement of Ni3Al. However, we also noted that, to ex
plain the intergranular fracture of B-doped Ni3Al at higher
H2 pressures, Cohronet al.51 suggested that B possibly pro
motes the dissociation of molecular H2 into atomic H at the
Ni3Al surface. This suggestion seems in disagreement w
the calculations of the DOS presented above. It should
noted that the modification of DOS of Ni by B is just

*Corresponding author. Email address: qmhu@imr.ac.cn
1N. S. Stoloff and C. T. Liu,Physical Metallurgy and Processin

of Intermetallic Compounds, ed. N. S. Stoloff and V. K. Sikka,
Chapman & Hall, New York, 1996. p. 159.

2C.T. Liu, C.L. White, and J.A. Horton, Acta Metall.33, 213
~1985!.

3E.P. George, C.T. Liu, and D.P. Pope, Scr. Metall. Mater.27, 365

FIG. 6. Projected density of states of B and H at GB. The
graph compares the DOSs of B at site 1 with H at site 3~thick
curves! to those of B without H~thin curves!. The bottom graph
shows the DOSs of H at site 3 with~thick curve! and without~thin
curve! B.
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starting point of the investigation of the effect of B on th
surface reaction. A more elaborate and comprehensive t
retical investigation should be conducted in order to so
the problem.

VI. CONCLUSION

By using a first-principles pseudopotential method, t
energetics and electronic structure ofS5~210! grain bound-
ary and ~210! surface of undoped as well as B and/
H-doped Ni3Al are investigated. The main results can
summarized as follows.

~1! B segregates more strongly to the GB than to
surface, resulting in an increase in the Griffith work for t
GB fracture. Contrary to the case of B, H segregates m
strongly to the surface than to the GB, which induces a
crease in Griffith work.

~2! The segregation behavior of B is determined by t
competition between the change of the B-Ni bond ene
and the change of strain energy with B in different latti
environments~bulk, GB, or surface!.

~3! As a result of the hybridization between their ele
trons, B, H, and Al repel each other when one of them is
nearest neighbor of another, which explains the preferenc
B and H for the Ni-rich interstitial site in Ni3Al.

~4! The beneficial effect of B on the ductility of Ni3Al
may originate from three contributions:~a! B bonding co-
valently to Ni at the GB, which enhances the binding of t
GB; ~b! B blocking the site of occupation of H at the GB du
to the repulsive interaction between B and H and, therefo
inhibiting the H induced embrittlement; and~c! the segrega-
tion of B to the surface, decreasing the reactivity of t
Ni3Al surface and, therefore, hampering the decomposit
of H2O.
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