
PHYSICAL REVIEW B 1 JANUARY 1999-IIVOLUME 59, NUMBER 2
First-principles studies of the (5 tilt grain boundary in Ni 3Al
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The atomic and the electronic structures of the(5 ~210! @001# tilt grain boundary in Ni3Al, with and without
a hydrogen impurity, have been calculated using the full potential linearized-augmented plane-wave method.
The strain field normal to the boundary plane and the excess grain boundary volume are calculated and
compared with the results obtained using the embedded-atom method~EAM!. The interlayer strain normal to
the grain boundary oscillates with increasing distance from the grain boundary. The bonding charge distribu-
tions suggest that bonding in the boundary region is different from that in the bulk. Total-energy calculations
show that the hydrogen impurity prefers to occupy interstitial sites on the Ni-rich grain boundary plane.
Hydrogen is found to reduce the bonding charge across the boundary plane. The grain boundary energy and the
Griffith cohesive energy for both the ‘‘clean’’ and H-segregated grain boundary are calculated and compared
with the available EAM results. The hydrogen impurity is found to increase the grain boundary energy and
reduce the Griffith cohesive energy of the boundary, which indicates that hydrogen is an embrittler of the grain
boundary.@S0163-1829~98!04245-3#
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I. INTRODUCTION

It is by now well established that grain boundaries p
important roles in metallic alloys affecting their mechanic
electrical, and even chemical properties.1,2 There are strong
indications that grain boundaries in intermetallic compoun
behave uniquely and thus present some very interes
properties which are technologically and scientifically im
portant. More specifically, theL12-type ordered Ni3Al alloys
exhibit unique thermomechanical properties that make th
attractive for structural applications at elevat
temperatures.3 Among these are their high melting temper
ture, low density, resistance to corrosion, and most imp
tantly their high specific strength thatincreaseswith tem-
perature. However, polycrystalline ordered stoichiome
Ni3Al alloys have an inherent drawback, namely, their te
dency for brittle intergranular fracture,3 even though single
crystals of these alloys are highly ductile. This propens
towards intergranular fracture is traced to the reduced co
sion between adjacent grains at their shared grain bou
aries, particularly to the structural and atomic compositio
details at these grain boundaries, including various imp
ties that diffuse and segregate in these domains from
bulk.4

The main purpose of the present work is to applyab initio
electronic structure calculations to investigate the electro
origin which is responsible for such characteristic gra
boundary properties. In the present paper we investigate
grain boundary properties of the(5 ~210! @001# tilt grain
boundary in the ordered Ni3Al alloy, for both the ‘‘clean’’
stoichiometric case as well as the case with a hydrogen
purity placed in various interstitial sites. The purpose of t
work is to gain insight on how the local environment at t
grain boundary changes the bonding charge distribution f
that in the bulk, and how this bonding charge in turn chan
PRB 590163-1829/99/59~2!/891~8!/$15.00
,

s
g

m

r-

c
-

y
e-
d-
l
i-
e

ic

he

-
s

m
s

in the presence of the impurity. The calculations are s
consistent microscopic quantum-mechanical calculatio
which include structural relaxations, with specificity down
the electronic-chemical hybridized bonding and antibond
orbitals of the host and impurity atoms at the grain bounda
Pictorial representations of the resultingbondingcharge dis-
tributions offer an intuitive insight as to why and how crac
might propagate along the grain boundary.

It has been observed that different types of grain bou
aries in the same material seem to have different resistanc
fracture.5 Some, such as the(3 type grain boundary, are
more resistant to cracking and some are weaker. Howeve
is not simply the type of structure alone that determines
propensity towards fracture. It is also known that spec
impurity atoms in the alloy, such as sulfur and boron pl
opposite roles on grain boundary cohesion; sulfur redu
the ductility of the alloy by decreasing the fractu
resistance,6 while boron sharply increases the ductility an
completely supresses brittle intergranular fracture.4 Based on
such experimental evidence, attempts are being made to
gineer the grain boundary by microalloying or macroalloyi
with such impurities.4 The present study is an attempt,
part, to determine to what extent the theoretical tools in ha
are capable of contributing to this thrust. Since hydrogen
prime example of an element that segregates to the g
boundary and causes intergranular embrittlement in
Ni3Al alloy,7 we shall study its effect on the grain bounda
cohesion in detail in this paper.

While significant experimental and theoretical progre
have been made in understanding grain boundaries in
systems,8–10 the level of understanding of the role that gra
boundaries play in alloy systems is much less develop
Atomistic simulations utilizing pair potentials or th
embedded-atom method~EAM! ~Refs. 11–16! have been
used with great success to study the atomic structure of g
891 ©1999 The American Physical Society
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boundaries in metals and in intermetallics. However, th
methods involving the process of fitting parameters, are l
ited in determining accurate energetics for grain boundar
and fail to provide insight into the chemical bonding chara
teristics from which ensue to cohesiveness of interato
forces which control grain boundary properties. In contras
empirical methods such as the EAM, first-principles ele
tronic structure calculations based on the density-functio
theory are applicable to a much broader range of elem
and bonding environments; thus they allow the possibility
not only studying ‘‘clean’’ grain boundaries, but also gra
boundaries containing chemically different impurities. Usi
cluster electronic structure calculations, Eberhart a
Vvedensky17 suggested that the appearance of localiz
grain boundary electronic states above the Fermi energ
Ni3Al, with considerably less directional charge distributio
than that found in the parent crystal, provides an indicat
of intergranular fracture. The present study differs from th
previous cluster calculations in that the present ones are
relaxed self-consistent full-potential total-energy calculatio
with no shape approximations to the potential and cha
density. It must be noted that electronic structure calculati
using small ~'10 atoms! clusters while revealing gros
trends, do suffer from the uncontrolled effects of fr
boundaries.17–19 In the present work we shall be taking
large enough set of atoms to minimize this problem and
will show below a posteriori—see the oscillatory behavio
achieved after relaxation in Fig. 2—that the surface effe
are minimized in our calculations. Thus, we can prov
valuable information about the structural relaxations resp
sible for the grain boundary volume expansion, and about
redistribution of bonding charge across and parallel to
boundary plane.

Grain boundaries in intermetallic alloys behave uniqu
and thus present some very interesting properties.20 In per-
fect lattices of intermetallic compounds, i.e., mostly orde
alloys, such as theL12-type ordered nickel-based Ni3X (X
5Al, Ga, Si, Ge, Mn! compounds, atoms of one compone
~Ni! prefer to bind with atoms of the other component ato
(X) as their nearest neighbors owing to their chemical bo
ing nature. In these ordered alloys the binding of Ni-X bond
is much stronger than the average binding energies of N
andX-X bonds. However, within the grain boundary regi
of these alloys the ordered structure is partially destro
and thus this rule may not hold. Thus, grain boundaries
intermetallics may involvebond defectsin addition to the
lattice distortions.21 Indeed we shall show that thesebond
defectsgive rise to a redistribution ofbondingcharge, which
could potentially modify the crack propagation characte
tics along the boundary in Ni3Al.

Beyond these rearrangements of atomic constituent
the pure compound and beyond the role of specific impuri
that may segregate into the grain boundary causing fur
bonding rearrangements, there is also the important issu
stoichiometry that may affect the grain boundary structu
The stoichiometry has been found to have a very strong
fect on the grain boundary strength; grain boundaries
contain excess Ni atoms seem to be more resistan
fracture.22 We shall also see below that our calculations
substantiate this observation.

All in all, we shall see that the electronic structure and
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nature of the chemical bonds can influence the cohesio
the grains at their shared grain boundaries with disti
directionality—tensorial character—and these in turn b
come related to the mechanical properties of the intermeta
alloys, such as their propensity to intergranular fractu
These then may suggest ways of introducing appropriate
purities into an engineered or microstructured grain bou
ary to achieve a particular mechanical behavior, if at all p
sible.

In Sec. II, we briefly describe the full-potential linearize
augmented plane wave~FLAPW! method and discuss th
slab model used in the grain boundary electronic struct
calculations. In Sec. III, we describe the numerical results
the electronic structure for the clean(5 Ni3Al grain bound-
ary. We present results for the displacements of the ato
planes away from the grain boundary which show a decay
oscillatory relaxation superimposed on a net expans
which is similar to that seen in the vicinity of free surface
The results for the changes of the electronic structure
duced by the hydrogen impurity are presented in Sec. IV
and those for the energetics are discussed in Sec. IV B.
nally, in Sec. V a brief summary and statement of concl
sions are presented.

II. MODEL AND COMPUTATION

The electronic structure of the grain boundary is calc
lated by means ofab initio total-energy electronic structur
calculations based on the full-potential linearized-augmen
plane wave method23 with the atomic force approach.24 In
the FLAPW method, no shape approximation is being ma
for the charge, potential, and wave functions. Within t
muffin-tin spheres (sMT,Ni5sMT,Al52.0 a.u.!, lattice harmon-
ics with angular-momentum 1 up to 8 are adopted. Ene
cutoffs of 13 and 100 Ry are employed for the plane wa
basis and star functions to describe the wave functio
charge density, and potential in the interstitial region, resp
tively. Convergence is assumed when the root-mean-sq
difference between the input and output charge density
comes less than 131024e/(a.u.)3. The step-forward fixed
basis approach10 is used to speed up the calculations. T
interplanar distances ofall layers in the slab are adjuste
efficiently according to the calculated forces. The equil
rium atomic geometry is assumed when the atomic forces
each atom normal to the grain boundary is less than 0
eV/Å.

The grain boundary of(5 @001#~210! is constructed by
means of the coincidence site lattice~CSL! model. The grain
boundary is simulated by a slab model with eleven~210!
layers as shown in Fig. 1~a!. The slab model is chosen t
minimize the grain boundary interactions inherent to a sup
lattice cell model. With five layers in between, the intera
tion between the free surface~introduced artificially in the
slab model! and the grain boundary is expected to be su
ciently reduced. The two-dimensional lattice constant is
equal to the experimental value ofa53.56 Å for bulk
Ni3Al. 5 All layers have been relaxed according to the forc
except the surface layers fixed at their bulk positions in or
to eliminate the free surface effects. The unrelaxed slab
ometry for the(5 ~210! tilt grain boundary of Ni3Al viewed
along the@001# direction are shown in Fig. 1~a!. The cell
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PRB 59 893FIRST-PRINCIPLES STUDIES OF THE(5 TILT . . .
consists of two~001! planes and eleven~210! layers. The
large and small circles represent atoms distributed on the
~001! atomic plane and the second~001! atomic plane, re-
spectively, and open and closed circles correspond to A
oms and Ni atoms, respectively. Note that in the gr
boundary region of theL12 intermetallic compounds, wrong
bonds between like atoms@Ni-Ni and Al-Al in Fig. 1~a!# are
introduced across the grain boundary and thus proper bo
with unlike atoms are not conserved.

III. CLEAN GRAIN BOUNDARY

A. Atomic structure

The relaxed grain boundary atomic structure is shown
Fig. 1~b! and the arrows show the relaxation vectors. T
calculated displacements normal to the grain boundary
the three~210! layers nearest to the boundary plane are lis
in Table I. These displacements are obtained by subtrac
the unrelaxed atomic positions normal to the boundary pl
from the relaxed atomic positions. The Ni~1! and Ni~2! at-
oms on the second~210! layer are located on two differen

FIG. 1. Unrelaxed~a! and relaxed~b! slab geometry for the
(55 ~210! @001# tilt grain boundary in Ni3Al viewed along the
^001& direction. The large and small circles represent atoms on
~001! atomic planes, respectively, and the open and closed cir
correspond to Al atoms and Ni atoms, respectively.
rst
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~001! planes. One can see that the largest displacemen
curs at the first layer parallel to the grain boundary. We sh
see in more detail in Sec. III B below, that the larger relat
displacement of the nearest-neighbor Al atoms across
grain boundary compared to that of the Ni atoms, is due
the depletion of bonding charge at the Al site which leads
a stronger electrostatic repulsion between the Al-Al atom
This in turn gives rise to the rippling effect close to th
boundary interface similar to that observed in the cle
Ni3Al ~100! surface.25

It is a well known result that the interlayer spacing nea
relaxed free surface show an oscillatory pattern which dec
into the bulk when far away from the surface.25 It is inter-
esting to notice that similar atomic relaxation occurs also
the vicinity of the grain boundary.26 Figure 2 shows the nor
mal strain component (ezz) as a function of the layer awa
from the boundary plane. One can see a symmetric osc
tory strain profile that has a maximum at the boundary pla
and decays into the bulk. The strain oscillations of the gr
boundary in Ni3Al are similar to those found near the sym
metric tilt boundaries in aluminum.14 The nature of this
strain profile can be traced to the dislocation interaction
low angle boundaries,27 but it seems to be valid also at hig
angle boundaries, such as this case of 36.87°. The s
strain of the fourth layer indicates that the effect of strain
localized only within several layers from the boundary plan
Therefore the 11 layers slab used in these calculation
large enough to capture the overall properties of the gr
boundary.

o
es

TABLE I. Calculated values of the atomic displacements~in
a.u.! normal to the grain boundary, for the three~210! layers which
are nearest to the(5 ~210! Ni3Al grain boundary plane.

Layer Atom
Normal displacement

~a.u.!

1 Ni 0.58
1 Al 0.82
2 Ni~1! 0.19
2 Ni~2! 0.13
3 Al 0.32
3 Ni 0.17

FIG. 2. The relative deviation of interlayer spacing normal
the grain boundary planeezz as a function of the number of layer
away from the~210! tilt grain boundary.
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894 PRB 59GANG LU, NICHOLAS KIOUSSIS, R. WU, AND MIKAEL CIFTAN
One local measure for the grain boundary expansion is
relative normal displacement of the two atomic planes cl
est to the boundary plane. This local measure of excess g
boundary volume can be calculated from the average
placements of the Ni and Al atoms.14 The present electronic
structure calculations yield a local expansion of 0.63 a.u.~or
0.1a0 , wherea0 is the bulk Ni3Al lattice constant!. Embed-
ded atom calculations for the pure Ni and Al(5 ~210! grain
boundaries give similar values for the local expansion
0.1aNi and 0.13aAl , respectively.14

B. Bonding charge density distribution

In order to gain insight at the microscopic level of th
change of bonding at the grain boundary from that in
bulk, we have calculated thebondingcharge density for both
the bulk Ni3Al system and the grain boundary. The bondi
charge density is defined as the difference between the
charge density in the solid and the superpositions of neu
atomic charge densities placed at lattice sites.28 The bonding
charge density represents the net charge redistribution a
oms are brought together to form the crystal or the gr
boundary. The relative redistribution of the bonding norm
to and parallel to the boundary interface is responsible
the cohesion and the mechanical properties of the bound

The bonding charge density for the bulk system on
~001! and ~002! planes is shown in Figs. 3~a! and 3~b!, re-
spectively. The~001! plane contains both Al and Ni atoms
while the~002! plane contains solely Ni atoms as in the gra
boundary. The solid~dotted! contours represent accumul
tion ~depletion! of electronic charge. The bonding charge
the ~001! plane is mainly due to the Al/p-Ni/d hybridization
and that on the~002! plane is due to Ni/d-Ni/d hybridiza-
tion. It can be seen that the bonding between the nea
neighbor~NN! Al and Ni atoms on the~001! plane is mostly
ionic in nature; charge is transferred from Al to Ni, which
in accord with the Pauling electronegativity difference. O
the ~002! plane, thed-d hybridization between the NN N
atoms results in a charge difference which shows add-p
bonding character.

As in the case of bulk, we can see in Fig. 4~a! that in the
grain boundary the depletion of electron density at the
sites is accompanied by significantanisotropic build-up of
the directionald-bonding charge at the Ni sites. The bondi
directionality is mainly caused by the polarization ofp elec-
trons at the Al sites as a result of the bonding charge den
on the ~001! plane @Fig. 4~a!# in the grain boundary which
has changed greatly from that in the bulk. In general,
bonding charge across the grain boundary is greatly redu
On the other hand, bonding parallel to the interface devel
along the Ni-Ni line between the NN Al pairs across t
boundary, which contributes very little, if any, to the gra
boundary cohesion. This ‘‘spilled-out’’ charge accumulati
is within a very thin range and extends only to about 0.2
away from the boundary plane. The bonding further awa
more bulklike, namely, the bonding charge accumulation
the Ni site is along the nearest-neighbor Ni-Al and the ne
nearest-neighbor Ni-Ni directions.

The bonding charge on the~002! plane in Fig. 4~b! shows
a similar large charge depletion along the grain bound
over an area which is more than half of the entire interfa
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area. It is interesting to note that while away from the int
face the bonding charge is along the next-nearest-neigh
Ni-Ni direction @refer to the square in Fig. 4~b!#, the bonding
direction of the Ni atom on the boundary plane has chan
to parallel to the interface. The accumulation of isotrop
~s-like! interstitial bonding charge between the neare
neighbor Ni-Ni atoms on the~002! plane across the boundar
plane, increases the bonding normal to the grain bound
this indicates the importance of the Ni atoms in holding t
grain boundary together. Thus, replacement of the t
nearest-neighbor Al atoms across the grain boundary by
atoms would lead to an increased cohesion between the
grains. This is consistent with the experimental results t
the Ni-rich boundary is more resistant to intergranu
fracture.6,29 If a boron impurity is introduced to the grai
boundary region, it will occupy the regions of charge dep
tion and bridge the bonding between Ni atoms on the~002!
plane across the interface and increase the grain boun
cohesion. The opposite effect of H impurity will be dis
cussed later in the paper. It should be emphasized that
type of information cannot be supplied by empirical tec
niques such as the EAM.

FIG. 3. Bonding charge density of bulk Ni3Al, ~a! on the~001!
Ni-Al mixed plane and~b! the ~002! pure Ni plane. Solid~dotted!
contours represent contours of increased~decreased! charge density.
Contours start from64.031024e/(a.u.)3 and increase successive
by a factor of root 2.



s

a
e

th
tic

e

i

gy

e of
cal-
arise

the
he
an
nt,
i-
ose

has
tains
he
ves

lab
del
er-

m
u-
ven
he
p-

re-
a-
ry,
de-

re

-

o

PRB 59 895FIRST-PRINCIPLES STUDIES OF THE(5 TILT . . .
C. Density of states

In Figs. 5~a! and 5~b! we show the total density of state
~DOS! for the bulk and the(5 grain boundary in Ni3Al,
respectively. The density of states of the grain boundary
obtained from the atoms within only two layers from th
boundary plane, thus excluding the contributions from
surface introduced artificially in the slab. A characteris
feature of the DOS of the bulk Ni3X (X5Al, Si, Ga! systems,
is the hybridization between theX p and Ni d states.30 As
shown in Fig. 5~a! a sharp bonding~antibonding! peak is
located in the region near23.4 eV ~1.3 eV! in bulk Ni3Al.
Another feature of the electronic structure in the bulk cas

FIG. 4. Bonding charge density of the(5 grain boundary,~a! on
the ~001! Ni-Al mixed plane and~b! on the ~002! pure Ni plane,
respectively. Solid~dotted! contours represent contours of in
creased ~decreased! charge density. Contours start from
64.031024e/(a.u.)3 and increase successively by a factor of ro
2.
re

e

is

a valley ~pseudogap! located about 0.5 eV above the Ferm
energy, which separates thep-d bonding and antibonding
states. In Ni3Al, the Ni-d hole states above the Fermi ener
are antibonding states oft2g-t2g s type. As we can see from
Fig. 5~b!, the pseudogap in the DOS disappears in the cas
the grain boundary. Rather than forming a gap, certain lo
ized states appear above the Fermi energy. These states
from hybridization of the Nid-p and Al s states.

D. Grain boundary energetics

The grain boundary energy can be determined from
difference of the energy of a unit slab cell containing t
grain boundary and the energy of a slab cell containing
equal number of each type of atoms in the bulk environme
divided by the total grain boundary area. In order to elim
nate the surface effect induced by the slab model, we cho
another slab to model the bulk environment. This slab
the same surfaces as in the grain boundary case and con
the same number of Ni and Al atoms. Our calculation for t
grain boundary energy should be reliable because it remo
the energy contribution from the surface by employing a s
cell for both the grain boundary and the bulk. The slab mo
for the grain boundary eliminates the grain boundary int
actions inherent in a superlattice cell model. For the(5
boundary, we find a grain boundary energy of 1.7 J/m2 for
the 22-atom unit cell, which is larger than the 1.2–1.4 J/2

given by the EAM.14 This result seems to support the arg
ment that the grain boundary and stacking fault energy gi
by density functional theory are larger than that from t
EAM although the EAM calculation provide a good descri
tion of the structural properties.9

The Griffith cohesive energy is defined as the energy
quired to cleave a brittle material without plastic deform
tion. When the material is cleaved along a grain bounda
two free surfaces are created and the grain boundary is
stroyed. The grain boundary cohesive energy~Griffith en-
ergy! is

gcoh5gs11gs22ggb, ~1!

wheregs1 and gs2 are the two surface energies, which a
different due to the different atomic composition andggb is
the grain boundary energy. Cleavage of the(5 ~210! @001#

t

FIG. 5. Total density of states for~a! the bulk Ni3Al lattice and
~b! the (5 grain boundary.



e

/m

in
de

nd
n
on
te

in

th

he
ity

dr
.
te
ha

h
ly
se
fe

bu
as

ing
re-
m

ibed

n

-
a
at
nd

the
arge

s
of

he
rest-
een
me-
d-
ms
ce

ixe

-

-

ot

896 PRB 59GANG LU, NICHOLAS KIOUSSIS, R. WU, AND MIKAEL CIFTAN
grain boundary results in a mixed Ni-Al~210! surface con-
taining 50% Ni and 50% Al, and a pure Ni~210! surface
containing 100% Ni. We find that the energies of the relax
mixed Ni-Al and pure Ni surfaces are 2.03 and 2.17 J/m2,
respectively, and that the Griffith cohesive energy is 2.5 J2

compared to the value of 3.8 J/m2 obtained from EAM
calculations.14 This result is reasonable, since the gra
boundary energies and the cohesive energies are, cru
inversely related.

IV. EFFECT OF HYDROGEN ON GRAIN BOUNDARY

It is well known that hydrogen segregates to grain bou
aries and occupies interstitial sites, owing to its exceptio
mobility in the lattice at low temperatures, strong attracti
to voids, ability to capture vacancies and ability to migra
with dislocations.31 Hydrogen is known to reduce the gra
boundary cohesion. In this section we presentab initio total-
energy electronic structure calculations to understand
role that hydrogen plays in the cohesion of the(5 grain
boundary in Ni3Al.

In order to study the effect of the local environment of t
hydrogen impurity on the electronic structure, the impur
was placed at two different interstitial sites:~1! on the Ni-Al
mixed ~001! plane and~2! the pure Ni~002! plane, as shown
in Fig. 6. The large and small diamonds represent the hy
gen impurity in the~001! and the~002! plane, respectively
The total energy of the relaxed configuration for the lat
case is lower by 0.03 eV compared to the first, indicating t
hydrogen prefers to segregate to the Ni-rich~002! boundary
plane. Previous calculations28 for bulk Ni3Al, have shown
that hydrogen prefers to occupy Ni-rich octahedral sites. T
difference in energy for H at the two different sites is main
due to the H-Al interaction which is only present in one ca
We found that Al-H interaction leads to some charge trans
between H and Al, which results in lowered band energy
increased electrostatic energy. The net result is the incre
total energy for H at the Ni-deficient sites.

FIG. 6. Unrelaxed slab geometry for the(55 ~210! @001# tilt
grain boundary in Ni3Al viewed along thê001& direction. The large
and small diamonds represent the hydrogen impurity on the m
~001! Ni-Al and the pure~002! Ni plane, respectively.
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A. Hydrogen-induced bonding charge

To understand the effect of hydrogen on the bond
charge properties of the grain boundary we consider the
distribution of bonding charge induced by the impurity ato
when placed at the interstitial site. This can be best descr
by thedifference of bonding charge densitybetween the pure
and H-doped grain boundaries, namely,

Dr ind~r !5Drsolid~Ni3AlH !2Drsolid~Ni3Al !
~2!

5rsolid~Ni3AlH !2rsolid~Ni3Al !2ratom~H!.

We will refer to Dr ind(r )as thehydrogen-induced bonding
charge density.28 The H-induced bonding charge density o
the ~002! plane ~pure Ni plane! is shown in Fig. 7. Here,
solid and dotted curves represent contours of increased~ac-
cumulation! and decreased~depletion! bonding charge den
sity. Comparison of Figs. 3~b! and 7 shows that H induces
significant redistribution of bonding charge of the Ni atom
the interface. The hybridization between the hydrogen a
the Ni atom at the grain boundary, of the 3dz2-1ss type,
results in a reduction of the bonding charge parallel to
boundary compared to the pure grain boundary; and a ch
buildup in thet2g-type antibondingd orbitals pointing along
the Ni-Ni direction (dxz). This charge redistribution result
in an enhancement of the bonding-charge directionality
the Ni atom at the grain boundary. More importantly, t
more or less isotropic bonding charge between the nea
neighbor Ni atoms across the grain boundary has b
greatly reduced, and these two atoms develop bonding so
what parallel to the interface. Keeping in mind that the bon
ing normal to the boundary plane between the two Ni ato
is the most important contribution to the cohesive for

d
FIG. 7. Hydrogen-induced charge density of the(5 grain

boundary in Ni3Al on the ~002! plane. Hydrogen occupies the in
terstitial site~labeled by the small diamond in Fig. 6! on the pure Ni
~002! plane. Solid ~dotted! contours represent contours of in
creased ~decreased! charge density. Contours start from
64.031024e/(a.u.)3 and increase successively by a factor of ro
2.
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which holds the two grains together, this bonding pictu
reveals the electronic origin for the H-induced intergranu
brittleness in polycrystalline Ni3Al. Overall, a comparison of
Figs. 4~b! and 7 does suggest that hydrogen decreases
local grain boundary cohesion. This is certainly consist
with its role as an embrittling element.

B. Grain boundary energetics

A thermodynamic theory developed by Rice a
co-workers32 describes the mechanism of metalloid-induc
intergranular embrittlement through competition betwe
crack blunting versus brittle separation. The theory pred
that the potency of a segregating impurity in reducing
‘‘Griffith work’’ of brittle boundary separation is a linea
function of the differenceDEb2DEs , i.e., the difference
between the segregation energy for that solute at a g
boundary and at a free surface. Thus, an impurity with m
positive energy difference will be a more potent embrittl
or vice versa. Using the present state-of-the-art electro
structure calculations, we can explore the embrittlem
problem from the point of view of the total energy diffe
ences between the grain boundary and the free surface
tems. For the H-Ni3Al free surface system, the Ni3Al sub-
strate is simulated by 11-layer slab and the hydrog
adsorbate is placed pseudomorphically on similar interst
sites on both sides of the slab. The impurity-induced str
tural relaxations were included in all calculations.

We have calculated the hydrogen formation energies
the grain boundaryDEgb5Egb(GB1H)2Egb(GB), and at
the free surfaceDEs5Es(S1H)2Es(S), respectively. The
calculated hydrogen formation energies at the grain bou
ary is215.31 eV, whereas that at the free surface is216.12
eV. Thus,DEgb2DEs51.4 eV.0, indicates that hydrogen
is an embrittling element, in agreement with experimen
results.

We have calculated also the grain boundary energy in
presence of H impurity. In this case, the grain boundary
ergy is calculated from the difference in the total energy
the grain boundary with the H impurity placed interstitial
@pure Ni ~002! plane# and the total energy of the bulk wit
the H impurity placed at a similar interstitial site. For th
bulk calculation, the H is placed at an octahedral Ni-rich s
The grain boundary energy in the presence of the hydro
impurity is found to be 2.14 J/m2. Comparison with the re-
sults in Sec. III D indicates that the impurity has increas
the grain boundary energy and hence this grain bounda
not as stable as the parent ‘‘clean’’ grain boundary. Unf
tunately, we are not aware of any theoretical or experime
result on the grain boundary with hydrogen in order to ma
a comparison.
.

ia
e
r

he
t

n
ts
e

in
e
,
ic
t

ys-

n
l
-

at

d-

l

e
-
f

.
n

d
is
-
al
e

V. CONCLUSION

We have studied the atomic and electronic structures
the(5 ~210! @001# grain boundary in Ni3Al with and without
H impurity employing first principles electronic structur
calculations based on the full-potential linearized augmen
plane wave~FLAPW! method with the atomic force ap
proach.

For the ‘‘clean’’ grain boundary we find that the relaxe
interlayer strain perpendicular to the grain boundary sho
an oscillatory behavior with a rapidly decaying profile wi
increasing distance from the boundary plane. The exc
grain boundary volume is 0.1a0 and the grain boundary
relaxation energy is about 0.8 eV/slab. The bonding cha
distribution in the boundary region is different from that
the bulk due to the different atomic rearrangement~‘‘bond
defects’’!. In general, the bonding charge across the gr
boundary is reduced in both the~001! and~002! planes. The
directionality of the bonding charge of the Ni atom at t
grain boundary has changed and is parallel to the interfa
The accumulation of bonding interstitial charge across
nearest-neighbor Ni pair on the~002! plane increases the
bonding normal to the interface. The disappearance of
pseudogap in the density of states on going from the b
Ni3Al system to the grain boundary, is indicative of a r
duced mechanical stability of the interface relative to t
parent crystal. The grain boundary energy and the Grif
cohesive energy of the pure grain boundary have been
culated and compared with the results of the EAM calcu
tions.

Hydrogen prefers to occupy interstitial sites on the Ni-ri
~002! boundary planes. Hydrogen is found to reduce in g
eral the bonding between the Ni atoms across the g
boundary and to enhance the bonding-charge directiona
of the Ni atoms at the grain boundary. This suggests t
hydrogen reduces the local grain boundary cohesion.
have employed Rice’s thermodynamic model to examine
energetics of the H-induced weakening of the grain bound
cohesion. The positive difference in formation energy
hydrogen at the grain boundaryDEgb and at the free surface
DEs of 1.4 eV indicates the embrittling potency of hydroge
in the Ni3Al grain boundary. Overall, we find that our calcu
lations are in agreement with the known behavior of hyd
gen in Ni3Al, and they provide insight into the bonding be
havior underlying the weakening of the grain bounda
cohesion.
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