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First-principles investigation of hydrogen embrittlement in polycrystalline Ni3Al
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The discrete-variational method within the framework of density-functional theory is used to study the effect
of hydrogen on the embrittlement of polycrystalline Ni3Al. The calculated results of impurity formation energy
show that hydrogen atoms prefer to segregate at the grain boundaries, and occupy the Ni-rich interstitial holes
in the polycrystalline Ni3Al. The equilibrium positions of H atoms are near a certain atom instead of the center
of these holes. The calculated results of interatomic energies reveal that the bonding strength of host atoms,
which are near hydrogen atoms, are reduced evidently by the presence of hydrogen. The overall effect of H is
to decrease the cohesive strength of Ni3Al grain boundaries and make intergranular fracture easier.
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I. INTRODUCTION

As a high-temperature structural material, Ni3Al has
many attractive properties such as high-temperature stren
low density, resistance to oxidation, etc. However, brit
grain-boundary fracture is the major problem of polycryst
line Ni 3Al for the use of mechanics.1 Traditionally, the grain
boundaries in Ni3Al were concluded to be intrinsically
brittle. However, recent work from Liuet al.2–6 has shown
that the extrinsic fracture, environmental embrittlement, i
major cause of low ductility and brittle intergranular fractu
in binary Ni3Al.

Several mechanisms have been proposed to explain
drogen embrittlement in non-hydride-forming metals a
alloys.7,8 Basically, the theories fall into two categories. T
first is the decohesion mechanism, which was originally p
posed for steel by Troiano9 and modified by Oriani and
Josephic.10 In this mechanism, they suggested that hydrog
reduces the cohesive force between the atoms and thus
motes brittle fracture by bond rupture. The second class
mechanism is based on the premise that hydrogen affect
behavior of the dislocation emission at the crack tip are11

Beachem11 and later Robertson and Birnbaum12 proposed
that hydrogen enhances the plasticity in front of the crack
by lowering the flow stress. Lynch13 argued that hydrogen
chemisorbed at the crack tip lowers the stress which is n
essary to operate near-surface dislocation sources and re
in transgranular crack growth. However, as stated by Hir7

simple mechanisms as mentioned above are not sufficie
rationalize the general degradation in properties produce
hydrogen.

There are several experimental studies on the hydro
embrittlement in binary Ni3Al,2,4–6,14 Ni 3~Al,Mn!,15

Ni 3~Al,Zr!,3 and boron-doped Ni3Al.14,16–21 Georgeet al.
studied the environmental effect in polycrystalline Ni3Al,
which was carefully prepared from recrystallization of co
worked single-crystal material, and found that the polycr
talline specimens exhibit a room-temperature tensile duct
of 3.1–4.8 % in air and 23% in ultrahigh vacuum. The
results clearly demonstrate that binary Ni3Al alloys are
prone to environmental embrittlement at room tem
570163-1829/98/57~1!/289~7!/$15.00
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erature.4–6 Masahashiet al.15 found that Ni3~Al,Mn! has se-
vere hydrogen embrittlement susceptibility, whether the
drogen is the residual in the specimens or that penetr
from the environment. The sensitivity of ductility to the te
environment of boron-doped Ni3Al depends on the conten
of boron. When doped with 0.012 wt. % boron, the Ni3Al is
susceptible to environmental embrittlement;17 but when
doped with 0.05 wt.% boron, the tensile ductility of Ni3Al is
insensitive to test environment.16 However, when precharge
with hydrogen, the ductility and the ultimate tensile streng
of boron-doped Ni3Al is much decreased, and the fractu
mode is changed from ductile transgranular to brittle int
granular, though the yield stress is not affected
hydrogen.19,20 Furthermore, the hydrogen embrittlement
sensitive to the strain rate, it is less at the higher str
rate.20,21

The understanding of hydrogen embrittlement in Ni3Al
alloys is far from being complete.20 Kuruvilla and Stoloff19

proposed that hydrogen-assisted cracking in B-doped Ni-
Ni3Al is due to hydrogen increasing the stress concentra
at grain boundary. On the other hand, Bondet al.14 con-
cluded from their transmission electron microscope obse
tions that hydrogen counteracts the strengthening effec
boron on the grain boundary and reduces the cohe
strength of the grain boundaries. Recently, Li and Chaki20,21

suggested that the hydrogen-enhanced localized plast
near the crack tip is the hydrogen embrittlement mechan
in ductile Ni3Al alloy. In addition, Wanet al.18 studied the
deformation and fracture characteristics of hydrogen-char
and uncharged Ni3Al-B with scanning electron microscopy
and suggested that both grain-boundary decohesion and
stress concentration contribute to the hydrogen-assisted
tergranular cracking in boron-doped Ni3Al alloy.

The amount of quantum-theoretical information is limite
by the complexity of the hydrogen embrittlement procedu
including transport of hydrogen to the microcrack and co
centration of hydrogen in the front of crack tip, etc.22 Eber-
hart et al.23,24 calculated the electronic structure of a Fe4H2
cluster using the multiple-scatteringXa method with a small
cluster model. It was suggested that the hydrogen-assi
ductility is induced by the dilute, noninteracting, hydrog
289 © 1998 The American Physical Society
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290 57WANG FUHE AND WANG CHONGYU
atoms, while cleavage fracture is the result of high conc
tration of hydrogen at the crack tip. Toma´nek et al. studied
the hydrogen embrittlement in palladium using pseudopo
tial formalism25 and molecular-dynamics calculation.26 It
was found that the occupation of the Pd-5s band is decrease
near hydrogen atoms, whereas the filling of the Pd-4d band
is increased to a near-noble-metal configuration. The la
effect decreased the contribution of 4d electrons to aniso-
tropic bonding, and then reduced the shear modulus and
creased ductility. The local enhancement of ductility
hydrogen-saturated regions of metal will cause a reductio
the critical tensile stress at which failure occurred. Fu a
Painter27 studied the hydrogen embrittlement in bulk Fe
using the full-potential linearized augmented plane-wave
the atomic cluster methods. It was shown that the cha
transferred from 3d of the Fe atom to the hydrogen ato
decreases the Fe-Al cleavage~or cohesive! strength. Re-
cently, Sunet al.28 studied the effect of boron and hydroge
on the atomic bonding in bulk Ni3Al by use of the full-
potential linear muffin-tin orbital method. Their calculatin
results shown that both boron and hydrogen prefer to occ
octahedral interstitial sites that are entirely coordinated
six nickel atoms. Hydrogen is found to enhance the bondi
charge directionality near some Ni atom and reduce the
terstitial charge. This indicates that hydrogen promoted p
local cohesion.

The purpose of this work is to understand the electro
mechanism of hydrogen-induced embrittlement in polycr
talline Ni3Al. With this end, we used the discrete-variation
method29–34 ~DVM ! to study the effect of hydrogen on th
electronic structure of grain boundaries in Ni3Al.

II. COMPUTATION METHOD AND CLUSTER MODEL

The discrete-variational method~DVM !, which is a first-
principles numerical method for solving the local-densi
functional equations,29–34 has been used successfully
study the electronic structure of metals and alloys.33,34In this
work, the DVM is used to study the effect of hydrogen
the electronic structure of the grain boundary in Ni3Al.

In order to approach the bulk by a cluster model, t
embedded-cluster model33,34 is used. In constructing the sel
consistent potential, the charge density of several hund
of atoms surrounding the cluster is included. Localization
cluster orbitals due to the Pauli exclusion principle is sim
lated by truncating the external potential wells at the Fe
energy levelEF .33

In the one-electron wave equation, the Hamiltonian
Hartree atomic units is

H52¹2/21Vc1Vxc , ~1!

whereVc is the electron-nucleus and electron-electron C
lomb potential, andVxc is derived by Von Barth and Hedin35

is the exchange-correlation potential. The eigenstates~or mo-
lecular orbitals! are expanded as a linear combinations
atomic orbitalsf i(r ) ~Refs. 29,34!

cn~r !5(
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In order to study the interaction between atoms, the in
atomic energy between atoml andm is derived36,37

Elm5(
n

(
ab

Nnana l
! anbmHbma l , ~3!

whereNn is the occupation number for molecular orbitalcn ,
ana l5^fa l(r )ucn(r )&, andHbma l is the Hamiltonian matrix
element connecting the atomic orbitalb of atomm and the
atomic orbitala of atom l .

In the computation, the single-site orbitals are used as
basis set, consisting of Ni:@1s2s2p3s3p#3d4s4p,
Al: @1s2s2p#3s3p, and H:1s. The orbitals in the square
brackets are frozen-core orbitals. In order to induce bou
excited states, the funnel-potential31 is introduced. The non-
spin-polarized secular equations are solved using the s
consistent-charge approximation.30

The grain boundaryS13@001#(320) which is constructed
by use of the coincidence site lattice~CSL! model and ato-
mistic simulations,38 is investigated. Figure 1 shows th
atomic configuration forS13 grain boundary in Ni3Al. In
order to study the energies of the system when hydro
atoms occupy different sites in the sameS13 grain boundary
in Ni 3Al and keep the occupation sites of hydrogen atoms
the center region of the cluster, two clusters~model A and B!
are used to model the structure ofS13 grain boundary. The
cluster atoms symbolized by solids~in Fig. 1! are embedded
in several hundreds of surrounding atoms, which are sym
ized by hollows. Each cluster contains three layers in theX
direction, and a period unit in theZ direction. The atoms in
the middle layer, i.e., theYZ plane (x50) are represented b
large solid symbols, the upper (x50.5a, wherea is constant
of Ni3Al crystal! and lower (x520.5a) layers are repre-
sented by little solid symbols. Indeed, the stacking seque
along the X axis is •••ABABAB•••. Assuming theYZ
plane (x50) in the model A isA, then theYZ plane in the
model B is B, and their interval distance is a half of th
crystal constant of Ni3Al. In order to discuss the interactio
between atoms clearly, the atoms in the cluster are lab
with numbers. The possible occupation sites of hydrogen
labeled byXn(n51 –5! and discussed in the next sectio
When the grain boundary is constructed by the use of C
the shortest interatomic distance at theS13 grain boundary is
much shorter than that in Ni3Al crystal, so the atomic relax-
ation at the grain boundary should be considered, and
carried out by the energy minimization procedure.37 After
relaxation, these atoms, such as 2,4 and 3,5, and 23 an
etc., which have the shorter interatomic distance at gr
boundary, are pulled apart 0.21 Å from the grain bounda

In order to get the hydrogen occupation position in t
crystalline Ni3Al, another two embedded clusters~model A
and B, each contain three neighbor shells of atoms, i.e.
atoms! are chosen to simulate all the possible interstitial s
roundings in the Ni3Al crystal. In these models, the occup
tion site ~denoted byX0) of hydrogen is the octahedral in
terstice. The neighbor atoms ofX0 are two Al atoms and
four Ni atoms in model A, and six Ni atoms in model B
respectively.

To find the stable site of hydrogen in polycrystallin
Ni3Al, the impurity formation energiesEimp for the system
containingn hydrogen atoms can be defined as thenth of the
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57 291FIRST-PRINCIPLES INVESTIGATION OF HYDROGEN . . .
difference of the total energy between the hydrog
containing system and the clean system. The magnitud
the impurity formation energy is, in general, of the order o
few electron volts, while total energy is of the order of 15

eV. In order to control numerical noise,Eimp can be obtained
from the relative difference of the corresponding binding e
ergies.

FIG. 1. The atomic configurations aroundS13@001#~320! tilt
grain boundaries in Ni3Al. The Ni and Al atoms are represented b
the circles and squares; the different sizes represent different la
and the atoms shown as large symbols are in theYZ plane. The
atoms shown as solid symbols and labeled by numbers are in
cluster, which is embedded by several hundreds of surrounding
oms ~labeled by hollow symbols!. The crosses labeled with
Xn (n51 –5! represent the possible occupation sites of hydrog
~a! model A, ~b! model B.
-
of

-

A total of 51 600 sample points for the self-consiste
field procedure were found to be sufficient for the 43-ato
cluster. Uncertainties in binding energy are estimated as 0
eV/atom. We emphasize the relative change of system
ergy induced by the presentation of hydrogen and choose
same integral grid for the same model to calculate theEimp ,
which is only related to one or two hydrogen atom~s! addi-
tion. So the relative accuracy ofEimp is about 0.1 eV, and it
is high enough for the prediction of the hydrogen occupat
site.

III. RESULTS AND DISCUSSION

A. The impurity formation energy of hydrogen

In order to get the lowest formation energies from all t
possible interstitial sites, the coordinates of H occupat
sites were changed symmetrically, and the correspond
formation energies were calculated. The formation energ
for several possible occupation sites labeled byXn(n50 –5!
are listed in Table I.X0 is the occupation site in the crysta
line Ni3Al. X1 –X5 are the occupation sites in the gra
boundary and locate in theYZ plane (x50). In the case of
X1 and X5, there is only a single hydrogen atom in th
cluster, respectively. However, there are a pair of hydrog
atoms~H 1 and H2) in the cluster for the cases ofX2, X3,
and X4, and we assign that H1 and H2 locate at the upper
(Y.0) and lower (Y,0) part of the grain boundary.X1
locates at the hole of the capped trigonal-prism, which
composed of No. 2,3,21,4,5, and 22 with the cap 1,19
20 atoms. In theX2 case, H1 and H2 locate near to the
middle points between Ni2 and Ni4, Ni 3 and Ni5, respec-
tively. In the case ofX3, H1 and H2 are in the hole of
distorted octahedrons, which is composed of N
1,10,13,11,6,8, and No.1,10,14,12,7,9 atoms, respectiv
In the case ofX4, H1 and H2 are in the hole of distorted
octahedrons, which is composed of No. 10,23,35, 13,15
and No. 10,24,36,14,16,18 atoms, respectively.X5 is in the
hole of distorted octahedron, which is composed of N
23,24,42,41,25 and 26 atoms. These sites exceptX3 are not
in the center of these interstitial holes, instead, the hydro
atom tends to interact strongly with a certain atom. T
behavior of hydrogen was also found in transition met
nickel and iron by theoretical calculation39 and experimental
measurement.40 Furthermore, the coordinates of the corr
sponding sites in models A and B are slightly different o
ing to the different surrounding atoms.

Comparing the corresponding formation energies at s
X0, X1, X2, X4, andX5 in models A and B, it can be found
that the formation energies atX0, X2, X4, andX5 in model
B are lower than that in model A, in contrast, the formati
energy at siteX1 in model A is lower than that in model B
Noting the atomic type~Ni or Al ! of neighboring atoms be
tween the corresponding sites in the two models, it can
found that hydrogen atoms prefer to occupy Ni-rich si
whether hydrogen is at grain boundary or in the crystal. T
feature is also found in other theoretical work28 when hydro-
gen atoms are present in the crystalline Ni3Al. From Table I,
it can be also found that the lowest formation energy wh
hydrogen takes the site in the region of grain boundary
much lower than that when hydrogen takes the site in
crystal. It can be predicted that hydrogen prefers to segre
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292 57WANG FUHE AND WANG CHONGYU
TABLE I. The impurity formation energyEimp ~in eV!, the nearest-neighboring~NN! atoms, and the
distancedNN ~in Å! between hydrogen and its NN atoms, when hydrogen occupies different sitesX0 –X5 in
polycrystalline Ni3Al. Here theX0 is the occupation site in the crystalline andX1 –X5 are the sites in the
grain boundary.

H occupation site X0 X1 X2 X3 X4 X5

NN Al 1 Ni 1 Ni 1 Ni 1,6,8,13,Al 11 Ni 23 Ni 23

Model A dNN 1.59 1.63 1.49 1.79 1.68 1.66
Eimp 22.646 24.172 24.322 23.107 24.052 23.388

NN Ni 1 Ni 1 Ni 1,11 Ni 1,11,13,Al 6,8 Ni 23 Ni 41

Model B dNN 1.59 1.58 1.62 1.79 1.46 1.66
Eimp 23.960 23.392 25.792 23.351 25.626 23.947
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at Ni-rich grain boundary. So the action of hydrogen at
grain boundary plays an important role in the embrittlem
of Ni3Al.

B. Interatomic energy

In order to investigate the interaction between adjac
atoms, the interatomic energies defined by Eq.~3! are calcu-
lated and some main results are listed in Tables II and
When hydrogen occupies theX1 site, H atom forms a strong
bonding with its nearest-neighboring~NN! Ni 1 atom
(EH12Ni1

A 522.518 eV andEH12Ni1
B 522.674 eV, the super

script italic A and B indicate the case in models A and
respectively!, and the bonding strength is comparable to t
of boron with its adjacent atoms in the same Ni3Al grain
boundary (EB2Ni1

522.608 eV!.37 However, the bonding
formed between hydrogen and its next-nearest-neighbo
~NNN! and other neighboring atoms are much weaker,
example,EH12Ni2,3,4,5

B 520.638 eV, andEH12Ni19,20

B 520.305

eV. The space of the void of the capped prism at whichX1
locates is the largest in theS13 grain boundary. When boro
occupies this void, boron almost locates at the center of
e
t

t

I.

,
t

g
r

is

void, and forms strong bonding with its neighboring atom
(EB2Ni2,3,4,5

522.009 eV, (EB2Ni19,20
522.962 eV!, so bo-

ron acts as a ‘‘bridge’’ and increases the cohesive strengt
Ni3Al grain boundaries.37 On the contrary, hydrogen canno
act as a ‘‘bridge’’ and cannot strengthen the grain bound
in Ni3Al, when it occupies theX1 site.

It can be found from Tables II and III that the bondin
strength between host metal atoms, which are the neigh
ing atoms of hydrogen, is weakened. Especially when hyd
gen occupiesX2 sites, the interatomic energy is increased
0.602 eV for the most weakened bond Ni1-Al 11,12 in model
A and by 0.888 eV for Ni1-Ni 11,12 in model B ~noting that
the interatomic energy is lower, the bond is stronger!. On the
other hand, we should pay attention to the direction of bo
ings. Many bonds~such as Ni1-Al 11,12, Ni 2,4-Al 11, and
Ni 3,5-Al 12 when H occupies theX2 site, and Al10-Ni 13,14
and Al10-Ni 15,17,16,18when H occupies theX4 site in model
A; and Ni1-Ni 11,12, Ni 2,4-Ni 11 and Ni3,5-Ni 12 when H occu-
pies theX2 site, and Ni23-Ni 35 and Ni24-Ni 36 when H occu-
pies theX4 site in model B! which are almost perpendicula
to the grain boundary, are weakened by hydrogen. Never
less, most of the strongest bondings between hydrogen
TABLE II. The interatomic energyElm ~in eV! for the typical pairs of atomsl andm, when hydrogen
occupies theX1, X2, andX4 sites, respectively, in model A.DElm5Elm ~GBXn)-Elm ~GB! ~in eV! is the
change of interatomic energy induced by the presentation of hydrogen.

Pair of atoms GB GBX1 GBX2 GBX4
l -m Elm Elm DElm Elm DElm Elm DElm

Ni 12Ni 2 21.441 21.236 0.205 20.901 0.540 21.431 0.010
Ni 12Al 11 21.192 21.165 0.027 20.590 0.602 21.189 0.003
Ni 22Al 11 22.284 22.306 20.022 22.007 0.277 22.255 0.029
Al 102Ni 13 20.587 20.598 20.011 20.596 20.009 20.325 0.262
Al 102Ni 15 21.230 21.228 0.002 21.216 0.014 21.060 0.170
Al 102Ni 23 21.282 21.298 20.016 21.301 20.019 21.053 0.229
Ni 152Ni 23 22.384 22.389 20.005 22.377 0.007 21.931 0.453
H12Ni 1 22.518 22.317 0.000
H12Ni 2 20.616 21.176 0.000
H12Al 10 0.000 0.000 20.385
H12Al 11 0.050 20.899 0.000
H12Ni 13 0.000 0.000 21.287
H12Ni 19 20.343 20.505 0.000
H12Ni 23 0.000 0.000 21.931
H12H2 20.182 0.000
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TABLE III. The interatomic energyElm ~in eV! for the typical pairs of atomsl andm, when hydrogen
occupies theX1, X2, andX4 sites, respectively, in model B.DElm5Elm ~GBXn)-Elm ~GB! ~in eV! is the
change of interatomic energy induced by the presentation of hydrogen.

Pair of atoms GB GBX1 GBX2 GBX4
l -m Elm Elm DElm Elm DElm Elm DElm

Ni 12Ni 2 21.386 21.120 0.266 20.952 0.434 21.376 0.010
Ni 12Ni 11 21.664 21.672 20.008 20.776 0.888 21.644 0.020
Ni 22Ni 11 21.778 21.805 20.027 21.171 0.607 21.804 20.026
Ni 152Ni 23 22.023 22.024 20.001 22.035 20.012 21.440 0.583
Ni 152Ni 35 22.346 22.318 0.028 22.340 0.006 22.160 0.186
Ni 232Ni 35 21.836 21.860 20.024 21.821 0.015 21.081 0.755
H12Ni 1 22.674 21.745 0.000
H12Ni 2 20.638 21.267 0.000
H12Ni 10 0.000 0.000 20.336
H12Ni 11 0.075 21.833 0.000
H12Ni 13 0.000 0.000 20.669
H12Ni 19 20.305 20.868 0.000
H12Ni 23 0.000 0.000 22.604
H12H2 20.010 0.000
n
en
o
ra
ai

e
rain
uld

rain
host metal atoms~such as H1-Ni 1, H1-Ni 2,4, and H2-Ni 3,5
when H occupies theX2 site; and H1-Ni 23, H2-Ni 24, when
H occupies theX4 site, etc.! are almost parallel to the grai
boundary. It is evident that only the bonds which are perp
dicular to the grain boundary contribute strongly to the c
hesive strength of the grain boundaries. Thus, the ove
effect of hydrogen is to reduce the strength of the gr
-
-
ll

n

boundary in Ni3Al. The grain boundaries in Ni3Al are origi-
nally weak link,4,5 the strength of the grain boundary will b
weakened further when hydrogen presents in the g
boundary. It can be expected that the ultimate strength wo
be reduced by the appearance of hydrogen in the g
boundary. This is confirmed by the work of Georgeet al.
~680 MPa in oxygen, but 392 MPa in air!.4
te the
ate
FIG. 2. The electron-density difference between the H-containing grain boundary and a superposition of H atom~s! and clean grain
boundary.~a! and ~b! for the situations when hydrogen occupiesX2 andX4 sites, respectively, in model A.~c! and ~d! for the situations
when hydrogen occupiesX2 andX4 sites, respectively, in model B. The circled numbers, which correspond to those in Fig. 1, indica
position of atoms in theYZ plane. The contour spacings are 0.001e~a.u.!23. Solid lines indicate a gain of electron and dashed lines indic
a loss of electron.
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294 57WANG FUHE AND WANG CHONGYU
When hydrogen atoms occupy theX2 sites, the two hy-
drogen atoms will interact with each other, the interatom
energy isEH12H2

A 520.182 eV andEH12H2

B 520.010 eV,

respectively. This can be considered as the origin of a h
concentration of hydrogen in the grain boundary. From
point of view of energy, hydrogen atoms prefer to occu
X2 sites, because of the lowest formation energy at this
This indicates that hydrogen atoms tend to concentrate at
region in the Ni3Al grain boundary and reduce the bondin
strength between host metal atoms. As a result, the stre
of the Ni3Al grain boundary will be much weakened whe
the hydrogen concentration in the grain boundary is
creased.

The occupation site of hydrogen can be further discus
from the calculated results of interatomic energy. Pay att
tion to the difference of the coordinate ofX2 in these two
models, in model A, the No. 11 atom is Al, the interatom
energy and distance for H1-Al 11 are20.899 eV and 1.81 Å,
respectively; in model B, the No. 11 atom is Ni, the inte
atomic energy and distance for H1-Ni 11 are21.833 eV and
1.61 Å. It is evident that H will move towards the Ni11 atom
when the No. 11 atom site is occupied by Ni instead of Al
is more stable when H occupies theX2 site in model B than
in model A, because the surrounding atoms of siteX2 in
model B are all Ni atoms, but there is a neighboring Al ato
in model A.

C. Charge distribution

The electron-density difference is obtained by subtract
the electron density of the clean grain boundary and f
hydrogen atom~s! from that of hydrogen-containing grai
boundary~GB!, so that the hydrogen-induced charge red
tribution can be seen clearly. The calculated results sh
that the features of electron-density differences are v
similar to each other when H occupies different sites, h
only the electron density difference of the two most sta
L.
c

h
e
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e.
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th
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t
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ry
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e

configuration GBX2 and GBX4 are shown in Fig. 2. The
plotted planes are theYZ cut (X50) which are across the
grain boundary and contains the hydrogen atom. It is cl
that the electron density around the impurity hydrogen
decreased by the introduction of hydrogen. This is contr
to the case of boron in the Ni3Al grain boundary.37 This
feature was also found in bulk Ni3Al by the use of FPLMTO
calculations.28 The reduction of electron density in the inte
stitial region ~hydrogen atoms occupy the interstitial site!
means the decreasing of bond strength between host m
atoms. This is consistent with the interatomic energy cal
lation. On the other hand, the charge distribution in the
termediate region of atoms, which is not nearby hydrogen
hardly affected by hydrogen. This is similar to the case
boron in Ni3Al grain boundary.37

IV. CONCLUSION

We have studied the effect of hydrogen in the polycry
talline Ni3Al using first-principles numerical calculations.
is found that hydrogen atoms prefer to segregate at the g
boundaries, and occupy the Ni-rich interstitial holes, wh
hydrogen atoms are present in polycrystalline Ni3Al. The
equilibrium positions of H atoms are not in the center
these holes, instead, the hydrogen atom tends to locate n
certain atom and interacts strongly with it, but less with oth
atoms. Furthermore, the bonding strength between hos
oms, which are near H atoms, is reduced evidently by
presentation of hydrogen. It can be concluded that the ove
effect of H is to decrease the cohesive strength of Ni3Al
grain boundaries and make the intergranular fracture eas
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