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First-principles investigation of hydrogen embrittlement in polycrystalline NizAl

Wang Fuhe and Wang Chongyu
CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, People’s Republic of China
and Central Iron and Steel Research Institute, Beijing 100081, People’s Republic of China
(Received 27 January 1997; revised manuscript received 21 September 1997

The discrete-variational method within the framework of density-functional theory is used to study the effect
of hydrogen on the embrittlement of polycrystalline;Wl. 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 NjAI. 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;MNi grain boundaries and make intergranular fracture easier.
[S0163-18298)09101-2

l. INTRODUCTION erature’=® Masahashet al!® found that Ni(Al,Mn) has se-
vere hydrogen embrittlement susceptibility, whether the hy-

As a high-temperature structural material, ;NI has  drogen is the residual in the specimens or that penetrated
many attractive properties such as high-temperature strengtfipm the environment. The sensitivity of ductility to the test
low density, resistance to oxidation, etc. However, brittleenvironment of boron-doped Bl depends on the content
grain-boundary fracture is the major problem of polycrystal-of boron. When doped with 0.012 wt. % boron, the;ANi is
line Ni5Al for the use of mechanicsTraditionally, the grain ~ susceptible to environmental embrittleméhtput when
boundaries in NjAl were concluded to be intrinsically doped with 0.05 wt.% boron, the tensile ductility of il is
brittle. However, recent work from Liet al?>~® has shown insensitive to test environmettHowever, when precharged
that the extrinsic fracture, environmental embrittlement, is awith hydrogen, the ductility and the ultimate tensile strength
major cause of low ductility and brittle intergranular fracture of boron-doped NjAl is much decreased, and the fracture
in binary NizAl. mode is changed from ductile transgranular to brittle inter-

Several mechanisms have been proposed to explain hgranular, though the vyield stress is not affected by
drogen embrittlement in non-hydride-forming metals andhydrogent®?° Furthermore, the hydrogen embrittlement is
alloys”® Basically, the theories fall into two categories. The sensitive to the strain rate, it is less at the higher strain
first is the decohesion mechanism, which was originally prorate?®%
posed for steel by Troiadoand modified by Oriani and The understanding of hydrogen embrittlement in;Ali
Josephid? In this mechanism, they suggested that hydrogeralloys is far from being complet®.Kuruvilla and Stoloft®
reduces the cohesive force between the atoms and thus preroposed that hydrogen-assisted cracking in B-doped Ni-rich
motes brittle fracture by bond rupture. The second class ofizAl is due to hydrogen increasing the stress concentration
mechanism is based on the premise that hydrogen affects tla¢ grain boundary. On the other hand, Boedal* con-
behavior of the dislocation emission at the crack tip &fea. cluded from their transmission electron microscope observa-
Beachert and later Robertson and Birnbatfmproposed tions that hydrogen counteracts the strengthening effect of
that hydrogen enhances the plasticity in front of the crack tijporon on the grain boundary and reduces the cohesive
by lowering the flow stress. Lynéhargued that hydrogen strength of the grain boundaries. Recently, Li and CHaRi
chemisorbed at the crack tip lowers the stress which is nesuggested that the hydrogen-enhanced localized plasticity
essary to operate near-surface dislocation sources and resutisar the crack tip is the hydrogen embrittlement mechanism
in transgranular crack growth. However, as stated by Hirth,in ductile NisAl alloy. In addition, Wanet al*® studied the
simple mechanisms as mentioned above are not sufficient eformation and fracture characteristics of hydrogen-charged
rationalize the general degradation in properties produced bgnd uncharged NAI-B with scanning electron microscopy,
hydrogen. and suggested that both grain-boundary decohesion and high

There are several experimental studies on the hydrogestress concentration contribute to the hydrogen-assisted in-
embrittlement in  binary NjAl,24% Nis(AILMn),®®  tergranular cracking in boron-doped il alloy.
Ni3(Al,Zr),® and boron-doped Nl 41521 Georgeet al. The amount of quantum-theoretical information is limited
studied the environmental effect in polycrystalline ;Al, by the complexity of the hydrogen embrittlement procedure
which was carefully prepared from recrystallization of cold- including transport of hydrogen to the microcrack and con-
worked single-crystal material, and found that the polycrys-centration of hydrogen in the front of crack tip, étcEber-
talline specimens exhibit a room-temperature tensile ductilityhart et al?>2* calculated the electronic structure of a,Fe
of 3.1-4.8% in air and 23% in ultrahigh vacuum. Thesecluster using the multiple-scatteriigy method with a small
results clearly demonstrate that binary ;NI alloys are cluster model. It was suggested that the hydrogen-assisted
prone to environmental embritlement at room temp-ductility is induced by the dilute, noninteracting, hydrogen
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atoms, while cleavage fracture is the result of high concen- In order to study the interaction between atoms, the inter-
tration of hydrogen at the crack tip. Tomek et al. studied  atomic energy between atolrandm is derived®®’
the hydrogen %mbrittlement in palladium using pseudopoten-
&a;sf%rl:?qzhtshﬁ thaengccr:r;olegular dynamics ca_lculatla?mlt E =S S Nat A Ha @
pation of the Pgl3and is decreased o nal“ngm 74
near hydrogen atoms, whereas the filling of the Ridbénd
is increased to a near-noble-metal configuration. The lattewhereN,, is the occupation number for molecular orbita|,
effect decreased the contribution ofl &lectrons to aniso- an,={®u(r)|¥a(r)), andH g, is the Hamiltonian matrix
tropic bonding, and then reduced the shear modulus and irelement connecting the atomic orbifglof atomm and the
creased ductility. The local enhancement of ductility inatomic orbitala of atoml.
hydrogen-saturated regions of metal will cause a reduction of In the computation, the single-site orbitals are used as the
the critical tensile stress at which failure occurred. Fu andasis set, consisting of Nits2s2p3s3p]3d4sap,
Paintef’ studied the hydrogen embrittlement in bulk FeAl Al:[1s2s2p]3s3p, and H:ls. The orbitals in the square
using the full-potential linearized augmented plane-wave antbrackets are frozen-core orbitals. In order to induce bound
the atomic cluster methods. It was shown that the chargexcited states, the funnel-potentiais introduced. The non-
transferred from @ of the Fe atom to the hydrogen atom spin-polarized secular equations are solved using the self-
decreases the Fe-Al cleavager cohesive strength. Re- consistent-charge approximatich.
cently, Suret al?® studied the effect of boron and hydrogen ~ The grain boundary¥, 13 001](320) which is constructed
on the atomic bonding in bulk NAI by use of the full- by use of the coincidence site latti€€SL) model and ato-
potential linear muffin-tin orbital method. Their calculating mistic simulations® is investigated. Figure 1 shows the
results shown that both boron and hydrogen prefer to occupgtomic configuration for2,13 grain boundary in NAl. In
octahedral interstitial sites that are entirely coordinated byrder to study the energies of the system when hydrogen
six nickel atoms. Hydrogen is found to enhance the bondingatoms occupy different sites in the sa@#3 grain boundary
charge directionality near some Ni atom and reduce the inin Ni;Al and keep the occupation sites of hydrogen atoms at
terstitial charge. This indicates that hydrogen promoted poothe center region of the cluster, two clustérodel A and B
local cohesion. are used to model the structure 13 grain boundary. The
The purpose of this work is to understand the electronicluster atoms symbolized by soli¢is Fig. 1) are embedded
mechanism of hydrogen-induced embrittlement in polycrys-in several hundreds of surrounding atoms, which are symbol-
talline NisAl. With this end, we used the discrete-variational ized by hollows. Each cluster contains three layers inXhe
method®~34(DVM) to study the effect of hydrogen on the direction, and a period unit in th2 direction. The atoms in
electronic structure of grain boundaries ingMl. the middle layer, i.e., th¥ Z plane k= 0) are represented by
large solid symbols, the uppex£€ 0.5a, wherea is constant
of NizAl crystal) and lower k= —0.5a) layers are repre-
sented by little solid symbols. Indeed, the stacking sequence
The discrete-variational methd®VM), which is a first- along theX axis is ---ABABAB - -. Assuming theYZ
principles numerical method for solving the local-density-plane ¢=0) in the model A isA, then theY Z plane in the
functional equation8®~3* has been used successfully to model B isB, and their interval distance is a half of the
study the electronic structure of metals and al®¥¥In this  crystal constant of NAI. In order to discuss the interaction
work, the DVM is used to study the effect of hydrogen onbetween atoms clearly, the atoms in the cluster are labeled
the electronic structure of the grain boundary inAi with numbers. The possible occupation sites of hydrogen are
In order to approach the bulk by a cluster model, thelabeled byXn(n=1-5 and discussed in the next section.
embedded-cluster mod&f*is used. In constructing the self- When the grain boundary is constructed by the use of CSL,
consistent potential, the charge density of several hundredie shortest interatomic distance at }i&3 grain boundary is
of atoms surrounding the cluster is included. Localization ofmuch shorter than that in Al crystal, so the atomic relax-
cluster orbitals due to the Pauli exclusion principle is simu-ation at the grain boundary should be considered, and it is
lated by truncating the external potential wells at the Fermicarried out by the energy minimization procedtiteAfter

Il. COMPUTATION METHOD AND CLUSTER MODEL

energy levelEg .33 relaxation, these atoms, such as 2,4 and 3,5, and 23 and 24,
In the one-electron wave equation, the Hamiltonian inetc., which have the shorter interatomic distance at grain
Hartree atomic units is boundary, are pulled apart 0.21 A from the grain boundary.
In order to get the hydrogen occupation position in the
H=—V22+V +V,, (1)  crystalline Ni;Al, another two embedded clustefrmodel A

and B, each contain three neighbor shells of atoms, i.e., 43

whereV, is the electron-nucleus and electron-electron Cou_atoms) are chosen to simulate all the possible interstitial sur-

lomb potential, and/, is derived by Von Barth and Hedih roundings in the NJAl crystal. In these models, the occupa-
is the exchange-correlation potential. The eigenstatesio- tion site (denoted byX0) of hydrogen is the octahedral in-

lecular orbitals are expanded as a linear combinations oft€rstice. The neighbor atoms 0 are two Al atoms and

atomic orbitalse;(r) (Refs. 29,3% four Ni atoms in model A, and six Ni atoms in model B,
! T respectively.
To find the stable site of hydrogen in polycrystalline
'ﬂn(r):Z Coihi(F). ) NizAl, the impurity formation energieg;,, for the system

containingn hydrogen atoms can be defined astitie of the
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A total of 51 600 sample points for the self-consistent-
field procedure were found to be sufficient for the 43-atom
O o © ; cluster. Uncertainties in binding energy are estimated as 0.05
o ] O eV/atom. We emphasize the relative change of system en-
O 1 0 ergy induced by the presentation of hydrogen and choose the
[ 27,29 31’.3‘ O 35 O same integral grid for the same model to calculateERpg,
o ® a ..-H 3739 o which is only related to one or two hydrogen ai{gmaddi-
- '6'8,' v 15,17 ° . tion. So the relative accuracy &y, is about 0.1 eV, and it
n . L2400 )Ts’ - A2 B is high enough for the prediction of the hydrogen occupation

X4 ) . e : site.

H
[=A
T

N Y

GB 2127 -. e -
- .2<’x2, )é:‘)' x4 :. - IIl. RESULTS AND DISCUSSION
79 w2 49 A. The impurity formation energy of hydrogen

o e 12 ‘i 38,40 o In order to get the lowest formation energies from all the
14 36 O possible interstitial sites, the coordinates of H occupation
O 32,34 o sites were changed symmetrically, and the corresponding
J O formation energies were calculated. The formation energies
] for several possible occupation sites labeledXim{n=0-5)
O © are listed in Table 1XO0 is the occupation site in the crystal-
(a) line NizAl. X1-X5 are the occupation sites in the grain
boundary and locate in théZ plane ¢=0). In the case of
Ay X1 and X5, there is only a single hydrogen atom in the
cluster, respectively. However, there are a pair of hydrogen
O o © O atoms(H, and H,) in the cluster for the cases of2, X3,
o O O and X4, and we assign that Hand H, locate at the upper
O | o) (Y>0) and lower {f<0) part of the grain boundary<1
O 27,29 31’.3* B o35 O locates at the hole of the capped trigonal-prism, which is
o | 4 ‘ - - 3739 o composed of No. 2,3,21,4,5, and 22 with the cap 1,19 and
19 @ .57 20 atoms. In theX2 case, H and H, locate near to the
.- @ middle points between Niand Ni,, Ni; and Nig, respec-
¥ X6 . tively. In the case ofX3, H; and H, are in the hole of
— distorted octahedrons, which is composed of No.
. -2526 . Z 1,10,13,11,6,8, and No.1,10,14,12,7,9 atoms, respectively.
Tt In the case oiX4, H, and H, are in the hole of distorted
2 feig 0 m % octahedrons, which is composed of No. 10,23,35, 13,15,17,
O 2 @ . 38,40 O and No. 10,24,36,14,16,18 atoms, respectiv¥.is in the
28,30 36 O hole of distorted octahedron, which is composed of No.
O O > O o 23,24,42,41,25 and 26 atoms. These sites exx8pare not
O

in the center of these interstitial holes, instead, the hydrogen
atom tends to interact strongly with a certain atom. This
O o behavior of hydrogen was also found in transition metals
(b) nickel and iron by theoretical calculatihand experimental
measuremer® Furthermore, the coordinates of the corre-
FIG. 1. The atomic configurations arour®fl3001](320) tilt sponding sites in models A and B are slightly different ow-
grain boundaries in NiAl. The Ni and Al atoms are represented by ing to the different surrounding atoms.
the circles and squares; the different sizes represent different layers, Comparing the corresponding formation energies at sites
and the atoms shown as large symbols are in¥iZeplane. The X0, X1, X2, X4, andX5 in models A and B, it can be found
atoms shown as solid symbols and labeled by numbers are in thyat the formation energies X0, X2, X4, andX5 in model
cluster, which is embedded by several hundreds of surrounding aB are lower than that in model A, in contrast, the formation
oms (labeled by hollow symbo)s The crosses labeled with energy at sitéX1 in model A is lower than that in model B.
Xn (n=1-5 represent the possible occupation sites of hydrogenNoting the atomic typéNi or Al) of neighboring atoms be-
(@) model A, (b) model B. tween the corresponding sites in the two models, it can be
found that hydrogen atoms prefer to occupy Ni-rich sites
difference of the total energy between the hydrogenwhether hydrogen is at grain boundary or in the crystal. This
containing system and the clean system. The magnitude déature is also found in other theoretical w8twhen hydro-
the impurity formation energy is, in general, of the order of agen atoms are present in the crystallingMi From Table 1,
few electron volts, while total energy is of the order of°10 it can be also found that the lowest formation energy when
eV. In order to control numerical noisg;,, can be obtained hydrogen takes the site in the region of grain boundary is
from the relative difference of the corresponding binding en-much lower than that when hydrogen takes the site in the
ergies. crystal. It can be predicted that hydrogen prefers to segregate
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TABLE |. The impurity formation energyEy, (in eV), the nearest-neighboring\N) atoms, and the
distancedyy (in A) between hydrogen and its NN atoms, when hydrogen occupies differenkgite$5 in
polycrystalline NjAl. Here theXO0 is the occupation site in the crystalline akd —X5 are the sites in the
grain boundary.

H occupation site X0 X1 X2 X3 X4 X5
NN All N|1 N|1 Ni1,6,8,131A| 11 Ni23 Ni23

Model A dan 1.59 1.63 1.49 1.79 1.68 1.66
Eimp —2.646 —4.172 —4.322 —3.107 —-4.052 —3.388
NN Niy Niy Nig a1 Nij11,13Al68 Ni3 Ni gy

Model B dnn 1.59 1.58 1.62 1.79 1.46 1.66
Eimp —3.960 —3.392 5792 —3.351 —5.626 —3.947

at Ni-rich grain boundary. So the action of hydrogen at thevoid, and forms strong bonding with its neighboring atoms

grain boundary plays an important role in the embrittlemem(EB_NiZMS: —2.009 eV, EB_Nim =—2.962 eV, so bo-

. 0
of NizAl ron acts as a “bridge” and increases the cohesive strength of

Ni5Al grain boundaries! On the contrary, hydrogen cannot

B. Interatomic energy act as a “bridge” and cannot strengthen the grain boundary
In order to investigate the interaction between adjacent? NizAl, when it occupies theX1 site. .
atoms, the interatomic energies defined by @jyare calcu- It can be found from Tables Il and IIl that the bonding

lated and some main results are listed in Tables Il and lliStrength between host metal atoms, which are the neighbor-

When hydrogen occupies thél site, H atom forms a strong ing atoms of hydrogen, is weakened. Especially when hydro-

bonding with its nearest-neighboring\NN) Ni, atom genoccupieX2 sites, the interatomic energy is i_ncreased by

(Ef _\i.=—2.518 eV ancEE _,; = —2.674 eV, the super- 0.602 eV for the most weakened bond;M\ 4 ;,in model
ot tol A and by 0.888 eV for Nj-Ni; ;,in model B(noting that

script italic A and B indicate the case in models A and B, ) . . .
respectively, and the bonding strength is comparable to thatt he interatomic energy is lower, the bond is stropgen the

of boron with its adjacent atoms in the same;Ali grain other hand, we should pay attention to the direction of bond-

S 37 ) ings. Many bonds(such as Nj-Al 1; 15, Nij4Al3;, and
boundary Ee-ni,=~2.608 eV. , However, the bo.ndlng' Ni3sAl 1, when H occupies theX2 site, and AlgNiqz14
formed between hyo_lrogen_ and its next-nearest-neighboring,4 Al,Ni 15 17 1618vhen H occupies th&4 site in model
(NNN) and other neighboring atoms are much weaker, fom; and Nil'Ni’11’12: Ni , ,~Ni 1, and Niz Ni ;, when H occu-

examp|eyEE|17Ni2‘3v45: —0.638 eV, anCEEfNilgvzoz —0.305  pies thex2 site, and Nig-Ni 35 and Niy,-Ni z5 when H occu-
eV. The space of the void of the capped prism at wi¥dh  pies theX4 site in model B which are almost perpendicular
locates is the largest in tf¥&13 grain boundary. When boron to the grain boundary, are weakened by hydrogen. Neverthe-

occupies this void, boron almost locates at the center of thikess, most of the strongest bondings between hydrogen and

TABLE Il. The interatomic energ¥,,, (in eV) for the typical pairs of atombs andm, when hydrogen
occupies theX1, X2, andX4 sites, respectively, in model AE,,,=E,,, (GBXn)-E,,, (GB) (in eV) is the
change of interatomic energy induced by the presentation of hydrogen.

Pair of atoms GB GR1 GBX2 GBX4

I-m Elm EIm AEIm EIm AEIm EIm AEIm
Ni;—Ni, —1.441 —1.236 0.205 —0.901 0.540 —1.431 0.010
Ni,—Al -1.192  —1.165 0.027  —0.590 0602  —1.189  0.003
Ni,—Al 11 —2.284 —2.306 —0.022 —2.007 0.277 —2.255 0.029
Al 1o—Niq3 —0.587 —0.598 —0.011 —0.596 —0.009 —0.325 0.262
Al 1o—Ni 5 —1.230 —1.228 0.002 —1.216 0.014 —1.060 0.170
Al 1g— Niy3 —1.282 —1.298 —0.016 —1.301 —0.019 —1.053 0.229
Ni 15— Ni o3 —-2.384 -2389 —0.005 —2.377 0.007  —1.931  0.453
H,—Ni, —-2.518 —-2.317 0.000

H,—Ni, ~0.616 ~1.176 0.000

H,—Al 0.000 0.000 -0.385

H,—Al,; 0.050 —0.899 0.000

H;—Niy3 0.000 0.000 —1.287

H;—Nigg —0.343 —0.505 0.000

H;—Niyg 0.000 0.000 —1.931

H,—H, -0.182 0.000
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TABLE lll. The interatomic energy,,, (in eV) for the typical pairs of atomk andm, when hydrogen
occupies theX1, X2, andX4 sites, respectively, in model RE,,,=E,,, (GBXn)-E,,, (GB) (in eV) is the
change of interatomic energy induced by the presentation of hydrogen.

Pair of atoms GB GE1 GBX2 GBX4

I-m E|m EIm AEIm EIm AEIm EIm AEIm
Ni;—Ni, —1.386 —1.120 0.266 —0.952 0.434 —1.376 0.010
Ni;—Niy; -1.664 -1672 —0.008 —0.776 0.888  —1.644 0.020
Ni,— Niy; -1778 -1.805 —0.027 —1.171 0.607 —1.804 —0.026
Ni 15— Ni 53 —2.023 -2024 —0001 -2035 —0.012 —1.440 0.583
Ni 15— Ni 35 —2.346 —2.318 0.028 —2.340 0.006 —2.160 0.186
Ni 53— Ni 35 —1.836 —1.860 —0.024 —1.821 0.015 —1.081 0.755
H;,—Niy —2.674 —1.745 0.000

H,—Ni, —0.638 —1.267 0.000

H,— Ni g 0.000 0.000 -0.336

H;—Niy, 0.075 -1.833 0.000

H,—Nis 0.000 0.000 —0.669

H,—Niyo —0.305 -0.868 0.000

H,— Ni s 0.000 0.000 —2.604

H,—H, —0.010 0.000

host metal atomgsuch as H-Ni;, H1-Niy 4, and H-Nigs  boundary in NgAl. The grain boundaries in NAI are origi-
when H occupies th¥?2 site; and H-Ni 53, H,-Ni,,, when  nally weak link*® the strength of the grain boundary will be

H occupies theX4 site, etc). are almost parallel to the grain weakened further when hydrogen presents in the grain
boundary. It is evident that only the bonds which are perpenboundary. It can be expected that the ultimate strength would
dicular to the grain boundary contribute strongly to the co-be reduced by the appearance of hydrogen in the grain
hesive strength of the grain boundaries. Thus, the overalboundary. This is confirmed by the work of Georgeal.
effect of hydrogen is to reduce the strength of the grain680 MPa in oxygen, but 392 MPa in aft

10
8_
6_
4
2
= 0r
2+
4k
6+
8 r
-10 ——— -0 —4————
-10-8 6 4 20 2 4 6 8 10 -10-8 6 420 2 4 6 810
z z
10 10
8r 8
6 6
4 4t
2r 2
> 0 - 0
2 - 2
4 r -4
6 r -6
8 -8
-10 —— B L —
-10-8 6 4 -2 0 2 4 6 8 10 -10-8 6 4 -2 0 2 4 6 8 10
z z

FIG. 2. The electron-density difference between the H-containing grain boundary and a superposition of i atdnelean grain
boundary.(a) and (b) for the situations when hydrogen occup¥® andX4 sites, respectively, in model Ac) and(d) for the situations
when hydrogen occupies2 andX4 sites, respectively, in model B. The circled numbers, which correspond to those in Fig. 1, indicate the
position of atoms in th&’ Z plane. The contour spacings are 0.004.@) ~3. Solid lines indicate a gain of electron and dashed lines indicate
a loss of electron.
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When hydrogen atoms occupy tX® sites, the two hy- configuration GEX2 and GBX4 are shown in Fig. 2. The
drogen atoms will interact with each other, the interatomicplotted planes are th¥Z cut (X=0) which are across the
energy isEﬁl_H2=—0.182 eV andEEl_H2= —0.010 eV, grain boundary and contains the hydrogen atom. It is clear

respectively. This can be considered as the origin of a highhat the electron density around the impurity hydrogen is
concentration of hydrogen in the grain boundary. From théflécreased by the introduction of hydrogen. This is contrary
point of view of energy, hydrogen atoms prefer to occupy!© the case of boron in the Al grain boundary”’ This
X2 sites, because of the lowest formation energy at this sitdeature was aiso found in bulk Bl by the use of FPLMTO
This indicates that hydrogen atoms tend to concentrate at thglculations?® The reduction of electron density in the inter-
region in the NiAl grain boundary and reduce the bonding stitial reglon(hydrogen atoms occupy the interstitial sjtes
strength between host metal atoms. As a result, the strengfR€ans the decreasing of bond strength between host metal
of the Ni;Al grain boundary will be much weakened when atqms. This is consistent with the mtera_torr_uc energy cal_cu—
the hydrogen concentration in the grain boundary is indation. On the other hand, the charge distribution in the in-
creased. termediate region of atoms, which is not nearby hydrogen, is
The occupation site of hydrogen can be further discussefardly affected by hydrogen. ;I'h|s is similar to the case of
from the calculated results of interatomic energy. Pay attenP0ron in N5Al grain boundary’
tion to the difference of the coordinate ¥2 in these two
models, in model A, the No. 11 atom is Al, the interatomic IV. CONCLUSION
energy and distance for HAIl ;; are—0.899 eV and 1.81 A,
respectively; in model B, the No. 11 atom is Ni, the inter-
atomic energy and distance for;HNi; are —1.833 eV and
1.61 A. It is evident that H will move towards the Niatom
when the No. 11 atom site is occupied by Ni instead of Al. It
is more stable when H occupies tK@ site in model B than
in model A, because the surrounding atoms of 3& in
model B are all Ni atoms, but there is a neighboring Al atom
in model A.

We have studied the effect of hydrogen in the polycrys-
talline NisAl using first-principles numerical calculations. It
is found that hydrogen atoms prefer to segregate at the grain
boundaries, and occupy the Ni-rich interstitial holes, when
hydrogen atoms are present in polycrystallingAli The
equilibrium positions of H atoms are not in the center of
these holes, instead, the hydrogen atom tends to locate near a
certain atom and interacts strongly with it, but less with other
atoms. Furthermore, the bonding strength between host at-
oms, which are near H atoms, is reduced evidently by the
presentation of hydrogen. It can be concluded that the overall

The electron-density difference is obtained by subtractingffect of H is to decrease the cohesive strength ofANi
the electron density of the clean grain boundary and fregrain boundaries and make the intergranular fracture easier.
hydrogen atorts) from that of hydrogen-containing grain
boundary(GB), so that the hydrogen-induced charge redis-
tribution can be seen clearly. The calculated results show
that the features of electron-density differences are very We are grateful to Professor J.-M. Li and Dr. J.-L. Yang
similar to each other when H occupies different sites, herdor their beneficial discussion. This work was supported by
only the electron density difference of the two most stablethe National Natural Science Foundation of China.

C. Charge distribution
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