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Interatomic potentials of the embedded-atom type have been developed for H in metals. The potentials are
constructed through a fitting procedure involving the thermodynamic heat of solution of H in the various
metals and the volume expansion of the host lattice upon the dissolution of H. The potentials have been
developed in such a way that the same functions for hydrogen are used for all the metals considered and the
resulting set of potentials is suitable for the study of hydrogen effects in alloys. The pure metals considered are
Ni, Al, Ti, Zr, and Fe. The heats of solution of hydrogen in various intermetallic alloys formed by these metals
(TiAl, TizAl, NiAl, Ni sAl, NiTi, and FeAl) have been studied using the developed potentials in conjunction
with existing potentials for the intermetallic systems. The effects of increasing hydrogen absorbed in the host
are also simulated for the case of IN60163-1826)06038-9

[. INTRODUCTION electron density at atomdue to atomj as a function of the
distancer;; between them. For an alloy model, the pair func-
Interest in understanding the physics of hydrogen in mettion, the embedding function, and the electronic density
als and alloys has been continuously increasing for manjunction must be specified for each participating atomic spe-
reasons. On one side there are the practical uses of metajes, and interatomic pair potentials should be obtained for
hydrogen systems such as: storage of hydrogen for cleagach possible combination of all atomic species. As shown
energy purposes, catalyzers, or absorption of nuclear radigyy johnsor, the electron density functions are determined
tion; on the other, there are unwanted effects on the materialgjthin a scaling factor to fit monoatomic properties. This is
properties caused by small amounts of hydrogen dissolved igecayse it is possible to transfer energetic contributions from
metals, such as embrittlement, crack propagation, and CorfGre pair part to the many-body term or vice versa without
sion. There is extensive literature dt_aallng with _thesg Issue%Iffecting the total energy results for any simulation block of
ranging from first-principles calculations to engineering ap-y single species. The relative scaling factor between elements
plications(see for example, Ref.)1 should be specified for all the elements that enter an alloy

Atomistic studies of the structures of intermetallic mate-moolel One widely used method for specifying the relative
rials have been of great value in the modeling and under- ) y P 9

standing of alloy behavior. The embedded-atom methotﬁ)air and many-body_contriputions for each species ?S to use
(EAM) (Refs. 2 and Bis normally used for this type of the so-called “effective pair approach,” where the first de-

atomistic simulation. The method has been applied in thdivative of the embedding function calculated for the perfect
past to study hydrogen interactions with pure metals, such d&tticeé of each speciep is set to zero. In addition to this
Ni and Pd; for a recent review on the subject see Myers an0Ssible transfer of energetic contributions among the pair
Baskes! The purpose of the present work was to developand many-body terms, the electronic density values can be
EAM potentials suitable for the study of hydrogen effects innormalized to any desired value without changing the overall

alloys and intermetallic compounds. energy for single species simulations provided the embed-
The embedded atom formalism calculates the energy of ding functions are modified accordingly. For alloys, the val-
block of atoms as follows$: ues that are used for the electronic density of the perfect

lattice of each species are important and can possibly be used
as one more fitting parameter of the alloy model.

The possibility of using H in an alloy in an EAM simu-
lation requires the development of separate H interactions
with all components in the alloy. The compatibility require-

/"i:izj é(rij), 2 ment is that the same functions for H are used in all cases.
’ We will concentrate on Ni, Al, Ti, Zr, and Fe. The interac-
whereE is the total internal energy is the pair potential tions of H with these metals are of great practical interest due
between atomi andj, F is the embedding functiom,is the  to the embrittling effect of H dissolved in the grain bound-
electronic density at atorndue to all other atomsgp is the  aries of the intermetallics.

1
E=2) 5 Vi) + 2 Flp. (1)
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TABLE I. Interatomic potentials used for the various pure met- 0.1
als and alloys.
0
Materials References g o
Ni Voter and Chen(Ref. 6 E’
Al Voter and Chen(Ref. 6 027
Ti Pasianot and Savin@Ref. 9 03 {
Zr Igarashiet al. (Ref. § 015 025 035 045 055
Fe Simonelliet al. (Ref. 1)) r (nm)
Ni-Al Farkaset al. (Ref. 15
Ti-Al Farkas (Ref. 31 ] ) ] ]
Fe-Al vailhe et al. (Ref. 18 . FIG. 1. Effective pair potentials for pure metals and H used in
Ni-Ti Farkas and RoquetéRef. 17 this work.

given by Voter and ChehThe potential was not originally

EAM potentials for these pure metals have been devell the effective pair scheme so we transformed it, keeping
oped and tested to various levels in the past ten years sindge electron density of the perfect lattice of Ni to 0.38%as
the original introduction of the EAM technique. The Ni-H 9given by Voter and co-workers. For fcc Al, we also used the
interaction was actually one of the first interactions to befunctions given by Voter and Chértransformed them to the
studied within the methddand will therefore be the natural eff%ctlve pair approach and kept the electron density to 0.34
starting point for the present work. In addition, compatibleA " as stated in their work. _ _
mixed interaction potentials will allow the study of H in ~ Embedded atom method interatomic potentials for hex-
alloys through simulations in the ternary Me1-Me2-H sys-agonal metals have been discussed by Oh and JoKrigen,
tem, where Mel and Me2 stand for the two constituents ofashi, Khantha, and ‘ek,” and more recently by Pasianot
the binary alloy. The study of H effects in intermetallics also@nd Saving. The latter authors showed that there are two
requires the potentials for the alloy systéhel-Me2 inter-  restrictive relatlon_s among the e_Ia_stlc constants for _the
action, which are available for the cases we chose hereMethod to be applicable using realistic embedding functions
Table | shows the potentials that we used for the various puré™" POsitive.. These conditions are
metals and alloys considered.

This paper is organized as follows: first, we will describe (3C12—=C11)/2>C 13— Cys>0. 6)
the EAM potentials we used for the pure metals, the inter- . ) . )
metallics, and the hydrogen; next, we will discuss the fittingEXPerimental elastic constants for hcp Ti do satisfy these
procedure to obtain the H-metal interaction potentials; ﬁ_COI’!dItIOﬂS. Pasianot ar!d Savino also showed _that the contri-
nally, we will show the results of the simulation of introduc- Pution of the so-called inner elastic constants in the hexago-
ing H impurities in different binary alloys. nal close packed lattice is important, and have taken this fact
into account. Their potentials also have the embedding func-
tion adjusted so that the total cohesive energy fits the Rose
et al. equation of statd” We used these functions for Ti
(already stated as effective-pair potentialdth the perfect
A. Pure components lattice electron density normalized to 0.34 &

Elastic constants for hcp Zr do not comply with the re-
strictions imposed by Ed5). At most, Zr is a doubtful case
depending on the number of neighbor shells included within
the range of.° Bearing these limitations in mind, we used
the Zr potentials developed by Igarashi, Khantha, and ¥itek

fter transforming them to effective pairs and normalizing
the electronic density to 0.34 &

As for bcec Fe, we used the effective potentials developed
by Simonelli, Pasianot, and Saviftonormalizing the elec-
fronic density to 0.34 A%,

Finally, for H, we used the Baskes and Daw’s 1984 pa-
rameterization of the first-principles calculations of Puska,
Nieminen, and Manninéfafter a transformation that will be

II. INTERATOMIC POTENTIALS FOR THE PURE
COMPONENTS AND INTERMETALLICS

EAM functions for monoatomic systems may be trans-
formed to a normalized form in which the embedding func-
tion has null first derivative at the equilibrium electron den-
sity. If this is the caseV is defined as an effective pair-
interaction potentidlwhich controls the energy change of a
block of atoms when the electron density at the atoms site i
not significantly altered. We note that, with this transforma-
tion, EAM models which appear to be rather different are
found to be quite similar.

For consistency, we decided to use all the monoatomi
EAM functions in the effective pair approach. The transfor-
mation used is as follows:

Fef(p)=F(p)— pF'(py), 3 described in the next section.
(P)=F(p)=pF(po) ® The effective pair potentials of all the pure components
VEf(R)=V(r)+ 2p(R)F’ (po) (4) considered are shown in Fig. 1 and in the Appendix. In the

course of the fitting procedure of the H-Me interactions, it

wherep, is the electronic density in the perfect lattice of the was found that in order to maintain compatibility, it was
pure metal. essential to have all the potentials for the various metals
The EAM potentials used for the pure metals are summaeonsidered in an effective pair scheme with very similar val-
rized in Table I. For fcc Ni, we used the interatomic potentialues of the electron density for the perfect lattice. If this con-
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2 TABLE II. Ni-H EAM simulations using Ni EAM functions as
0025+ . in Ref. 6, H EAM functions as in Ref. 2, Ni-H interaction from Eg.
E ‘ (6). Enthalpy values referred to Ni fcc and to the hydrogen molecu-
@ lar bond strength of 2.4 eV per atofRef. 2.

2 001 g per ato(Ref. 2
£
§ Properties Experimental Calculated
o 0.005 1
2 H Vi (A% 2.48 (Ref. 1) 2.27
4 AH,, (eV/at. H 0.17 (Ref. 2 0.18
-0.005 ’ ; ’ ‘ Migration energy(eV) 0.41 (Ref. 2 0.35
0 0.2 0.4 0.6 0.8 1 H (A
Distance to O site (nm) ag NiH (A) 3.71(Ref. 2 3.60
AH; NiH (kJ/g at. B 5.02 (Ref. 32 5.98

FIG. 2. Relaxation of the Ni lattice around the H impurity. The
dashed curve corresponds to H EAM functigRef. 2, Ni (Ref. 6 . .
and Ni-H interaction calculated with Ed6); solid curve to the one based on experimental data at high temperatures and so
same Ni EAM functions transformed to effective pairs, transformedt Was chosen here. _ N
H EAM potentials and Ni-H interaction from Table IV. Displace- ~ The Fe-Al interatomic potential was developed by Vailhe
ments practically coincide from the second-nearest neighbor on. and Farkas based on tig2 FeAl phase?

dition was not imposed, it was possible to develop one H-Me
interaction but a second one using the same H functionglll. INTERATOMIC METAL-HYDROGEN POTENTIALS:

could not be developed in general. FITTING PROCEDURE
A. The Ni-H system: derivation of the EAM functions
B. Intermetallics for hydrogen

As stated before, intermetallic potentials are needed to e started by studying the Ni-H system because this sys-
simulate ternary Mel-Me2-H systems. In this work, wetem has been studied since the introduction of the EAM tech-
present simulations of H impurities in alloys of the Ni-Al, nique. We first simulated the Ni-H system using the EAM
Ti-Al, Ni-Ti, and Fe-Al systems; we used interatomic poten- functions for hydrogen that were given by Daw and Baskes
tials for these systems that were developed previo(@#¢ in 1984 and the interatomic potential of Voter and Chéor
Table | and the Appendjx Ni. Without any transformations, we developed mixed H-Ni

Embedded-atom simulations for various defects in Ni-Alpair interaction functions using a linear combination of these
have been carried out for several years now. There are sev-

eral embedded-atom interatomic potentials developed for Ni-
Al. The potentials developed by Voter and Chamd those

developed at Sandifare based on the1,, Ni;Al phase. 0.02

Rao, Woodward, and Parthasardthgeveloped potentials

based oB2 NiAl. In recent work}® we derived mixed Ni-Al 3 %

interaction potentials that are based on B2 NiAl phase, o gl

while using the same Ni and Al potentials of Voter and i

Cherf in an effective pair scheme. These latter potentials are >-0.01 EiHqs.x
used in the present work. - Firke !

The Ti-Al case is more complicated since the embedded- 015 025 035 o045 085
atom method cannot properly model the elastic constants in (a) r (nm)
these alloys due to the importance of angular-dependent
forces in this systerlft We have recently developed Ti-Al
interatomic potentials using the embedded atom and the re-
lated embedded defect techniddegnd derived interatomic
potentials for the Ti-Al system with and without angular 0.05
forces. We are using the latter in the present work.

A particular problem to be faced in the Ni-Ti system is
that theB2 phase is not stable at low temperatures. The
experimental values that are available for cohesive energies
are high-temperature values. Sluiteral® calculated the
cohesive energies of various phases in the system, but they
point out that the values they obtained for tB@ phase 015+ L
underestimate the actual cohesive energy. In previous 015 025 035 045 055
work,!” we have approached the problem by developing two (b) r(nm)
different potentials, one based on the high-temperature ex-
perimental cohesive energy and the other based on first- FIG. 3. Mixed Me-H interaction potential&) with Me=Fe, Al
principle simulations. Best results were obtained with the(b) Me=2Zr, Ni, Ti.

-0.05 t

V H-Me (eV)

01+
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TABLE Ill. Results for fcc H using the normalized transformed = TABLE IV. Parameters obtained for the mixed Me-H interac-

H potential. tion potential. Distances in I8 nm, calculated energies in eV.
Properties This work Calculatg@Ref. 19 Parameter Ni-H Al-H Ti-H Zr-H Fe-H
Lattice parametea, (nm) 0.265 0.228 A 0.250 0.045 0.600 0.055 0.050
Cohesive energ¥,. (eV/at. H  —1.803 -1.361 a 1.0000 1.6000 1.0000 1.0000 0.8000
b 3.7895 45594 6.3118 8.0807  3.2000

1.0000 1.0000 0.8836  1.0000 0.9920
3.7895 45594 6.2953 8.0807 3.1034
1.0000 1.6000 1.0000 1.0000 0.9920
f 3.7895 45594 8.0870 8.0807 3.1034

potentials for H and Ni. The functions were required to ﬁtC
the heat of solution and the volume change upon the dissoe—
lution of hydrogen for this system. The best fit linear com-
bination was obtained as follows:

VNH(r)=0.28vNN (1) +0.75v"H(r) (6)

with 1.000<r <3.7895. TheV’s are in eV and in A. EAM hydrogen functions and the effective potentials de-
The predicted relaxation of the Ni lattice around the HSCribed above for the pure metals. The general form for all
impurity using these potentials is shown in Fig. 2. The re-Meé-H pair interactions is as follows:
sults of the simulation are listed in Table II.
The transformation of these functions to an effective pair V"' '(a+bx)=AVM*M(c+dx)+(1-A)V*HH(e+fx),
scheme was investigated next, since this is important in de- )

veloping compatibility with the interatomic potentials for the wherex takes values from zero to unitg§ anda throughf

other metals. It is straightforward to transform the Ni func- are fitting parameters. most of them fixed by the potentials of
tions given by Voter to effective potentials, as described preihe urech:)m onents' This formulation wa)é chogen because
viously. For hydrogen, the electronic density of a perfect f 'tp I'? hil Co taini basic functional f
metallic lattice is not known. Therefore, we chose to apply 0! 1S generality while maintaining a basic functional form

which is intermediate with those of the pure elements.

transformation to the hydrogen potential such that the same The parameters were obtained by a trial and error proce-

A0 il e expefmenta IOP i fing 1o the hea of soluion at i ciluion and
resulting transformation for hydrogen is the same as for efpred|ct|ng the volume of dissolution of hydrogen in metals.
fective pairs described in Eqs(3) and (4), with The parameters are shown in Table IV, the interatomic H-Me

F'(pg) =15.00. These functions will be referred to as them.'xed potenﬂal; for Me:Ni, A, T'.’ Zr, Fe are rgproduced In
. . Fig. 3. Comparison of the experimental and fitted values can
normalized EAM hydrogen functions. be seen in Tables V and VI, calculated lattice relaxations
The finally selected H-Ni interaction is shown in Fig. 3. '

: : S around the H impurity are seen in Table VII.
The relaxation around the H impurity in Ni using these po- ; . .
tentials is shown in Fig. 2, and is very similar to that of the The heat of solution of H in a metal changes with the

case of the untransformed functions. Values of the energy (foncentratlon of H. The experimental determination of the

migration of H in Ni and the lattice parameter and the enElneat of solution at infinite dilution involves measurements of

thalpy of formation of the hydride are also coincident with g;(etr:ng;::% )I/"I ngdltisemg g?}g i[tdlléfv?/recgtnl;le?(zpaﬁ)r:]t;a“l?lB:r;nzl?i?l
those shown in Table II. P )

As an independent check we used the set of normalizeaa"y’ we determined the difference of energies of a block of
EAM functiong for hydrogen, to calculate the cohesive en_metal atoms with one H atom in a defined interstitial position

: ; relative to the pure metal and the Bholecular bond strength
ergy and lattice parameter of solid fcc hydrogen. The resultsf 24 eV aton? As the size of the block of metal atoms

are in Table Il and they show good agreement with the flrsmcreases{which is equivalent to reducing the H concentra-

principles calculated values as reported in Ref. 19. tion of the syster so does the total energy of the system. At
low H concentrations we are dealing with numerical errors in
the heat of solution due to the difference of two large num-
The mixed metal-hydrogen pair interactions were therbers. If the block of metal atoms is too small, however, we
modeled by an empirical combination of the normalizedmay have an ill-posed problem because of the border condi-

B. Fitting the metal-hydrogen interactions

TABLE V. EAM simulations for pure metal-H system&) means octahedral sites preferred.

AH., (eV/at.H Vy (A B (eV/A®)
Metal host Calc. Exp. Calc. Exp. Eq.10) Pure host
Ni fcc 0.18 (O) 0.17 (Ref. 2 2.38  2.48(Ref. 1) 2.96 1.127
Al fcc 0.58 (0O) 0.60 (Ref. 33 3.97 5.40 0.494
Ti hep —0.48 (O) —-0.42 (Ref. 28§ 241 2.78(Ref. ) 3.24 0.686
Zr hep -0.58 (0) -0.52 (Ref. 2§ 265 3.11(Ref. 1) 6.95 0.607

Fe bcc 0.16(0) 0.20 (Ref. 28§ 3.16 2.9 (Ref. ) 2.36 1.080
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TABLE VI. EAM simulations for intermetallics. Enthalpy values referred to pure intermetallics and to the
hydrogen molecular bond strength of 2.4 eV per at@ef. 2. (O) means octahedral sites preferréd)
means tetrahedral sites preferred.

AH,. (eV/at. H Vy (A% B (eV/IA®)
Metal host Calc. Calc. Eq(10) Pure host
NiAl L1, 0.28(0) Ni rich 4.87 3.41 0.913
NiAl B2 2.97(T) 5.46 7.04 0.9
FeAl B2 2.82(0) Al rich 5.49 4.07 0.9
NiTi B2 0.08(T) 3.62 2.73 0.89
TiAl L1, 2.13(0) Ti rich 4.86 4.69 0.734
TizAl DOy 0.99(T) Ti rich 0.48

tions. We dealt with the problem repeating the calculation<Calculating the relative volume change as a function of the
for different block sizes and then extrapolating our valueshydrogen concentration, we can obt&p from the slope at
The extrapolated values for the pure metals are shown imfinite dilution. Again, there is a compromise between the
Table V. need of a large block of metal atoms compared to the amount
Another way of changing the H concentration is by fixing of H required by the physics of the problem and the precision
the size of the block of metal atoms and increasing theof the numerical determination &V, which declines with
amount of H atoms. If this is the case, the H-H interactiondarger values ol/. In the experimental methodsV/V can
are taken into account. We did these calculations for the cagee measured to accuracies ranging from“@® 10’ (Ref.

of Ni and the results are shown in Figure 4. 20) exceeding the accuracy with which the hydrogen concen-
Dissolvingn atoms of H in a metal changes the voluWie trationc can be determined. The solubility of H in metals is
of the metal by normally very low. This may introduce errors in the experi-
mental values o¥/y,. Regardless of these difficulties, an em-
AV=nVy, (8)  pirical rule"*** states a&vy=2.9 A for all metals.

The actual displacements of the lattice atoms by the H can
whereV, is the characteristic volume change per hydrogerbe seen as arising from the application of virtual forg€sn-
atom?® Multiplying V, by the Avogadro’s number, we ob- zaki forceg to each lattice atom so that these forces cause the
tain the mean partial molar volume. M is the number of same displacements as the H atom does. The relative volume
metal atoms of the crystal with voluméand() is the mean changeAV/V, is related to the trace of the dipole ten&yy
atomic volume of the metal, then the relative volume changef the force distribution as follows:
due to an atomic fraction=n/N is

AVIV=c(Vy/Q). 9 AVIV=c/(3BQ) Trace Pj;, (10

TABLE VII. Atomic displacementgin nm) as a function of distance to the H atom for the preferred sites.

Metal Interest.

host site H agp (nm) cq (nm) First neigh. Sec. neigh. Third neigh.

Ni fcc (0] 0.352 0.024 —0.0003 0.0069

Al fcc (0] 0.404 0.052 —0.002 0.012

Ti hep 0] 0.295 0.4686 0.043 —0.0040 0.0050

Zr hep @] 0.323 0.5148 0.026 0.004 0.012

Fe bcc T 0.287 0.037 —0.006 0.001

NizAl L1, (0] 0.356 0.027 (Ni) 0.0069 (Ni) —0.0010 (Ni)
0.0015 (Al) 0.0016 (Al) 0.0020 (Al)

NiAl B2 T 0.288 0.050 (Ni) —0.0045 (Ni) 0.010 (Ni)
0.035 (Al) 0.001 (Al) 0.0025 (Al)

FeAl B2 @) 0.291 0.043 (Fe —0.002 (Fe 0.011 (Fe
0.033 (Al) 0.009 (Al) 0.0013 (Al)

NiTi B2 T 0.300 0.045 (Ni) —0.010 (Ni) 0.0024 (Ni)
0.062 (Ti) —0.009 (Ti) 0.022 (Ti)

TiAl L1, (0] 0.395 0.414 0.025 (Ti) —0.0015 (Ti) 0.009 (Ti)
0.040 (Al) 0.006 (Al) 0.0001 (Al)

TizAl D0O4g T 0.574 0.468 0.038 (Ti) —0.0037 (Ti) 0.012 (Ti)

0.037 (Al) —0.0087 (Al) —0.035 (Al)
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0 1 2 3 4 5
H atoms

FIG. 4. H heat of solutiofin eV) as a function of the number of
H atoms placed at O sites in a block of 28 Ni atoms. The total
number of Ni atoms is 256.

whereB is the bulk modulus of the metal. In order to check
consistency, we evaluated the trace of the dipole tensor and
then calculated/, from Eq. (10) with the values oB used

to develop the pure metals EAM potentidlsee Table V.

The displacements of the H nearest neighbors are shown in
Table VII. The data in Table V indicate that the simulated
value changes may be significantly different from the elastic
predictions of Eq(10).

The migration energy of H in metals was not used in the
fitting procedure. The predicted value for H migration in Ni
was calculated as 0.35 eV and showed good agreement with
the experimental 0.41 eV.

FIG. 5. Schematics of the preferred interstitial sites for hydro-
IV. H IN INTERMETALLICS gen in the various intermetallics studied. Small filled circles corre-

. . . spond to H atoms; large open circles correspond to Al atoms when-
~ Our results for the behavior of hydrogen in the variouseyer they are present; in NiTi, large open circles correspond to Ti
intermetallics modeled by these potentials are included itoms.

Table VI, together with those obtained for the pure metals.

For every intermetallic, different types of interstitial sites

were tested, with different chemical environment for the H

and the preferences were established. In the fcc based strig@nable since the H interaction with Al is the one that is
tures, we found octahedral sites to be preferred, whereas f@nergetically unfavorable. This means that H will prefer to
bcc based structures, tetrahedral sites were either preferred sggregate to sites that are characterized preferentially by a
showed very similar energies to the octahedral sites. Figure Bi-rich environment. This result should carry over to the
shows schematic pictures of the preferred interstitial sites focase of grain boundary segregation where it may be expected
hydrogen in the various intermetallics studied. The intermethat preferential segregation of H will be observed to Ni-rich
tallics are generally composed of atoms of different sizesgrain boundaries as opposed to Al-rich boundaries. In gen-
and from a hard spheres simple argument, they are charagral, for atomistic simulation;% the weaker grain bound-
terized by denser packing than the pure metals. It was eXgries are those that are Al-rich boundaries and the stronger

pected that larger lattice expansions are required to fit thgnes are the Ni-rich boundaries which will be preferentially
hydrogen into the interstitial sites. Indeed, our results shovgmpyitiled by H.

larger volume changes for the intermetallics than those for
pure metals, significantly larger than the 2.8 Aule of
thumb.

For B2 NiAl, the heat of solution is much larger than for
the NiRAI case. The tetrahedral site is preferred with two
neighbors that are Ni and two that are Al. This site is char-
acterized byAH_,=2.97 eV. The octahedral site with four Al

A. Hydrogen in the Ni-Al system neighbors and two Ni neighbors was the next preferred site

We compared two different octahedral sites for H in awith AH_=3.04 eV. At first, it is surprising that this site is
NisAl L1, cell: site (a), where the H atom was surrounded preferred to the octahedral site with four Ni neighbors and
by four Ni and two Al atoms and sitéb), where only Ni  two Al neighbors, since the affinity of H for Ni is stronger
atoms surround the H. Situaticiip) was favored energeti- than that for Al. The reason for this preference lies in the fact
cally, since the heat of solution was 0.28 eV while it was 2.0that in the bcc lattice, the octahedral sites are not regular and
eV for the other case. The lattice relaxation for the favoredhe preferred site is such that the shortest distances are from
arrangement can be seen in Table VII. These results are retie hydrogen to the Ni, whereas the longer distances are
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between the hydrogen and the Al. The hydrogen in the tet- V. DISCUSSION
rahedral(preferred sitg relaxed, so as to increase its dis-

tances to Al and decrease its distance to the Ni neighbors. Hydrogen in pure metalsThe results of our simulations

for H in Ni are similar to those of Baskes and co-worké¥s.
This is not surprising since our potentials for H are derived
for Baskes’ adaptation of the first principle’s calculations of
Puska and Nieminen, for the case of H in Ni.

We compared the heats of solution of H in tetragonal TIAl  Ajuminum dissolves hydrogen endothermically in very
putting the H in two different octahedral sites. Both situa-gmall amounts. Reference 27 gives a review of solubility
tions were endothermic and the site where the H was suryaig at 1 atm hydrogen pressure and calculates from them a
rounded by more Ti atoms was energetically preferred. Reneat of solution of hydrogen in solid aluminum of 0.60 eV/
sults of the preferred arrangement are shown in Tables V angy H. Using these data to adjust the Al-H interaction poten-
VI. The energy per hydrogen atom in the nonpreferred sitgja| we obtained a weak interaction, as can be seen in Fig. 2.
was found to be 2.76 eV, significantly higher than the 2.13gjnce this interaction Al-H is not strong, we expect the re-
eV found for the preferred site. sulting potential to be adequate to deal with ternary systems

The TiAl intermetallic has an hcp-based structure with Al-\me-H in spite of minor errors. No data on lattice expan-
c/a<1. Again, the preferred site for the hydrogen was withsjon of solid Al fcc with hydrogen at dilute concentrations
more neighboring Ti atoms and less Al. This is in agreemengre available, except for muon-spin-rotation experiments re-
with the results of Gupta and Rodriguez fab initio calcu-  ferred to in Ref. 28, which estimate the relaxation of the
lations performed on the JAIH hydride* they conclude  first-nearest neighbors to be relatively large, about 5%. The
that the Ti-H interaction dominate the hydrogen bondingyajye ofV,, we obtained is larger but not far apart from the
properties in this system. The heat of solution was less eNsmpiric rule of 2.9 A.
dothermic than for thé. 1, TiAl Hydrogen dissolves exothermically in hegli at rela-

The preferred site was a tetrahedral site, WitH..=0.99  tjvely low hydrogen pressures and expands the metal lattice.
eV. The next energetically favorable site had an energyvith increasing H to metal ratios, a metastable fct hydride
AH.=1.13eV. forms and then a stable fcc nonstoichiometric dihydride, with

vacancies in the H interstitial sublattice. We modeled the
H-Ti pair potential as a linear combination of both the H
C. Hydrogen in FeAl effective pair potential and the Pasianot and Savino Ti
In FeAl, the preferred site is an octahedral with two |:epotential,9 and then fitted the parameters to the heat of solu-

neighbors at the shortest distances and four Al neighbors &N @nd theVy, of Ti in order to reproduce the two lattice

the longer distance\H.,=2.82 e\j. This is similar to the parameters .Of the hcp lattice. _ .
result obtained for octahedral sites in NiAl. In FeAl, the tet-. 1€ location of the atoms of the light interstitial elements
o in the « Ti phase is an unresolved problem. San Martin and

\/ . .
i S 27 T Mancheste? concluded that after analyzing experimental
higher than the 'octghedralZ.SS eV). In this site, '.t Was evidences favoring either O or T sites at temperatures above
found that the H is displaced for the center of the site durlng433 K. We decided to do the fitting with the H in an O site
relaxation so as to have longer distances with the Al neigh(AH :'_0 48 eV and then calculated the situation with the
bors (2.29 A) and shorter distances with the Fe neighborsH in a T site. The resulting enthalpy of dissolution

(1.90 A). , , ) (AH.,=—0.43 eV} showed a slight energetic advantage for
The calculation showed no particular differences betweemy,o octahedral site.
placing the H in the O or T sites. The O site was slightly 7. 514 Ti behave in a very similar way with respect to
favored energetically, but within the error of the method. Wehydrogen aP=1 atm(see the assessed Ti-H and Zr-H phase
found the H moved so that the distance between the Fe-ldiggrams in Refs. 29 and 80t seemed natural to model the
was shorter than the distance between Al-H in the relaxeg,  interaction as we did the Ti-H. However, as was stated
configuration. above, the experimental elastic constants of pure Zr hcp do
not comply with the restriction imposed by the EAM model
for hcp structures, so we adjusted the Zr-H interaction to a
simpler linear combination than the one used for (3¢e
We also studied H iB2 NiTi. Hydrogen is quite soluble Table IV).
in this intermetallic with a lonAH_,=0.08 eV for the tetra- Fe bcc is a poor endothermic H absorber. There is evi-
hedral site. The next energetically favored site is the octahedence in the literatutethat the tetrahedral interstitials sites
dral one with two Ni neighbors at the shortest distances andre preferred to the octahedral ones in bcc lattices. The dif-
four Ti neighbors at the longer distances. In this case, thierence of the calculated enthalpies of dissolution of H at
type of site is expected from both a size consideraiiris infinite dilution between the two sites was 6 meV and fa-
a larger atorhand an affinity consideration with Ti. Due to vored the O site; this value is within the error of the method
the shortest distances, H is found to interact mostly with Ni(AH.,=0.157 eV for H in the O site, 0.163 eV forHinthe T
in spite of its greater affinity for Ti. The same situation wassite). Our results coincide with Puska and Nieminef¥sb-
reported for the hydride of the TiNi intermetallic by Gupta tained when applying the effective-medium theory. The cal-
and Rodrigue??* performing ab initio calculations on that culatedV,, is larger than the experimental one.
system, and also by Soubeyretial ?° In general, we found that the behavior of H in the metals

B. Hydrogen in the Ti-Al system

D. Hydrogen in NiTi



9772 M. RUDA, D. FARKAS, AND J. ABRIATA 54

studied is nonelastic, yielding no agreement of simulatedrom the H potentials used in Ref. 2 through a simple trans-
volume expansions with those calculated based on elasticitiprmation. The interatomic metal-H potentials were then
[Eqg. (10)]. The values of the volume expansion for interme-modeled as linear combinations of the transformed Me and H
tallics were found to be significantly higher than the 2.9 A potentials and fitted to the heat of solution of H in metals at
generally found for pure metals. We propose to interpret thisnfinite dilution (AH..) and to the characteristic volume
result due to denser packing in the ordered intermetallichange per hydrogen atofW,).

structures. In the aluminides with fcc based structures, there We used the interatomic potentials to simulate the behav-
is a general preference for H to avoid bonds with the Al. Inior of several intermetallics wimea H impurity was intro-
the bcc based structures NiAl and FeAl, the octahedral anduced in them. We do not have experimental data to validate
tetrahedral sites have very similar energies, with a differencéhese results, but

that is similar to the error involved in EAM-type simulations. (1) calculations predict higher values f, than the em-
The type of octahedral site preferred in these materials inpirical rule.

volves more Al neighbors, a fact that may be explained on (2) AH,, values seem high, but the trends are compatible
the basis of size considerations, since this type of site prewith the thermodynamics.

sents larger distances to the Al atoms. In the tetrahedral sites, (3) From energy values and lattice displacements we can
the hydrogen relaxes in order to increase its distance to theee that the H atom seems to interact primarily wit:Ni

Al atoms. In NiTi, the tetrahedral site is preferred followed in Ni-Al systems;(b) Ti in Ti-Al systems;(c) Fe in Fe-Al;

by the octahedral site with more Ti atoms. This site is fa-(d) Ni in Ni-Ti.

vored because of both size considerations and chemical af-

finity, resulting in the low value for the heat of solutions

characteristic of this intermetallic.
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APPENDIX

Effective pair potentials used in this work, fitted tgr) =3 ,a,(ra,—r)3H(ra,—r):

Ni Al Fe Ti Zr
a, —0.0431 —0.001 84 —0.1483 0.063 38 —0.0324
a, 0.0809 —0.900 1.6561 —0.2109 9.8611
as —0.000 36 6.9131 —0.7067 0.3378 9.755
a, 6.318 59.6285 0.8460 0.6033 —2.6295
as 47.3871 —590.1682 —0.9193 —1.825 0.2896
ag 197.0654 40
ra; 4.75 5.50 4.00 6.10 5.50
ra, 4.00 3.50 3.00 5.50 3.35
ras 3.50 2.80 2.50 4.50 2.90
ra, 2.58 2.00 2.00 2.75 2.50
ras 2.00 1.60 1.50 1.50 1.50
rag 1.50 0.88
range 1.000 1.150 0.992 041 0.883 52 0

4.7895 5.5554 4.095 403 6.195 326 5.494



EMBEDDED-ATOM INTERATOMIC POTENTIALS FQR . ..

9773

Normalized electron density functions used in this work, adjusted(t)==b,(rb,—r)*H(rb,—r):

Ni Al Fe Ti Zr
b, 0.002 634 0.001 419 —0.005 51 —0.0198 0.005 659
b, —0.005 73 0.001 571 0.118 013 0.01765 —0.03008
bs 0.076 24 0.090 790 0.427554  —0.050 29 0.097 95
b, —0.026 18 —0.588 60 2.663 861 0.024 11 0.3912
bs — — 19.146 85 4.42
rb, 4.75 5.50 3.70 6.10 8.00
rb, 3.50 3.50 3.00 5.00 6.40
rbs, 2.58 2.58 2.00 4.00 4.60
rb, 1.50 1.50 1.50 3.00 2.00
rbs 1.00 1.50
range 1.0000 1.0000 0.99 204 0.8835 0
4.7805 5.5554 4.0954 6.1953 8.08
Intermetallic potentials used in this work, adjustedi@) =3 ,a,(ra,—r)H(ra,—r):
Ni-Al Ti-Al Fe-Al Ni-Ti
a; —0.089 43 —0.027 33 —0.012 66 —0.000 47
a, 0.2923 —0.3243 —0.1126 —0.027 19
as 0.1467 1.671 0.3665 —0.022 17
a, 5.134 5.132 2.7468 0.4430
as 21.97 —35.2 3.0207 1.01
ag —255.7 —109.912 —0.8145
a; 1.041
ra, 4.75 4.75 5.00 6.00
ra, 4.00 4.00 3.80 4.75
ras 3.50 3.50 3.35 4.00
ra, 2.58 2.58 2.658 3.50
ras 2.00 2.00 2.25 2.58
rag 1.50 1.50 1.50 2.00
ra; 1.50
range 1.0036 1.367 1.1100 1.0000
5.58 5.269 4.0980 6.0000
H-metallic potentials used in this work, adjusted\ttr)=3,a,(ra,—r)3H(ra,—r):
Ni-H Fe-H Al-H Ti-H Zr-H
a; 0.011 07 -0.01172 —0.010 89 0.002 56 —0.001 8339
a, 0.023 33 0.1361 0.070 40 —0.0639 0.5541
as —0.008 739 —0.2597 —0.2295 0.3124 0.4610
a, 0.027 00 1.033 2.644 117 0.2525 0.2093
as 12.10 71.94 8.969 892 —0.0927 4.4860
ag 52.30 —45.4361 1.8683
ay —2.6604
ra; 4.75 3.95 6.00 6.19 5.50
ra, 4.00 3.00 5.00 4.72 3.35
ras 3.50 2.48 4.00 3.70 2.90
ra, 2.58 2.00 3.00 2.80 2.50
ras 2.00 0.95 2.00 2.30 1.50
rag 1.50 1.55 1.45
ra; 1.10

range

1.0000-4.7895

0.8000—-4.0000

1.0000-4.7895

0.8835-6.1953

0.9588—
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Effective embedding functions adjustedRgp)=a+b J;+ cp:

Ni Al Fe Ti Zr
a 0.655 07 0.7461 —0.575 461 22 0.418 41 0
b —10.3219 —10.4406 —7.122 7429 —10.738 163 —-15.41
c 7.444 286 7.874 589 6.418 3429 9.796 648 9 13.21
range 0 0 0.03398 0.034 156 2 0
0.505 0.55 0.5459 3.359 89 1.2639
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