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Development of a semiempiricaln-body noncentral potential for Fe-Al alloys
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A semiempirical embedded-atom method potential including a noncentral additive term is derived for
FexAl12x (x>0.5) systems and extensively tested on bulk and defectT50 K properties as well as
temperature-dependent properties. Although particular attention is given to the stoichiometric orderedB2
compound, this potential also leads to a realistic description of theD03 ordered phase. It constitutes a model
appropriate to the calculation of the properties of extended defects in Fe-Al alloys.@S0163-1829~97!02001-8#
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I. INTRODUCTION

Due to their appealing high-temperature and corrosion
sistance properties, intermetallic alloys form the subject
an increasing amount of studies~for a recent review see, fo
example, Ref. 1!. Nevertheless, their mechanical behavior
up to now not fully understood: in particular, their stron
room temperature intergranular brittleness,2 impairing their
industrial use as structural materials, has neither been s
factorily explained nor remedied. The case of FeAl which,
spite of a good specific stiffness, has remained seldom u
and less thoroughly studied than its closest Ni-Al~B2 NiAl
andL12 Ni3Al ! ‘‘neighbors,’’ is however of interest becaus
a more exhaustive comparison of the properties of both
minides would help grasping the mechanisms of embrit
ment. Moreover, the absence of reliable potentials for Fe
alloys has slowed down further headways in the knowle
of their atomic scale properties. Several works relying
pair potentials3–7 have attempted to describe a few aspects
their behavior, but firmer physical bases are doubtlessly n
essary, if complex phenomena such as segregation at g
boundaries and composition effects are to be tackled.
current deficiencies in this area urged us to elaborate a s
empirical potential realizing a compromise between a rea
tic account of physical properties and the need of preserv
tractability in numerical calculations. In a preliminary stud
exposed elsewhere,8 we briefly reported the fitting of this
model as well as a few tests of itsT50 K behavior. The
subject of the present paper is first to resume a more c
prehensive description of the parameters that need to
taken into account in such a task, and secondly to giv
more extensive dimension to the tests checking the vali
of the model.

The Fe-Al system is described by such a complex ph
diagram that it is totally hopeless to attempt to determin
potential whose reliability would extend over the who
range of compositions. BecauseB2 FeAl possesses hardl
understood mechanical properties, and for purpose of fu
comparisons withB2 NiAl, we focused our attention on ge
550163-1829/97/55~1!/193~12!/$10.00
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ting a satisfactory description of the characteristics of theB2
phase~this ordered phase, according to diffraction data,9 ex-
ists between 38 and 52 at. % Al and is nearly perfect in
wide range of temperatures and concentrations!. However, in
order to be efficient in the study of segregation processe
interfaces, this description should also take into account p
elements. We therefore developed a unique model of po
tial for FexAl12x (0.5<x<1), adjusted on static propertie
of pure bcc iron, pure fcc Al andB2 FeAl. Evaluation of the
chemical potentials in the equiatomicB2 alloy at T50 K
yielding very good values~together with an acceptabl
agreement for chemical potentials inD03 Fe3Al !, this model
can reasonably be regarded as reliable for static simulat
of pure Fe and Al as well as of alloy interfaces. Anoth
outstanding point is its prediction of the negative Cauc
discrepancies of FeAl and Fe3Al, thus suggesting that the
angular interactions~at least those in perfect cubic structure!
are adequately taken into account. At nonzero temperatu
it also provides a reasonably good description of theB2
alloy thermal behavior, provided no large clusters of pu
elements exist. The present paper is organized as follows
Sec. II, we present the arguments guiding us in our choic
a definite functional form. In Sec. III, our results are pr
sented and discussed, and Sec. IV concludes and pre
perspectives for further works.

II. THE POTENTIAL

A. Arguments for choice

Due to their simplicity, pair potentials are well suited fo
generic studies of trends among a given class of meta
materials. However, as they do not account for mostly i
portant many-body electronic effects in metallic system
they cannot be relied on to properly describe the spec
properties of such compounds. For more than a decade
embedded-atom method10 ~EAM! and the second-momen
approximation of the tight-binding scheme11 ~SMA! have
been the two most common approaches leading ton-body
central force potentials, able to overcome these major li
193 © 1997 The American Physical Society
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194 55R. BESSON AND J. MORILLO
tations. The physical basis of EAM models makes th
valid, strictly speaking, for normal12 or noble13 metals~with
an almost uniform electron density!, whereas SMA isa pri-
ori well suited for transition elements14 ~d-band directional
bonding!. The formal expressions obtained in both cases
ing quite similar~SMA can be regarded as EAM restricted
a square root embedding function!, they cannot be distin-
guished from a semiempirical point of view, which is co
ceptually quite satisfactory. However, this apparently unifi
description of metallic cohesion shows severe limits wh
the electronic density no longer can be regarded as quas
form because of bonds displaying a strongly directio
character.15 Although such a behavior is obviously the rea
of semiconductors, bcc central transition metals~such as Fe,
Cr! also characterized by high directional effects, represe
striking example of the failure of classicaln-body central
potentials when applied to metallic systems. In princip
only explicit angular interactions can faithfully reproduce t
properties of these compounds. To obtain analytic appr
mate forms for such potentials~in which the energy of a
particle no longer depends solely on its distance from
neighboring particles, but also on angles between neighb!,
the most natural way is obviously to refine the mome
analysis. It has been performed by several authors, within
frame of the tight-binding bond method.16,17 Using this
scheme, Carlsson18 showed that the use of a matrix seco
moment~rather than a scalar one! leads to angular interac
tions, provided the system is not too strongly coordina
~the Slater-Koster parameters19 already imply explicitly an-
gular terms if the hopping is neither maximal, nor equal
zero!. But the main procedure to get systematic angular
teractions is to carry the development to an order higher t
2. In metals with a half-filledd band, the contribution of the
third moment can be shown to be negligible.15,20 Several
models based on the fourth moment of the density of st
have thus sometimes~although not systematically! led to an
improvement in the description of atomic interactions, es
cially for defect properties.15,21However, the relatively high
complexity of the corresponding expressions makes it wo
while to try simpler ~though less firmly justified theoreti
cally! schemes. In almost all these cases, the key ide
describen-body noncentral interactions~with n>3! is to
choose an expression that vanishes for the monocrysta
ground state and increases with increasing departure f
this reference state. This approach was first used for se
conductors, the simplest triplet potential being written as

Vi jk5 f ~r i j ! f ~r ik!~cosu j ik11/3!2, ~1!

so as to favor 109° tetrahedral bonds.22 A more rigorous
generalization was carried out by expanding the angular
pendence on Legendre polynomials.23 An alternative proce-
dure involves an additional three-body noncentral term in
duced as an angularly dependent correction for the den
over a site,24,25the angular part of which reads cos2u j ik21/3.
This second form, stabilizing cubic bonds, was later deriv
by Pasianot and co-workers26 on purely empirical grounds
so as to mimic the Kanzaki dipole tensor associated w
each particle.27 The expression they obtained is very simp
the angular dependence appearing as a third additive t
Classical EAM forces need just be augmented by this th
noncentral term, without any modification in the embedd
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and pairwise parts. This functional form proved quite su
cessful in modeling transition metals known to be ve
poorly described in classical frames~Nb, Fe, Cr!. For alumi-
num, the situation is rather different: this metal has been
subject of investigations aiming at deriving EAM potentia
~see, for example, Ref. 12!, but contrary to early expecta
tions, it hardly lends itself to classicaln-body descriptions:
its high free electron density makes it necessary to take
account many shells of neighbors, especially when the c
figuration is highly disrupted with respect to the perfect cry
tal.

Apart from the above quoted restrictions, EAM-like e
pressions remain intuitively satisfactory and have thus b
largely used to model multicomponent systems, initially co
sisting of fcc metals,28–30 and more recently involving bcc
structures.31 Ni3Al first and more recently NiAl~two ex-
amples quite close to the one examined in this paper! have
been successfully modeled by several authors32–34 using
various EAM schemes, whereas no semiempirical work
been carried out on iron-rich Fe-Al systems. Previous ba
structure calculations35–37 agree that the cohesion betwee
Al and Fe involves a strongsp-sd hybridization responsible
for directional bonds, as illustrated by a negative Cauc
discrepancyC122C44, a mathematical condition that ca
simply not be accounted for by EAM or SMA potentials.38

Contrary to a lot of other intermetallic alloys lending them
selves to systematic studies~for example Refs. 39 and 40!,
B2 andD03 Fe-Al have been studied by first principles ca
culations only by few authors.35–37 As a consequence, th
absence of data concerning the relative energies of cry
line structures makes it uneasy to perform a semiempirica
on reliable bases: the classical procedure, in which ene
differences are explicitly imposed so as to make it sure t
the most stable calculated structure will correspond to
one observed experimentally, cannot be followed here.
most reassuring attitude would be to derive an analytic
pression on a theoretically firm basis, as did Moriarty41 for
central transition metals~model generalized pseudopotenti
theory!. But such potentials are too complex to be used
classical molecular dynamics and Monte Carlo calculatio
of large systems such as grain boundaries.

Contrary to pure central transition metals, Fe-Al allo
involve a normal metal whose effect should be to modify t
density of states sensibly, in such a way that the third m
ment of the DOS no longer be negligible~according toab
initio calculations,36,42 the d band deviates from half-filling
in such cases!. This provides ana priori justification for
truncation of the development to three-body interactio
namely one order below that used for unalloyed transit
elements. In this framework, the analysis of the authors
Ref. 26 seems particularly well suited. Their procedure c
be viewed as a generalization of classical EAM which, d
to the larger number of degrees of freedom available in EA
than in SMA,38 has constituted the basis of the majority
previous works on alloys.

B. Analytic form

We thus write the energy of an assembly of atoms of b
Al and Fe types as
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E5 (
iPIAl FFAl~r i !1

1

2 (
jÞ i
jPIAl

VAlAl ~r i j !1aAlYi
2G

1 (
iPIFe FFFe~r i !1

1

2 (
jÞ i
jPIFe

VFeFe~r i j !1aFeYi
2G

1 (
i , jÞ i
iPIAl
jPIFe

VFeAl~r i j !, ~2!

where

r i5(
jÞ i

f j~r i j ! ~3!

andIAl ~resp.I Fe! stands for the set of indices of Al~resp. Fe!
atoms.

Fi and f i are respectively the embedding and electro
density functions of atomi , r i is the induced density ove
site i , Vi j is a pair potential classically collecting elsewhe
ill-described interactions~exchange and correlation, electro
core repulsion, etc.!, anda iY i

2 is the noncentral term.

1. Pair potentials

In dilute disordered alloys of noble or transition metals
simple approximation of cross interactions with geometric
arithmetic means of those of pure elements has proved t
a reliable procedure in many cases. But this approach
longer holds in systems governed by less homogeneou
teractions, and cross potentials must be treated exactly in
same way as other terms. Thus a unique expression wa
sumed for each of the three pair interactions~k5Al-Al, Fe-
Fe, or Al-Fe!:

Vk~r !5ck~r !2ck~Dp,k!1
Dp,k

20 F12S r

Dp,k
D 20Gck8~Dp,k!

for r,Dp,k . ~4!

The only purpose of this complex form is to ensure that
function goes continuously to zero at the cutoff adjusta
distanceDp,k ;

ck~r !5c0,k@exp„22gk~r2tk!…22 exp„2gk~r2tk!…#
~5!

is a Morse function containing three free parameterstk , gk ,
andck . Our choice was guided by a seek for comprom
between simplicity and generality: this very flexible functio
covers purely repulsive as well as short-distance attrac
interactions.

2. Density functions

We chose simple exponential forms, reflecting the m
radial dependence of free atom electronic densities:

f k~r !5 f 0,kexpF2bkS r

a0,k
21D G , ~6!
c
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wherea0,k is the equilibrium first-neighbor distance of th
element,f 0,k andbk being adjustable parameters~k5Al or
Fe!.

Contrary to pair potentials, density functions are cut
zero at a distanceDd,k fixed prior to any fitting procedure
but possibly increased if the resulting discontinuity at th
cutoff distance is not negligible.

3. Embedding functions

The embedding functions, involving the four adjustab
parametersAk , F0,k, F0,k8 , F0,k9 for each species~k5Fe or
Al !, are

Fk~r!5
Ak

2r
1

@~r0,k!
4F0,k9 2Ar0,k#

6r2

1FF0,k8 1
Ak

6~r0,k!
2 1r0,kF0,k9 /3Gr1F0,k2r0,kF0,k8

2~r0,k!
2F0,k9 /22

Ak

2r0,k
~7a!

if r.r0,k,

Fk~r!5r2F0,k9 /22@F0,k8 2r0,kF0,k9 #r1@F0,k2r0,kF0,k8

1F0,k9 ~r0,k!
2/2#F11S r

r0,k
21D 3G ~7b!

otherwise.
They were designed to have the following properties:

F~0!50, F ~p!~r0!5F0
~p! ~p50,1,2! ~7c!

~r0 is the density over a monocrystalline site of pure elem
at equilibrium, fixed by the density functions!. Moreover, the
physically significant property of positive curvature~which
corresponds to the weakening of successive bonds! is auto-
matically satisfied forr.r0; if r,r0, it depends onF0 ,
F08 , F09 and has to be checkeda posteriori.

The parameterA governs the slope for strong densities.
has no effect on the fitting process of pure metals becaus
the densities considered here are lower than the equilibr
value, but it modifies the energies of defects involving hi
densities.

4. Noncentral interactions

The noncentral interaction termsa iY i
2 ~i5Fe or Al! are

supposed to contain all that information about directiona
which is not taken into account by the first two classic
terms. It depends linearly on a unique parametera i govern-
ing its global intensity.

Initially,26 Y i
2 was defined as the second invariant of

tensorl% i :

l i
ab5(

jÞ i
f j~r i j !

~r j
a2r i

a!~r j
b2r i

b!

~r i j !
2 ~8a!

which, recast to yield a more explicit three-body expressi
reads as follows:
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TABLE I. Values of parameters for Fe, Al, and FeAl interatomic potentials~units: eV and Å!.

Pure elements FeAl alloy

Al Fe Al FeAl Fe

f 0 1023 1023 1023 9.2131024

b 5.8 6.0

g 0.3 0.9 0.35
t 3.45 2.8 2.5
c0 0.8663 1.3152 0.961

A 0.8 0.08
y 27.42 284.35
a 89 1992 7467 108064
F0 21.46 23.6
F08 68.2 2144.6
F09 4647.0 2866.9
r0 1.28931022 9.8031023

rB2 1.33331022 1.87831022

Dp 5.65 3.5 4.4
Dd 5.4 4.4
th
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f j~r i j ! f k~r ik!S cos2u j ik2
1

3D . ~8b!

Density functions ensure the physically essential feature
angular interactions must vanish when bond lengths are
creased at constant angles.

C. Fitting procedure

1. Pure metals

In an EAM potential for a pure metal,f 0 acts only as a
scaling parameter: for fixedt, g, c, Dp , b, andF0 , varying
f 0 at constantf 0F08 , ( f 0)

2F09 , ( f 0)
2a, andA/ f 0 generates a

class of physically equivalent models. The value off 0 was
thus settled arbitrarily to 1023 for both Fe and Al. The po-
tential for each of pure metals depends on the following
effective parameters:t, g, Dp , b, A/ f 0 , F0 , f 0F08 ,
( f 0)

2F09 , c, and (f 0)
2a. The linear dependence of the fiv

equations expressing the five basic bulkT50 K properties
~sublimation energy, lattice parameter, and the three ela
constants! upon the last five parameters made it possible
calculate them so as to reproduce exactly those proper
We obtained a class of potentials still parametric with resp
to t, g, Dp , b, andA/ f 0 , among which we selected the on
yielding the best values for the relaxed vacancy format
energy and~001! surface energy.

2. B2 alloy

To get the alloy potential, we made use of two usu
properties of the EAM energy of monatomic crystals: fir
subtraction of any linear functionyr ~y constant! from the
immersion functionF(r) of an element does not modify th
configurational energy, provided this operation is balan
with the addition of 2y f to the corresponding pair potentia
and secondly, for a binary alloy, onlyf 0

Al/f 0
Fe has a physical
at
n-

0

tic
o
s.
ct

n

l
,

d

meaning38 ~quite similarly to the case of a single elemen
variation of one of thef 0’s at constant ratio generate
equivalent models!. The corresponding three additional d
grees of freedom~yAl , yFe, and f 0

Al/f 0
Fe! can be exploited to

explore a wider part of the space of parameters.
f 0
Al was thus kept equal to 1023 and f 0

Fe subsequently
calculated. In the alloy, the values oft, g, c, Dp relative to
the cross interaction, the ratiof 0

Al/f 0
Fe, the scaling parameter

yAl , yFe and two modified values~one for each element! of
the angular parametersa were to be determined, namely nin
free parameters. Among these, the five basic monocrysta
properties of the perfectB2 phase could be exactly repro
duced by linearly solving forcFeAl , yAl , yFe, aAl , andaFe
~the last two parameters having new values characteriz
theB2 atomic environment!, therefore leaving four free pa
rameters~t,g, f 0

Al/f 0
Fe,Dp! whose values were settled by fi

ting the 1/2@111#(1 1̄0) B2 antiphase boundary energy.
Finally, it should be noted that in lattices with a bas

calculation of the elastic constants can generally not be
formed analytically, since a homogeneous deformation le
to an unrelaxed nonphysical state. However, the partic
symmetry of theB2 structure enables such an analytic
evaluation.

III. RESULTS

A. Potentials

Table I displays the optimized values of parameters in
model and Table II gives the values of the five basic pro
erties on which all fittings were performed. The maximu
interaction cutoff distances of 4.4~density function for Fe!
and 5.65 Å~pair interaction for Al! correspond to taking into
account three shells of neighbors for the descriptions of
and Al. Concerning density functions, the decrease of
density induced by Fe is more rapid than that of Al, henc
cutoff distance larger for Al than for Fe. However, on a
count of the difference in lattice parameters, this correspo



th
he
a
i

q
lle
a
e
o
ic

d
o
th
c
on

l
nt

r

by
c
g

ni

ion
ver,
he

eas
-
igh
hen
or-
the

ith
e
n
ri-
,

ties
the
ies,
the
be

c-
ity
cy.

of
nu-
for
f its
ing

s in
al0

x
re
e
d

55 197DEVELOPMENT OF A SEMIEMPIRICALn-BODY . . .
to the same number of neighbor shells. By contrast, in
B2 compound, the range of Al-induced interactions reac
the fifth neighbor shell, namely two lattice parameters. It c
interestingly be noted that the first neighbor Al-Al distance
approximately the same in pure Al and inB2 FeAl ~2.85 vs
2.9 Å!, whereas in this alloy, the closest Fe-Fe pairs are
the same distance as second neighbors in pure Fe. At e
librium, the immersion contributions to cohesion are sma
~absolute values! than cohesive energies, and therefore p
interactions in these models are attractive. However, as
plained precedently, because of the multiple formulations
potentials for pure elements, this feature has no phys
meaning: in a pure metal, the pair interaction can~to a cer-
tain extent! be made arbitrarily positive or negative, accor
ing to the imposed shape of the immersion part. In alloys,
the other hand, performing the fitting procedure removes
degree of freedom and, provided the picture of EAM is a
cepted as valid, the attractive character of pair interacti
can no longer be regarded as fortuitous. InB2 FeAl, the
contribution of the~Al ! third shell of neighbors of an A
atom to the chemical potential of this atom roughly amou
to 21 eV ~see Table III!. This ‘‘long-range’’ interaction be-
tween Al atoms inB2 FeAl is characteristic of the behaviou
of Al, known to induce long-range perturbations.

B. Pure elements properties

1. Crystallographic structures and T50 K equations of state

We checked the validity of pure element potentials
comparing the relative stabilities of the bcc, fcc, and h
structures. Without including this constraint in the fittin
procedure, the fcc and bcc structures are found to be the m
stable ones respectively for Al and Fe atT50 K ~see Table
II of Ref. 8!. We also compared the 0 K bulk behavior of our
models to the universal equation of state in reduced u
proposed by Roseet al. ~Ref. 47!:

TABLE II. Values of T50 K properties on which the fit was
performed. Energies in eV/atom for pure elements, in eV/~pair Al
1Fe! for B2 FeAl; lattice parameters in Å; elastic constants in 112

dyn/cm2. While all values for pure elements were taken from e
periments,ab initio calculated values were thought to be a mo
acceptable reference for FeAl~to insist on the strong temperatur
dependence, values corresponding to 300 K are also displaye
tween parentheses, together with relative thermal variations!.

Al Fe B2 FeAl

Cohesive energy 3.34a 4.29a 8.15b

Lattice parameter 4.04c 2.86c 2.90d

C11 1.14e 2.33e 2.90d ~1.81e! 237%

C12 0.62e 1.35e 1.30d ~1.14e! 212%

C44 0.32e 1.17e 1.65d ~1.27e! 223%

C122C44 0.30 0.18 20.35 ~20.13! 63%

aReference 43.
bReference 44.
cReference 45.
dReference 35, first-principle calculation.
eReference 46.
e
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E*52~11a* !exp~2a* !, E*5E/Ecoh,

a*5~rWS2rWSe!~12pBrWSe/Ecoh!
1/2, ~9!

with B the bulk modulus,rWS andrWSe the current and equi-
librium values of the Wigner-Seitz radius, andEcoh the co-
hesive energy. None of our two models follows this equat
of state on the whole range of lattice parameters. Howe
the simulated Fe and Al behave in quite dissimilar ways. T
behavior of Al under negative pressures~expanded lattice:
a*.0! shows reasonable agreement with Ref. 47, wher
at high pressures (a*,0), the repulsive interaction is over
rated. On the other hand, the Fe model is realistic under h
pressures but suffers from a very fast loss of cohesion w
the volume is raised over its equilibrium value. Since a c
rect fitting to the Rose equation had not been included in
data base~reasons for this choice are given below!, such
deviations are not surprising.

2. Point defects and (100) surfaces

The energies of all relaxed structures were evaluated w
a molecular dynamics~MD! program used according to th
quasidynamical method.48 Detailed values are reported i
Table I of Ref. 8. On the whole, the agreement with expe
mentally measured energies~Ref. 14 for Fe, Refs. 12 and 49
respectively, for vacancy and surface in Al! is excellent. As
said previously, obtaining realistic values for these proper
needed an additional fit, due to the nonuniqueness of
solutions to the equations involving only cohesive energ
lattice parameters, and elastic constants. However, within
constraints of valid defect energies, the solution seems to
unique. Our functional forms of potentials thus easily ‘‘a
cept’’ to reproduce static properties of defects. The flexibil
of Morse functions is probably responsible for this adequa

3. Phonon spectra

For the calculation of the dispersion curves and density
states, the force constants matrices were calculated by
merical evaluation of the second derivatives of energy
incremental displacements of the reference atom and o
neighbors along all possible couples of directions, accord
to the formulas

TABLE III. Energetic contributions~eV! of the successive
neighbor shells to the pair cohesive energies of Al and Fe atom
B2 FeAl. D and I respectively stand for different and identic
types of atoms~with respect to the one considered!.

Shell number Al Fe

1 (D) 20.70 20.70

2 (I ) 20.45 20.6

3 (I ) 21.00 20.05

4 (D) '0 '0

-

be-
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Dii
aa5

E~Ri
a1«!1E~Ri

a2«!22E~Ri
a!

«2
, ~10a!

Di j
ab5

1

2 FE~Ri
a1«,Rj

b1«!1E~Ri
a2«,Rj

b2«!22E~Ri
a!

«2
2Dii

aa2Dj j
bbG , ~10b!
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whereE is the potential energy andRi
a thea component of

the position of atomi , with e equal to 1024 in a double
precision calculation.

As displayed on Fig. 1, the overall shapes of phonon sp
tra are correctly predicted, mostly for Fe. Low wave vec
frequencies always show excellent agreement with exp
ment, because they directly reflect elastic constants, w
are exactly reproduced in our model. As regards other po
of the reciprocal space, the analytic form of the poten
seems to be better suited for Fe than for Al. In Al, the zo
edge frequencies are globally underestimated by 2
whereas in the case of Fe, they are underestimated by
than 10%, particularly along@zzz# and @zz1# directions. As
for densities of vibrational states, the agreement is satis
tory between our calculations and analytic models~Ref. 51!
in Fe. In Al, however, we obtain a global lowering of th
spectrum,52 together with an exaggerated contribution of m
dium frequencies reflecting the poor reproduction of zo
edge behavior.

4. Thermal expansion and mean-square displacements (MSD

Lattice expansion is a good indicator of the behavior
the model for nonzero temperatures. To assess this prop
we used a standard constant temperature and pressure
algorithm.53 The models for Fe and Al prove to be ve
different: the calculated lattice expansion of aluminum
close to experiments,43,46 whereas for Fe it is twice lowe
than the measured values,43,54as shown in Table IV~first and
second columns!. On the other hand, the mean-square d
placements~Fig. 2! behave in a reverse way: the agreem
with experiment is reasonable for Fe, but the amplitude of
atoms displacements is too large, which results in a melt
point underestimated by 30% for the latter element~bulk
Tm5550 K according to the discontinuity in lattice param
eters!. By comparison, Fe exhibits a more classical behav
in molecular dynamics simulations, its calculated bulk me
ing point ~Tm52100 K! being over the experimental one b
10%, a reasonable overestimated value due to the absen
surfaces.

It is interesting to compare the experimental and M
simulation MSD to those obtained in the harmonic a
quasiharmonic approximations, given by the following e
pression:

^u2&5
3\

2m E
0

vmax g~v!

v
cothF \v

2kBT
Gdv, ~11!

where the quasiharmonic correction amounts to replacing
0 K density of states with that calculated for the mean latt
parameter at the studied temperature.

The MSD obtained in these approximations are a
shown in Fig. 2. In the case of Al, it can be seen that
c-
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ri-
h
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experimental MSD are overestimated by our model for
following two reasons:~i! the shift of our model density o
states towards lower frequencies and~ii ! very large anhar-
monic effects right from low temperatures~300 K!, which
cannot be taken into account by the simple quasiharmo
approximation. This means that anharmonic effects can
be neglected in our potential for Al, even at low tempe
tures. By contrast, in the case of Fe, the agreement betw
the experimentally measured MSD, the MD simulation res
and the various models is excellent, especially if one con
ers the large dispersion in experimental data. Thus anhar
nicity should represent only a first order effect in the
potential.

For a given element, properties such asT50 K equation
of state, phonon spectrum and dynamic behavior are kno
to be highly dependent on one another. First, a good ag
ment with the Rose universal equation of state is sometim
considered as a guarantee for an acceptable thermal ex
sion. Following this point of view, the present work embo
ies a striking example, since it is very appealing to correl
the correctly~resp. poorly! reproduced thermal expansion o
Al ~Fe! to the agreement~disagreement! with the Rose curve
for lattice parameters higher than the equilibrium value in
accessible experimental range@a* (Tm)50.1 for Al and 0.02
for Fe#. To assess more precisely the role of theT50 K
equation of state in the thermal behavior, we thus modifi
our embedding functions so as to include the Rose curve
our data base~the density functions and pair potentials bei
unchanged, all equilibrium properties were preserved in
transformation!. The corresponding new values of therm
expansions are listed in Table IV~third column!, together
with that of the main model. From these figures, it is cle
that thoroughly reproducing the 0 K equation of state canno
be considered as a sufficient condition to obtain a reali
thermal behavior since, in spite of an improvement in t
behavior of Fe, the disagreement with experimental data
comes more pronounced for Al.

Finally, one can try to estimate the true~surface-
dependent! melting point of the pure Al and Fe models b
use of the well known Lindemann criterion,57 which states
that fusion occurs when the root mean-square displacem
reaches a critical fractiondm of the nearest-neighbor distanc
d1 . Assuming that the models are characterized by the s
valuedm

exp of the Lindemann parameter as the correspond
real systems, the true melting temperature of the mo
Tm
model is given by

A^u2~Tm
model!&model

d1~Tm
model!

5dm
exp. ~12!

The Lindemann parameters for Al and Fe at fusion be
respectively 0.072~Ref. 58! and 0.0787,59 the estimated
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55 199DEVELOPMENT OF A SEMIEMPIRICALn-BODY . . .
melting temperatures amount to 450 and 1900 K, two val
slightly lower ~between 15 and 20%! than those found by
direct examination of the discontinuity on the calculat
thermal expansion curves.

C. Alloys properties

1. B2 properties

a. Stability of the structure. We checked this property b
comparison with theB32 ~cF16, NaTl-type! bcc-basedAB
ordered structure. The latter being found to have an ene
per atom pair equal to28.06 eV ~which corresponds to an
energy increase equal to 0.1 eV/pair with respect to tha
theB2 phase!, theB2 phase is thus found to be stable re
tive to theB32. TheB2 heat of formation amounts to 0.5
eV/pair, which is much larger than theB2/B32 difference
and seems to be a relatively reasonable value compare
that obtained byab initio calculations for other system
~typical values of 0.1 eV/atom were found by several auth
reported in Ref. 60!.

FIG. 1. Dispersion relations~a! for Al and ~b! for Fe. Open
circles correspond to experimental data~Refs. 50 for Al and 51 for
Fe!.

TABLE IV. Influence of the choice of immersion functionsF
on the linear thermal expansion coefficients of pure Al and
~ppm/K!.

Experimental values EmpiricalF Implicit F

Al 23.6a 21.2 3.0
Fe 11.7a 6.0 7.4

aReference 43.
s
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b. Phonon spectrum. The calculated dispersion relation
for B2 FeAl shown in Fig. 3~a! cannot be directly compare
to experiment, because the latter was measured on a c
pound containing only 25% Al.61 However, the maximum
frequencies, lower than in the case of pure Fe, are corre
predicted. The ‘‘softening’’ effect of Al is also restituted. A
small frequency gap between optical and acoustic branc
appears at pointP, the magnitude of which is equal to 0.
THz. As regards the density of states@Fig. 3~b!#, alloying of
Fe and Al atoms increases the contribution of low frequ
cies ~around 5 THz!.

c. Thermal expansion and MSD. B2 FeAl results are pre-
sented on Fig. 4. Our model proves to be satisfactory
concerns lattice expansion; experimental values are
available for mean-square displacements. The main featu
the larger amplitude of Fe vibrations compared to those of
atoms~almost twice at 1600 K!, in spite of the much larger
mass of Fe atoms. This property seems to be related to
larger extent of the Al-Al interactions compared to Fe-
ones~as suggested by the force constants matrices betw
identical species!. Size measurements of quenched-in and
nealed samples of Fe 40 at. % Al~Ref. 63! have demon-
strated that off-stoichiometric alloys possess up to 0.2%
cancies at elevated temperatures. However, the perfe
equiatomic compound exhibits lower amounts of defects
high temperatures~inferior to 0.1% up to 1300 K as ex
plained below in point-defect considerations!. Since the as-

FIG. 2. Mean-square displacements for~a! Al and ~b! Fe. Ex-
periment ~open circles!, MD simulations ~full circles!, and har-
monic approximation~our model: full squares; experiment: ope
squares; Refs. 55 for Al and 56 for Fe!. The triangle represents on
high temperature point in the quasiharmonic approximation of
model.
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200 55R. BESSON AND J. MORILLO
sociated relaxation volume per defect does not exceed a
percent of the atomic volume, the resulting correction up
the thermal lattice parameter is of the order of 0.01%, t
negligible. By contrast, defects have a strong influence
melting, together with surfaces. One might thus expec
obtain a lower melting point by taking into account the st
of disorder of the crystal. To check this point, a comple
grand canonical Monte Carlo calculation at constant pres
must be performed, but this kind of simulation being e
tremely heavy~the algorithm enabling any atomic transitio
is very complex, and the cell should be quite large to rem
physically meaningful up to the melting point!, it has not
been performed.

An upper bound for the ‘‘true’’ melting temperature o
our model potential~with surfaces! is given by the MD bulk
melting temperature of this model@Fig. 4~a!#, Tm52200 K, a
rather high value compared to the 1600 K measured exp
mentally. On the other hand, due to the very different m
nitudes of MSD undergone by both species, applying so
kind of Lindemann criterion toB2 FeAl is not as easy as i
the case of pure metals to get a more precise estimatio
Tm . Owing to the bcc ironlike structure ofB2 FeAl ~strongly
conditioned by the properties of pure Fe, especially as for
structure and lattice parameter!, it is reasonable to admit tha
theB2 critical Lindemann parameter has a value close to
of bcc iron, namely'0.08. The following estimated meltin
temperatures are then obtained: 1400 K with Fe MSD, 1
K with Al MSD, and 1650 K with the mean MSD value
Thus the ‘‘true’’ melting temperature of our model potent
lies certainly between 1400 and 2200 K, a reasonable fra
compared to the experimental value.

FIG. 3. ~a! Dispersion relation and~b! density of states inB2
FeAl. The Brillouin zone is simple cubic.
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d. Antiphase boundary and point defects. The fitting was
performed on the 300 mJ/m2 theoretical value of the

1/2@111#(1 1̄0) antiphase boundary energy, as obtained fr
first-principles calculations in Ref. 35. To preserve the c
herency of our model~fitted on ab initio values of elastic
constants!, and also because experimental results stem fr
boundaries whose local composition were not known,
preferred such theoretical values to experimental meas
ments of antiphase boundaries energies at 300 K, also a
able in the literature64 and approximately twice lower. Afte
optimization, the better value obtained for this relaxed def
amounted to 370 mJ/m2.

The point defect energies are defined in the usual way
the difference between the energy of a system containing
isolated defect and that of a reference perfect crystal cont
ing the same number of atoms of each species:

Ef
def5Edef~NAl ,NFe!2NAlEAl

0 2NFeEFe
0 , ~13!

whereE0 stands for the chemical potentials at zero tempe
ture and pressure. Although point defects have been alre
studied inB2 FeAl, no clear picture of their dispositio
could be drawn up to now. On the Fe-rich side, antistruct
Fe atoms are assumed to be predominant, whereas for
ichiometric and Al-rich compounds, more complex defe
structures coupling antisite Fe and Fe vacancies are tho
to exist. Reliable values for the energies of simple vacanc
and antisite atoms have not been firmly determined yet

FIG. 4. ~a! Thermal expansion, as calculated with our mod
~full squares! and experimentally measured~Ref. 62!; ~b! mean
square displacements inB2 FeAl ~Al and Fe atoms in open and ful
circles, respectively!.
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55 201DEVELOPMENT OF A SEMIEMPIRICALn-BODY . . .
experimental grounds, because such methods do not ma
possible to uncorrelate the respective influences of nonin
pendent defects.Ab initio calculations have constituted a
appealing way of obtaining plausible values for isolated
fect energies. The corresponding results are summed u
Table V, together with the results of the present semiem
ical work. On the whole,ab initio calculations yield higher
values than our semiempirical approach. This discrepa
can partly be attributed to the insufficient size of the c
used in the former calculations. In our work, we had to ta
into account up to five neighbor shells, while cells used inab
initio methods only involve few tens of atoms. This impli
that the sizes of cells used inab initio calculations~Ref. 36!
are probably not sufficient for the computations to have c
verged. However, these authors do not find any definite se
of variation of the defect energies when increasing the
size. Thus, if the interaction between the defect studied
its images in the neighboring cells can certainly not be
glected in their work, this cannot be regarded as the o
reason for the smaller values of defect energies obtaine
the present paper. On the other hand, the ratios betwee
different kinds of defects are preserved when going fromab
initio to empirical studies, indicating that the nonindepe
dence between defects merely acts as a scaling factor. M
over, the agreement between both methods is quite satis
tory, confirming that the Al vacancy is indeed the mo
expensive defect.

Within the frame of a simple model using the grand c
nonical formalism on a rigid lattice~no vibrational entropy!,
concentrations can be easily calculated for each of the
above mentioned independent defects. One obtains for
fractions ofa ~Al ! or b ~Fe! sites occupied by the wrong typ
of atom or by a vacancy

xAl,b5
exp~2Ef

Al,b/kT!

11exp~2Ef
Al,b/kT!1exp~2Ef

n,Fe/kT!
~14a!

xn,Al5
exp~2Ef

n,Al/kT!

11exp~2Ef
Fe,a/kT!1exp~2Ef

n,Al/kT!
~14b!

and similar formulas forxFe,a, xn,Fe.
From Fig. 5, showing the results at 1300 K under ze

pressure, it is clear that the potential discriminates qu
sharply between Fe and Al vacancies, the former being
deed the more favorable one, whatever the composi
aroundx50.5. On the Fe-rich side, the predominant defec
antisite Fe, in agreement with previous results~see Ref. 1!.
For Al-rich compounds, this simple model predicts that
stoichiometry will be allowed for by the simultaneous pre

TABLE V. Point defect energies~eV! for B2 FeAl.

This work Mayeret al.c Fu et al.a Expt.b

Ef
n,Al 2.8 3.71

Ef
n,Fe 0.8 1.03 0.97 0.7

Ef
a,Al 0.78 1.05 1.04

Ef
a,Fe 0.76 1.03 0.95

aReference 36.
bReference 63.
cReference 65.
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ence of antisite Al and Fe vacancies, in contradiction w
the observations reported above~no antisite Al atoms!. On
the other hand, in agreement with our work,ab initio calcu-
lations combined with independent defect models also p
dict non-negligible amounts of antisite Al atoms. Both an
site defects having nearly equal energies, the neglig
amount of Al antisites on the Al-rich side, reported in th
literature, is probably to be put down to more stable co
plexes.

The vacancy concentration forx50.5 is found to be 1023,
which is of the same order of magnitude as the value exp
mentally determined in a 40 at. % Al alloy~0.2%!.63 How-
ever, the latter value must be considered cautiously, s
such deviations from stoichiometry are probably accomm
dated by complex defects. This is confirmed by the work
Fuet al.36 who obtained a divacancy binding energy equal
0.57 eV, and by that of Paris66 in the 49.5 at. % Al com-
pound, showing that the proportion of Fe vacancies s
rounded by antistructure Fe could certainly not be neglec
~up to three antisite Fe were found to occupy the first-nea
neighbor positions of the Fe vacant site!. Neumannet al.67

also showed that triple defects should be essential in theB2
alloy.

2. Partial energies for alloys containing 25 and 50 at. % Al

Of prime importance to assess the quality of the al
potential is its ability to predict the amount of energy a
tached to each species when the local environment~depend-
ing on the global concentration! varies. Table VI shows the
values of chemical potentials for Fe atomic fractions equa

FIG. 5. Independent point-defect concentrations in a rigid-latt
model under zero pressure, as calculated with values of Tabl
Squares stand for Al on the Fe~b! sublattice, open circles for Fe o
the Al ~a! sublattice, and full circles for vacancies on the Fe su
lattice. The amount of Al vacancies is found to be almost zero.

TABLE VI. Chemical potentials~eV! under zero temperature
and pressure in FeAl and Fe3Al. Experimental values are deduce
from room temperature enthalpy measurements~Ref. 44!.

mAl mFe

Calc. Expt. Calc. Expt.

B2 23.57 23.65 24.58 24.50
D03 23.66 23.80 24.46 24.25
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202 55R. BESSON AND J. MORILLO
0.5 and 0.75, as calculated with the present interatomic
tential, for comparison with experiments. To get estimates
the real partial free energies, we made use of the well-kno
rule of intersection between each tangent andx50 or x51
axes. Our model correctly describes the trend of increas
chemical potential differencemFe-mAl , when shifting from
D03 to B2 structure. Although deviation from experiment
more pronounced for theD03 structure~a logical result since
no particular endeavor was made upon a good decriptio
this structure!, the discrepancy never exceeds 10%. Fina
if one considers the limited accuracy of experimental da
the reasonable agreement with our results incites to be q
confident as regards future evaluations of defect structur

3. D03 properties

As previously recalled, it is essential to know precise
the range of compositions in which an alloy model is val
Results of a small number of tests to assess this validity
Fe3Al are reported in Table VII. The agreement with exp
rience is good for both alloy formation energy~as discussed
in the previous section! and lattice parameter. Elastic con
stants were evaluated numerically, as second-order de
tives of the energy. Whereas the system is still at equilibri
after homogeneous displacements corresponding toC8 and
B, calculation ofC44 a priori requires taking into account th
atomic relaxations induced by performing a shear displa
ment. However, results before and after relaxations only
agree by a few percent. Table VII gives the results relative
the relaxed state, together with experimental values at 30
and extrapolated values at 0 K. Apart fromC11, for which
the discrepancy amounts to 30%, the agreement between
results~calculated at 0 K! and these extrapolated constants
very good, especially if one considers that they were
taken into account in the fitting procedure. Moreover, as
theB2 structure, the negative differenceC122C44 in Fe3Al
is predicted, as well as its almost zero magnitude.

The stability of theD03 structure was tested against th
of the also very commonL12 ~A3B cfc-based ordered! struc-
ture. As Table VII shows,D03 was found to be energeticall
more favorable. This point is worth emphasizing, sin
closely related potentials32–34~except for the noncentral par!

TABLE VII. Characteristics of the calculatedD03 phase com-
pared with experimental data. Energies in eV/~3 Fe11 Al!; lattice
parameters in Å; elastic constants in 1012 dyn cm22.

Experimental
~300 K!

Extrapolated
~0 K!

Calculated
~0 K!

E~3 Fe11 Al! 217.02a 217.1
2a 5.79b 5.732
C11 1.71c 1.79d 2.62
C12 1.31c 1.31d 1.56
C44 1.32c 1.38d 1.62
C122C44 20.01 20.07 20.06
E(D03)2E(L12) 21.41

aReference 44.
bReference 45.
cReference 46.
dReference 68.
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enabled a good description of the Ni-Al system and es
cially of Ni3Al, which however exhibits aL12 structure and
whose angular distribution of neighboring atoms of ea
type is completely different from that in theD03 structure.
The noncentral part being identically zero for all concern
perfect structures, it cannot be regarded as responsible
these various behaviors. The absence of relation between
plicitly angular interactions and favoring of any particul
monocrystalline atomic arrangement is consistent with
well-known property that before all, such interactions can
be omitted in the study of defects, with reduced symme
In our case, iron seems to be mostly responsible for
atomic arrangement, since whatever the atomic Al perce
age, it imposes a bcc-based structure, the lattice paramet
which is almost insensitive to this percentage. Apart from
atomic arrangement, iron plays probably an important role
elastic properties: the negative Cauchy difference is proba
to be put down to the simple cubic bonds between Fe ato
in B2 FeAl. However, we have not performed any calcu
tion to check this point. Anab initio approach would be
doubtlessly preferred, because the validity of the parameta
in the present potential cannot be ensured for pure Fe
cubic structure.

Finally, as regards the competition between theB2 and
B32 on the one hand, and betweenD03 andL12 on the other
hand, the model yields two very distinct behaviors: where
theD032L12 energy difference amounts to20.35 eV/atom,
only 20.05 eV/atom separate theB2 andB32 structures.
This indicates that the latter might be quite easily stabiliz
under particular conditions. A diffuse neutron scatteri
study69 revealed the presence of theB32 phase at tempera
tures below 650 K, raising the question of whetherB32 is
not the true ground state. TheB2 phase would then be fa
vored only for kinetic reasons. Using x-ray diffraction, oth
authors70 have also shown that theB32 phase exists in
quenched materials, in relation with antiphase domains
not the ground state, this phase could thus at least appea
a very local scale due to the stresses developed in the cr
on rapid cooling. Anyway, the present empirical mod
plaids ~at least qualitatively! for a strong competition be
tweenB2 andB32. A thorough calculation of the Gibbs fre
energy of both phases for various temperature and stress
ditions may therefore be very helpful in understanding eq
librium properties and~indirectly! kinetic effects.

IV. CONCLUSIONS

The key purpose of this work consisted in devising
unique potential applicable to very different kinds of metal
materials, namely a fcc normal metal, a bcc transition me
and a mixture of both characterized by highly direction
effects. Because of the practical interest of understanding
very intricate mechanical properties of Fe-Al systems, pr
erties wholly controlled by interfacial segregation pheno
ena, this potential had to faithfully reproduce the elastic a
chemical alloy behaviors. Especially if one confines to ze
temperature properties and well-defined compositions co
sponding to the strongly orderedB2 andD03 phases, the
result proves to be satisfactory and will probably make
possible to calculate room-temperature segregation pro
ties and thus draw comparisons with the behavior of th
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oughly studied Ni-Al systems.
Due to the reduced number of models available at pres

for alloys, and particularly for highly ordered ones, the mo
els presented in Refs. 32–34 constitute precious referen
for future comparisons concerning bulk as well as defe
properties. The present potential forB2 FeAl alloys proved
to be quite satisfactory in the description of pure eleme
and of this compound, characterized by strong directio
bonds. The method, consisting first to fit two separate mod
for Fe and Al and then to determine a cross potential a
angular parameters specific to theB2 alloy, allowed for the
negative Cauchy discrepancy. The potential giving qu
plausible values for elastic and chemical properties forB2 as
.
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well asD03 structures, it should make it possible to tack
the study of various properties in iron-rich FeAl. In particu
lar, one can reasonably be confident of its ability to study t
interfacial segregation phenomena responsible for the h
complexity of Fe-Al mechanical properties.
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