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Site preference of ternary additions in y-TiA1: A density-functional cluster-model study
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The site preference of ternary additions Mg, V, Cr, Mn, Ga, and Mo in y-TiA1 intermetallic com-

pounds is studied using the discrete-variational local-density-functional method with cluster models.
The relations of the site preference of ternary additions with the compositions of the host elements and

with the concentrations of the additions themselves in the host are obtained. The results explain satis-

factorily the experimental observations and are discussed with the effects of ternary additions in improv-

ing the ductility of y-TiA1.

I. INTRODUCTION

As one of the most promising high-temperature
structural materials, y-TiA1 has been a subject of
widespread investigation. ' y-TiAl is an intermetallic

0
compound with an L& oty epstructure (a =3.999 A,
c ia =1.02). ' This type structure is based on an ordered
fcc tetragonal cell in which the Ti and Al atoms occupy
alternating (002) planes. y-TiA1 can exist stably in a
nonstoichiometric compositional range of about 40 at%
to 60 at % Al, and has many attractive properties, such
as a low-density, high melting point, high modulus, and
good oxidation resistance. ' Unfortunately, it suffers
from poor ductility at room temperature, which has so
far prevented it from practical use. ' Recently, alloying
additions of U, Mn, or Cr have been reported to result in
increased ductility.

For a long time, there has been an attempt to correlate
the mechanical properties of materials with their elec-
tronic structures. " ' To obtain the results of electronic
structure calculations, as the 6rst step, one must know
the microscopic structures of materials. Thus, in order to
understand the effects of ternary additions in improving
the ductility of y-TiA1 from the electronic structure
theory, it is important to determine their occupation sites
in the host. Generally speaking, the site preference of ad-
ditions in an intermetallic compound can be determined
directly by experiments, but only a few experimental re-
sults have been reported. ' ' ' Theoretically, there has
not been a first-principles approach to study this problem
up to now, and all the previous approaches' ' are empir-
ical or semiempirical. For the ternary site preference in
y-TiA1, an empirical study has been carried out by Nan-
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FIG. 1. Cluster models. (a) The unit cell of y-TiA1, (b)
MTi4A1, cluster, and (c) MA14Ti8 cluster.

dy, Banerjee, and Gogia. ' These authors used a thermo-
dynamical approach coupled with the information from
the ternary phase diagrams to predict the ternary site
preference in y-TiA1. Due to the fact that the method
used empirical parameters and neglected the tetragonali-
ty of structure, their results for some ternary additions
are not consistent with the experimental observations.
For example, they predicted that V additions prefer the
Ti sites, while recent atom location by channeling-
enhanced microanaiysis (ALCHEMI) studies' indicate
that the V site preference depends on the compositions of
the host elements.

In this paper, we perform Grst-principles binding-
energy calculations to study the site preference of ternary
additions in y-TiA1. Cluster models are adopted in the
calculations, which have been used successfully to study
the electronic structure of impurities in metals and al-
loys. ' ' According to the structure of y-TiAl, we
choose the substitutional cluster for titanium sites,
lMTi4A18, as the erst type of cluster, and the substitution-
al cluster for aluminum sites, MA14Ti8, as the second
type of cluster, where M =Al, Mg, Ti, V, Cr, Mn, Ga,
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and Mo (see Fig. 1). Each of the clusters corresponds to
an M atom coordinated by its first-nearest-neighbor Al
and Ti atoms with D4h point-group symmetry. Among
these clusters, TiTi4A18 and A1A14Ti8 represent the Ti site
and Al site local structures of the stoichiometric y-TiA1,
respectively [hereafter TiA1(s)], (TiTi4Als, A1Ti„A1, ) and
A1A14Ti8 represent the Ti site and Al site local structures
of the Al-rich y-TiA1 [hereafter, TiA1(r)], and TiTi4Tis
and (AIA14Ti&, TiA14Ti&) represent the Ti site and Al site
local structures of the Al-poor (Ti-rich) y-TiA1 [hereaf-
ter, TiA1(p)].

H„=&x, IHlx, &

=+co(r„)X,*(rk)H(rk )X&(rk ),
k

s;~ = &x; lxj & =&co(rk )x,'(rk)xj (rk-), {2)

where co(r„)'s are appropriate integration weights. We
choose 300 Diophantine points per atom for all atoms in
our calculations.

(c) The calculation of Coulomb integrals is simplified

by introducing the average self-consistent charge density

pscc (SCC approximation):

II. METHOD p=pscc= Xf.l IR.!(r, ) I'
vnl

(3)

The discrete-variational local-density-functional (DV-
LDF) method is used to calculate the binding energies of
the clusters. This method is a kind of molecular-orbital
calculational method, and its theoretical foundation is
LDF theory. Since it has been described in detail else-
where, here we only recall its essential features and
discuss the choice of computational parameters.

The method may be summarized by seven basic points
as follows:

(a) In the effective Schrodinger equation for one-
particle orbitals, the usual nonlocal Hartree-Fock ex-

change potential is replaced by an exchange-correlation
potential depending only on the local electron density

p(r}. In this paper, the exchange-correlation potential is
taken to be of the von Barth-Hedin form, with the pa-
rameters taken from Moruzzi, Janak, and Williams.

(b) The matrix elements of the Hamiltonian and over-

lap matrices are obtained by a weighted summation over
a set of discrete sample points (Diophantine points) (Ref.
22) rk, i.e.,

where f„"! is the Mulliken population for the nl atomic
shell of atom v, R„l(r„}is the corresponding radial func-
tion, evaluated at distance (r„) from the nuclear position.

(d) The one-electron state x; and energy eigenvalue e;
are obtained through the following charge self-consistent
process:

Patom PSCC ~c + ~xc

(4)

(e) The numerical atomic basis functions are chosen as
the variational basis set, which are obtained from the
self-consistent atomic LDF calculations. We choose
the Is np of-an M atom (M=A1 and Mg, n =3; M =Ti,
V, Cr, Mn, and Ga, n =4; M =Mo, n = 5) as the basis set
in our calculations (hereafter, the basis set A). the
lower-energy orbitals are treated as frozen cores.

(f) The total energy of a cluster is written in standard
notation as

t

E„,=gf, e, —,
' f f P—P,drdr'+ fp(r)[E„,(r) U„,(r)]d—r+ —,'gg'

tot
p ~ PV

(5)

b, E, =Eb(MTi4A18 ) Eb (TiTi4A1!l), —

b E2 =Eb (MTi4A18 }—Eb ( AITi4Als ), {8)

where f; is the Fermi-Dirac occupation number and e„,
and U„are, respectively, the exchange-correlation energy
density and potential in the LDF approximation. The
binding energy of the cluster is then defined with respect
to some reference system, say, the dissociated atoms, as

Eb = —(Etot E,",'", )

The substitutional ways for ternary additions to occu-

py the same kind of sites are different in TiAI(s), TiA1(r),
and TiA1(p). In TiA1(s), the ternary additions occupy
the Ti(A1} sites by substituting for Ti(A1) atoms only.
However, they can locate in the Ti sites of TiA1(r) and
the Al sites of TiAI(p) by substituting for either Ti or Al
atoms. Hence, we define four energy parameters

EE,-{i =1,2, 3,4) for each M as follows:

bE3 =E„(MA14Ti8) Eb(AIAI4Tis)—,

bE4=Eb(MA14Tls) —Eb(TlA14T18) .

(9)

(10)

hE; here is somewhat like the formation energy of an im-

purity in the host. According to the lowest energy prin-

ciple, we can determine the site preference of each M in

y-TiAl by comparing the values of AE, .
We have estimated the accuracy of our method. The

convergence of the basis set was examined by performing
cluster calculations using the basis set B, which includes
the nd of an M atom based on the basis set A. We found
that there is a small difference between Eb (basis set A)
and Eb (basis set 8), but the values of b,E, calculated by

using Eb (basis set A) and Eb (basis set 8), respectively,
are almost the same. Due to the fact that we are only in-

terested in the comparison of the AE, values, in this sense

we can say that the basis set A used in our calculations is

convergent. As for the number of integration points, it
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was found that 300 Diophantine points per atom (or total
3900 numerical integration points for a cluster) in both
the self-consistent field (SCF) and energy procedures,
with the use of the point-by-point error-cancellation tech-
nique for Eb, were suicient to produce an average rela-
tive precision of +0.05 eV in the binding energies (at this
moment, the absolute errors in the total energies are of
the order of 1 eV). With this degree of precision it is pos-
sible to compare the hE, values for a given M. In addi-
tion, we also tested the effects of the cluster size and
frozen core approximation and found that they have no
inAuence on the final results of the paper.

Al
Mg
T1
V
Cr
Mn
Ga
Mo

EEI
—2.17
—4.00

0
1.32
3.36
2.00

—2.10
4.56

0
—1.82

2.18
3.50
5.54
4.18
0.08
6.73

AE3

0
—2.18
—0.31
—1.02

3.00
0.87
0.62
4.54

TABLE II. The values of hE; {i=1,2, 3,4) (eV).

0.31
—1.87

0
1.33
3.31
1.17
0.92
4.84

III. RESULTS AND DISCUSSION

Table I lists the binding energies of the clusters. From
this table, one finds that the value of Eb (MTi~Als) is
smaller than that of Eb (MAI~Tis} for each M we calcu-
lated. This general feature may be understood by notic-
ing that an M atom has four titanium atoms and eight
aluminum atoms as its first-nearest neighbors in the first

type of cluster, while it is surrounded by four Al atoms
and eight Ti atoms in the second type of cluster.

The values of AE, calculated by using the results of
Table I are presented in Table II. Comparing the values
of hE

&
and EE3, we can determine the site preference of

each M in TiA1(s) (Table III). From Table III, we find
that there are three fundamental site preference behav-
iors for ternary additions in TiA1(s). Mg and Ga prefer
the Al sites; V, Cr, and Mn prefer the Ti sites; while Mo
can occupy both the Al and Ti sites. These results are
the same as those of Nandy, Banerjee, and Gogia, ' im-

plying that their results are valid only for TiA1(s) (see
also below).

Table III also lists the ternary site preference in
TiA1(r), and TiA1(p). These results are obtained by com-
paring the values of b,E„EEz,and EE3 for TiA1(r), and
AE„b,E3, and b,E~ for TiAI(p). The three types of oc-
cupation behaviors for ternary additions exist too in
TiA1(r) and TiA1(p), but given M additions may occupy
the different sites in TiAI(s), TiAI(r), and TiA1(p}. We
can divide the ternary additions into two groups. The
first group contains Mn and Ga. Their site preference
remains unchanged regardless of the host being TiA1(s),
TiAI(r), or TiAl(p). The other ternary additions Mg, V,
Cr, and Mo belong to the second group, Their site
preference depends on the compositions of the host ele-
ments. Specifically, the site preference of Mg and Mo

further depends on the concentrations of the additions
themselves in the host. To show this, we take Mg as an
example. The composition formula for Mg alloying in
TiA1(r) can be written as Tiso, Al~so ~ ~+~„~ ~ Mg~

with x & 0 andy, +y2 =y. In this formula, Al atoms are
divided into two parts: (50—y, ) at% Al atoms are in
the Al sites and (x —y2} at% Al atoms are in the Ti
sites. From Table II, we have hE, & AE3 (AE2 for Mg.
This condition indicates that, y, =O when y ~x, and

y, AO, y2%0 when y )x. This is to say that Mg only oc-
cupies the Ti site when y ~x and locates in both the Ti
site and Al site when y )x.

There are different conjectures for the Mn site prefer-
ence in y-TiA1. Tsujirnoto and Hashimota speculate
that Mn additions mainly occupy the Al sites and thus
weaken the covalency of Ti—Al bonds to enhance the
ductility of y-TiA1. Coletti et a/. infer Mn occupying
the Ti site for explaining their experimental result that
Mn in y-TiA1 has a localized moment that is essentially
independent of Mn concentration under the condition of
low dopings. A recent study' of the relative variation of
the superlattice peak in the x-ray diffraction of the
Tiso, Mn A150 system with different Mn dopings indi-
cates that the Mn additions occupy the Ti sites in
TiA1(s). Our results exclude the possibility of Mn occu-
pying the Al site, however, it does not mean that Mn has
no effect in weakening the Ti—Al bonds. In fact, Mn ad-
ditions occupy the Ti sites first by substituting for the Al
atoms of the Ti sites in TiAl(r) (Table II). From our re-
sults, one can expect that the effects of Mn additions in
improving the ductility of the host may have some
differences in TiAl(r) and in TiA1(s) and TiA1(p).

With the technique of ALCHEMI, Huang and Hall'
observed experimentally that V atoms occupy both the Ti

TABLE I. Binding energies of clusters (eV).
TABLE III. The site preference of some ternary additions in

y-TiA1.

Al
Mg
Tl
V
Cr
Mn
Ga
Mo

Eb (MTi4A1, )

43.21
41.38
45.38
46.70
48.75
47.39
43.29
49.94

Eb (MA14T18)

49.60
47.42
49.29
50.62
52.60
50.46
50.21
54.13

Al
Mg
T1
V
Cr
Mn
Ga
Mo

TiA1(s)

Al
Al
Tl
Tl
Tl
Tl
Al

Ti,Al

TiAl(r)

Al, Ti
Ti, (Al)

Tl
T1
T1
T1
Al

Ti,(Al)

TiA1(p)

Al
Al

Ti,Al
Ti,Al
Ti,Al

Tl
Al

Al, (Ti)
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and Al sites in duplex TiA1 alloys, and occupy only the Ti
sites in single-phase y-TiA1 alloys. According to the Ti-
Al phase diagram, the single-phase y-TiA1 can be ob-
tained only in the form of TiAI(r), and the duplex TiA1
alloys are formed in the region of TiA1(p). So, our
theoretical calculations reproduce their experiments very
well. The results in Table II further show that V has the
same behavior as Mn in TiA1(s) and TiA1(r). In TiA1(p),
V can occupy the Al site, but it should have no effect in
weakening the Ti—Al bonds because it locates in the Al
site by the substituting for Ti of the Al site.

Our results for the Ga site preference in y-TiA1 is also
consistent with the experiments. For the site preference
of Mg, Cr, and Mo, no experimental result is available.
According to our results, Cr has the same site preference
as V, indicating that it may have the same mechanism in
increasing the ductility of y-TiA1.

ditions change with the compositions of the host elements
and with the concentrations of the additions themselves
in the host, and explain satisfactorily the experimental
observations. They also provide a basis for further study-
ing the effects of ternary additions in improving the duc-
tility of y-TiA1.

Since the method used here is of general applicability,
we believe that it will become a promising tool for
theoretical studies of the site preference of ternary addi-
tions in intermetallic compounds with either stoichiomet-
ic or nonstoichiometic compositions. Certainly, we
should point out that the temperature effect has not been
included in the present scheme for it has a very small
inAuence on the site preference of ternary additions. ' If
necessary, however, we could use our method incorporat-
ing the cluster variation method (Ref. 31) to study the
site preference at finite temperatures.
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