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We present the results of a phase stability study in the Ni-Ti system. In particular, the formation energies of
the three NiTi,, NiTi, and NizTi compounds have been calculated using the full potential linear-muffin-tin-
orbital method. The correlation between the electronic concentration and the crystal structure is interpreted in
terms of the filling of bonding states for the Ni3Ti compound. Two sets of effective cluster interactions are
determined allowing us to include bcc- and fcc-based solid solutions in the phase stability analysis. Ordering
effects are treated by means of the cluster variation method. An attempt to calculate the composition-
temperature phase diagram of the Ni-Ti system is proposed.

L. INTRODUCTION

Ni-Ti alloys do not only have properties that make them
promising candidates for a new generation of high-
performance alloys, but also exhibit phenomena which are of
great interest for theoretical study. In particular, extensive
research on the system has been stimulated by the unusual
martensitic transformation' that has been found in alloys
near equiatomic stoichiometry. This transformation is associ-
ated with the “‘shape memory”’ effect that has led to a variety
of practical applications for these alloys.?> Additional stimu-
lation for the research has come from the finding that alloys
on the Ti-rich side of the phase diagram, particularly through
the composition range 60-70 at. % Ti, have glass-forming
ability.> Moreover, near the stoichiometry NiTi,, a meta-
stable quasicrystal phase can be formed.*

Of primary importance in attempting to engineer the prop-
erties of the Ni-Ti alloys is an understanding of the equilib-
rium and metastable phases in the system and their range of
(meta)stability with respect to experimentally controlled pa-
rameters such as composition and temperature. However, in
spite of the extensive amount of research carried out so far
on this system, thermodynamic research has been limited to
a few investigations. An assessment of the experimental
work which has been performed to study the equilibrium and
metastable phases in this system can be found in Ref. 5, from
which the phase diagram in Fig. 1 is redrawn. This assessed
diagram is characterized by the occurrence of three interme-
diate phases: Ni;Ti which melts congruently near 1653 K
and whose structure is a hexagonal closed-packed
superlattice,6 NiTi which melts congruently near 1583 K and
which has the CsCl-type structure® at elevated temperatures,
and NiTi, which melts peritectically near 1257 K and which
has a complex E9; cubic-type structure® with 96 atoms per
unit cell. However, if there is no major disagreement con-
cerning the extent of the single-phase NiTi region above 900
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K, experimental observations have been a source of specula-
tion and confusion on which path leads to the most stable
state.S It is now accepted that the system undergoes a phase
transition to the martensitic phase (B19’) involving several
intermediate phases.”® Another feature of great interest for
theoretical study is the occurrence of metastable transition
phases leading to the formation of the equilibrium Ni;Ti
DO0,, compound. Evidence for a metastable Ni;Ti L1, phase
has been found.’

Understanding of the microscopic origins of this type of
structural selectivity has been at the core of structural chem-
istry, metallurgy, and condensed matter physics for a long
time. Predictions of phase stabilities were often based on
intuitive parameters such as electronegativities, electron con-
centration, atomic sizes, or orbital radii. Of particular interest
to us here are the approaches that attempt to demystify struc-
tural selectivity directly in terms of the electronic structure.
In this respect, recent advances in first-principles self-
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FIG. 1. Experimental phase diagram of the Ni-Ti system.

15176 © 1995 The American Physical Society



52 ELECTRONIC STRUCTURE AND PHASE STABILITY IN THE . . .

consistent formulations have produced a wealth of informa-
tion on the ground-state properties of ordered intermetallic
compounds. Given the crystal structure type of an ordered
compound, one can calculate its equilibrium lattice param-
eters, elastic constants, phonon frequencies, and cohesive en-
ergy, often within a few percent of the measured values. To
find the stable crystal configuration, one then repeats the
total-energy calculation for a few other assumed crystal
structures that by analogy with related compounds are ex-
pected to be likely competitors for the stable ground state.
However, to get a complete phase diagram it is necessary to
know the evolution of the structural stability as a function of
the temperature.

The basic tools to study such an evolution, ordering and
clustering phenomena, etc., are based on a generalized three-
dimensional (3D) Ising model.” The problem consists then of
two equally important parts, namely, (i) the quantum-
mechanical determination of the 3D Ising model parameters,
and (ii) the study of this model for 7>0 K, using methods of
statistical mechanics. The statistical part of the theory has
already achieved a high level of sophistication. The tradi-
tional mean-field theory (Bragg-Williams approximation) is
currently replaced by more advanced approaches. At present
the most important ones seem to be the cluster variation
method'® (CVM) and Monte Carlo simulations.!! In both ap-
proaches it is assumed that the configurationally dependent
part of the internal energy can be written as a rapidly con-
vergent sum of pair and multisite interatomic interactions.

The parameters entering the 3D Ising model are derived
basically in two different ways. (i) A limited set of periodic
crystal structures representative for a given problem is cho-
sen and their total energies are calculated using first-
principles self-consistent calculations. This method, pro-
posed by Connolly and Williams,'? was recently developed
further by Zunger and co-workers!® and is called the renor-
malized interaction approach. Standard ab initio band struc-
ture techniques applied to suitably chosen small supercells
can be used and the double-counting terms are included. On
the other hand, as the interaction energies, which are of order
of a few mRy, are obtained as differences of total energies,
the numerical requirements are severe. (ii) The multiple-
scattering expansion of the thermodynamical potential for
the statistically disordered alloy is the starting point for the
generalized perturbation method (GPM) of Ducastelle and
Gautier,'* the concentration-waves theory (CWT) of Gyorffy
and Stocks," and the embedded-cluster method (ECM) of
Gonis ez al.'® All these methods are based on the coherent-
potential approximation (CPA) for the disordered state and
quite recently they were employed in calculations of the
Ising model parameters from first principles. Here the advan-
tages are explicit expressions for the interatomic interaction
parameters and thus physical transparency. The double-
counting terms are neglected on the basis of the so-called
force theorem,!” but further efforts to clarify this point would
be desirable.

In this paper we present preliminary results of an ab initio
study of the c-T phase diagram in the Ni-Ti system. In such
a study, the relative stability of the three occurring NisTi,
NiTi, and NiTi, compounds have to be understood. Their
formation energies are calculated using the linear-muffin-tin-
orbital (LMTO) method'®'® in order to analyze the micro-
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scopic origin of their stability at 7=0 K. Two sets of effec-
tive cluster interactions (ECI’s) are then derived for bee- and
fcc-based disordered alloy phases using the renormalized in-
teraction approach. ECI’s will be used in conjunction with
the cluster variation method to determine many thermody-
namic and structural properties as a function of composition
and temperature for both (partially) ordered and disordered
alloy phases. Furthermore, an attempt to calculate the Ni-Ti
phase diagram will be presented.

The remainder of the paper is organized as follows. In
Secs. II and III the details of the electronic structure calcu-
lations and the method of obtaining ECI’s are presented and
the microscopic origin of the stability of the compounds is
discussed. In Sec. IV, a complete equilibrium phase diagram
is calculated for the Ni-Ti system and compared with the
experimental diagram.

II. TOTAL-ENERGY CALCULATIONS

As a first step, we have studied the relative structural
stability of the three intermediate phases observed in the
equilibrium phase diagram. In the structurbericht notation,
these phases are called the hexagonal D0,, (Ni;Ti) phase,
the cubic B2 (NiTi) high-temperature phase, the monoclinic
B19' (NiTi) low-temperature phase, and the cubic E9;
(NiTi,) phase.®

A. Computational details

To calculate the energies of these different phases de-
scribed in Table I, we employ the all-electron total-energy
local-density formalism as carried out with the linear-muffin-
tin-orbital method and using two distinctly different ap-
proaches. In the first, the linear-muffin-tin orbitals are aug-
mented with numerical solutions of the radial Schrodinger
equation within nonoverlapping muffin-tin spheres. No
spherical shape approximation for the potential or charge
density is made; in the interstitial region, these quantities are
expressed in Hankel-function expansions as proposed by
Methfessel.?® In the second approach, we employ the atomic-
sphere approximation19 (ASA) in which the spheres are per-
mitted to overlap and are expanded until they fill the space.
In addition, the so-called “‘combined correction term”!? is
included, which accounts for errors from overlapping the
spheres and leaving regions not contained in any spheres due
to the atomic-sphere approximation. For both approaches,
the LMTO basis included s, p, and d functions for each
atom. For the full-potential calculations, it is essential to ex-
tend the basis by using LMTO’s with various localizations.
In the present calculations we have used 22 augmented Han-
kel functions per Ni and Ti sites [s (3K’s), p (3K’s), d
(2K’s)] where the corresponding decay energies are
—K?=-0.01 (spd), —1.0 (spd), and —2.3 Ry (sp). Accu-
rate calculations of the bulk properties for these materials
also require an extended treatment of the Ti and Ni 2p states.
We have therefore included a second ‘‘semicore” panel to
provide bandlike representation of both the Ti 25 and 2p
states as well as the Ni 2s and 2p states, using the same Ni
and Ti basis as for the upper panel, except for the appropriate
reduction in the Ti and Ni s and p principal quantum
numbers.?! The local-density potential of von Barth and He-
din is used.?? To evaluate integrals over the Brillouin zone,
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TABLE I. Structure information of the three MoPt,-, MoSi,-, and NiTi,-type structures.

Lattice
parameters Atomic
Phase System Space group Atoms/Cell (a.un.) positions
MoPt, orthorhombic Immm 6 a=7418 Mo 2(a)
b=alv2 (0,0,0)
c=3alv2 Pt 4(g)
(0,0,1/3)
MoSi, tetragonal 14/mmm 6 a=5.707 Mo 2(a)
c=3.295a (0,0,0)
Si 4(e)
(0,0,1/3)
NiTi, cubic Fd3m 96 a=21.398 Ni 32(e)
(xl ’xV ’x ’ )
Til6(c)
(1/8,1/8,1/8)
Ti 48(f )
(x,0,0)
x'=0.912
x=0.311

we use a uniform mesh of sampling points which ensure that
the total energy is converged to within 0.1 mRy per atom.
For the full-potential (FP) calculations, the charge density is
calculated exactly in the muffin-tin spheres in angular mo-
mentum components up to /=4. We use the same angular
momentum cutoff in the interpolation of quantities in the
interstitial region, expanded in Hankel functions of energies
—1 and —3 Ry.?!

For each phase, the total energies provided by the LMTO
method are obtained for different values of the volume; the
minimum of this curve determines the equilibrium total en-
ergy and the equilibrium volume. The bulk modulus which is
related to the curvature of the total energy with volume is
obtained using a fit based on Murnaghan’s equation of
state.?? Since the total energies for the pure metals are treated
in the same way, the formation energy is obtained by sub-
tracting the weighted sum of total energies of the constituent
elements from the total energy of the compound, namely,
AE=Ey; ;,~ (aEx; +bEE?). It should be noted that the

ground states of Ni and Ti are predicted to be fcc and hcp,
respectively. The energy differences between the fcc, bec,
and hcp structures, defined as AEq ..=EX—EYS and
AE¢ecnep=EN—EE are —3.9 and —2.9 kJ/mol and —1 and
5.5 kJ/mol for Ni and Ti, respectively. At high temperatures,
the Ni-Ti phase diagram can be viewed as resulting from a

bce-fece competition. Therefore it seems to be important to

compare the stability of the three phases, namely, DO,,, B2,
and E9; structures, with superstructures occurring on the fcc
and bcc lattices.

B. Phase stability of NiTi, compound

The electronic structure and the relative structural stabil-
ity of the NiTi, compound among the three different
(MoPt,-, MoSi,-, and NiTi,-type) structures have been al-
ready studied®* and only the main conclusions are reported
here. Among the topologically close-packed (tcp) phases, the
NiTi,-type structure displays a peculiar behavior since it is
only partially tetrahedrally packed. It has 96 atoms per unit
cell of the fcc Bravais lattice with three inequivalent site
types (see Table I). Two of these sites (one Ti and one Ni) are
icosahedrally coordinated while the remaining site has 14
neighbors. The stability of the NiTi,-type structure has been
studied versus MoPt,-type and MoSi,-type structures which
can be viewed as being superstructures of the fcc lattice and
the bec lattice, respectively. In Table II, we present the for-
mation energies of the NiTi, compound in the three candi-
date structures using self-consistent FP and ASA calcula-
tions. In agreement with experiment, the NiTi,-type structure
has the lowest formation energy among the three structures.
The shape approximation made in the ASA is acceptable
since ASA calculations give the same hierarchy as the FP
ones. However, if the FP-calculated formation energy of the

TABLE II. Formation energies (in kJ/atom) for the NiTi, compound in the three structures. Comparison

with experimental values.

LMTO-ASA theory

FP-LMTO theory Experimental values

NiTi, type —33.7
MoPt, type —18.7
MoSi, type -31.1

~28.2 —26.8 (Ref. 53)
—29.3 (Ref. 54)

—~102

—-23.1
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TABLE III. Structure information of the four L14-, B19-, B2-, and B19'-type structures.

Lattice
parameters Atomic
Phase System Space group Atoms/Cell (a.u.) positions
B2 cubic Pm3m 2 a=5.69 Ni 1(a)
(0,0,0)
Ti 1(b)
(0.5,0.5,0.5)
B19’ monoclinic P2,/m 4 a=5.452 Ni 2(a)
b=8.734 (x,y,0.25)
c=7.786 x=0.0525
v=96.8 y=0.193
Ti 4(e)
x',y',0.75)
x'=0.5247
y'=0.279
B19 orthorhombic Pmma 4 a=8.90 Ni 2(f)
b=545 (0.25,0.5,x)
c=9.44 x=0.188
Ti 2(e)
(0.25,0,x")
x'=0.687
L1, tetragonal P4/mmm 4 a=17.17 Nil (1a)
c=17.17 (0,0,0)
Ni2 (1¢)
(0.5,0.5,0)
Ti (2¢)
(0,0.5,0.5)

NiTi,-type structure is in very good agreement with the ex-
perimental one, the ASA-calculated formation energy by
20% overestimates the experimental one.

C. Phase stability of NiTi compound

The shape-memory effect exhibited by NiTi alloys near
equiatomic composition is related to a reversible martensitic
transformation which occurs near room temperature. NiTi
crystallizes at low temperature in a monoclinic structure
(B19' NiTi) while the high-temperature B phase has the
simple cubic B2 structure. On cooling the B2 structure be-
low the martensitic transformation temperature, the system
undergoes a displacive structural transformation to an inter-
mediate or so-called R phase and then undergoes a marten-
sitic transformation to the monoclinic B19' structure. Sev-
eral mechanisms for the martensitic transformation of B2-
phase alloys have been proposed.25‘28 One of the major
factors determining the transformational behavior of these
phases in the presence of anomalies in the phonon system;
according to Zhao and Harmon,? the soft phonon which is
responsible for the premartensitic phase transformation in
B2-phase NiTi is found to arise from the strong electron-
phonon coupling of nested electronic states on the Fermi
surface. Thermal vibrations and changes in electronic occu-
pation cause a smearing of the nested features which in turn
cause a hardening of the phonon anomaly. As a first step of
this very intricate study, we propose to study the structural
stability of the NiTi compound at 7=0 K. Indeed, the knowl-
edge of the limiting values of the total energies for vanishing
temperature and their volume dependence can provide useful

information about the shape of the phase diagram near the
transformation temperature. The relative structural stability
of the NiTi compound is determined among four different
structures, namely, the simple cubic B2 structure and the
monoclinic B19' structure but also the tetragonal L1 struc-
ture and the orthorhombic B19 structure (see Table III). The
L1, structure can be viewed as being a superstructure of the
fcc lattice and a large number of transition-metal compounds
can be described from it. The orthorhombic B19 phase is the
low-temperature structure obtained in the isoelectronic PdTi
system; however, in this system, the martensitic phase tran-
sition occurs at higher temperature and without formation of
intermediate phases. As a starting point, we have performed
FP total-energy calculations for varying volumes in order to
locate the equilibrium lattice constants. In agreement with
experiment the B19' monoclinic structure has the lowest to-
tal energy among the four studied structures but the B2
structure is lying only 2 kJ/atom higher. In comparison, the
values obtained for L1, and B19 structures are much higher
than the value obtained for the ground state (see Table IV).
This close value shows that external effects like temperature
effects can lead to the reversible B19'-B2 transformation.
The calculated formation energy of the NiTi compound, AE
=-—36.0 kJ/atom can be compared with the experimental
one, AE=-—33.9 kJ/atom. To check the applicability of the
ASA to this structural study, we have performed the same
self-consistent calculations in this approximation. From
Table IV we see that the ASA calculations give the same
hierarchy as the FP ones. However, the ASA-calculated for-
mation energies overestimate the FP ones by 15%.
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TABLE IV. Formation energies (in kJ/atom) for the NiTi compound in the four structures. Comparison

with experimental values.

LMTO-ASA theory

FP-LMTO theory

Experimental values

B2 type —38.1
B19’ type —39.8
B19 type —34.5
L1, type —36.7

—-36.0 —33.9 (Ref. 55)
—34 (Ref. 56)

—-37.8

-292

—-313

In order to understand the phase stability from the micro-
scopic point of view, we inspect the density of states (DOS)
of the NiTi compound in the four structures (Fig. 2). The
total DOS shows a common overali feature for all the struc-
tures, namely, a bonding-antibonding behavior due to the hy-
bridization between the Ni states and the Ti states. This co-
valent interaction is in fact a salient feature of the Ni-Ti
system and is also observed for the NiTi, compound®* and
for the Ni;Ti compound (see below). More particularly, the
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FIG. 2. Total densities of states for the NiTi compound in the
four B19' (a), B2 (b), B19 (c), and L1 (d) structures.

DOS’s are very similar for both the B2 and B19' structures
while the difference from the DOS’s obtained from the L1,
and B19 structures is more pronounced. Because of the
lower symmetry of the B19' structure, which removes the
degeneracy of bands, the DOS of the B19' phase shows
more structure and peaks of smaller intensity than found for
the B2 structure. The DOS at the Fermi level is roughly 20%
lower for the B19" phase than for the cubic B2 phase. This
is mainly due to the fact that mixing between Ti states and Ni
states is reduced in the martensitic phase compared to the
cubic phase. It should be noted that the DOS’s of B19’ and
B2 NiTi phases are very similar to the DOS published in
Ref. 30.

D. Phase stability of Ni;Ti compound

The stoichiometric Ni;Ti compound displays a four-layer,
hcp, ordered structure, namely, the DO, structure. It has
been shown that the precipitation of equilibrium Ni;Ti from
supersaturated solid solutions of Ni at low temperatures is
preceded by a metastable phase called y' with the L1,
structure.’ Therefore the study of the relative structural sta-
bility of the Ni;Ti compound includes the L1,, D0,,, and
DO0,, structures (see Table V). The FP total energies are cal-
culated for varying lattice constants in order to locate the
equilibrium lattice constant and to determine the relative sta-
bility between phases (Table VI). The D0, structure has the
lowest formation energy with the L1, phase lying only 0.5
kJ/atom higher. This appears to be consistent with the fact
that the L1, phase is observed as the metastable y' phase.
The difference from the DO,, structure is more pronounced
but this difference is still small in comparison with the usual
energy differences observed between the stable and unstable
phases.” From Table VI it can be seen that the ASA calcula-
tions give the same hierarchy as the FP ones and the quanti-
tative agreement between both approaches is correct. It
should be noted that our results are in close agreement with
the ones published in Ref. 31.

The total DOS’s for the three L1,, DO0,,, and D0, struc-
tures are displayed in Fig. 3. As for NiTi, and NiTi com-
pounds the overall shape of the DOS can be explained from
a strong bonding interaction between Ni states and Ti states.
For the three structures a deep valley or pseudogap separates
the bonding and antibonding states; it can be shown that the
Ni d character is found predominantly in the region below
the pseudogap while the Ti d states are located mainly above
the pseudogap. For the L1, structure, the Fermi level resides
right on the peak in the antibonding region while for the
DO0,, structure the Fermi level lies on the shoulder of a peak
in the bonding region. On the other hand, the Fermi level for
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TABLE V. Structure information of the three D0,,-, L1,-, and D0-type structures.

Phase System Space group

Atoms/Cell

Lattice
parameters

(a.u.)

Atomic
positions

DO,y hexagonal P63/mmc

DOy, tetragonal 14/mmm

L1, cubic Pm3m

16 a=9.654
c=15.683

Nil 6(g)
(0.5,0,0)

Ni2 6(h)
(x,2x,0.25)

x=—1/6

Til 2(a)
(0,0,0)

Ti2 2(b)

(x’,2x",0.25)

x'=1/3

Nil 2(b)
(0,0,0.5)

Ni2 4(d)
(0,0.5,0.25)

Ti 2(a)
(0,0,0)

Ni 3(¢)

(0,0.5,0.5)

Ti 1(a)
(0,0,0)

Ti 48(f)

(x,0,0)
x'=0.912
x=0.311

8 a=6.81
c=6.81

4 a=6.81

the D0, structure is just located in the pseudogap. This im-
plies that for the DO0,, structure the valence electrons are
more efficiently packed in the bonding region, resulting in a
stronger structural stability compared with the other struc-
tures. Based upon these arguments, we presume that the
structural stability for the Ni;Ti compound can be interpreted
in terms of a band structure energy contribution to the total
energy. To check such a qualitative discussion, we have used
the force theorem and its application to ASA calculations.>?
In such an approach, the energy difference between two
structures of the same composition S1 and S2 requires two
steps. The first step is to obtain the self-consistent ASA po-
tentials for structure S1, varying the atomic-sphere radii until
the spheres are neutral. The second step consists of rearrang-
ing the atomic spheres so as to assemble the atoms in struc-
ture S2 and solve the Schrodinger equation once using the
self-consistent potential parameters from structure S1. The
total-energy difference between self-consistent S1 and struc-
ture S2 in the trial potential extracted from S1 is simply the
difference in band structure energies for the two calculations.

In Table VII we illustrate the procedure for the Ni;Ti com-
pound with the L1, structure as the S1 structure and DO,,
and DO, structures as the S2 structure. We note that in
comparison with self-consistent calculations the method is
very successful. Within the same assumptions, it is also pos-
sible to interpret the structural trend as a function of the
number of electrons per atom, e/a. By using the rigid-band
approximation (RBA),*> we have calculated the band struc-
ture energies of the D0,, and DO,, structures relative to L1,
as a function of e/a; the resulting energy differences are
shown in Fig. 4 where for each value of e/a the curve having
the lowest energy indicated the predicted stable structure.
The structural trend predicted by the RBA for A3B
transition-metal intermetallics goes from the L1, phase to
the D0O,, phase and then to the D0,, phase as a function of
the number of electron per atom. In the low-e¢/a region, both
the cubic L1, and the hexagonal D0,4 phases are more stable
than the tetragonal DO0,, phase; for e/a above 8.58, the te-
tragonal DO0,, phase is the most stable phase. The stable
hexagonal DO0,, phase emerges only in the e/a region be-

TABLE VI. Formation energies (in kJ/atom) for the Ni;Ti compound in the three structures. Comparison

with experimental values.

LMTO-ASA theory

FP-LMTO theory Experimental values

DO0,, type —47.1
DOZZ type —43.8
L1, type —46.7

—47.6 —34.7 (Ref. 53)
—42.9 (Ref. 54)

—429

—47.1
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FIG. 3. Total densities of states for the Ni;Ti compound in the
three D0,y (a), D05, (b), and L1, (c) structures.

tween 8.41 and 8.58. Note that our results are in good agree-
ment with experimental data>* which show a strong correla-
tion between e/a and crystal structure for the close-packed
ordered A;B transition-metal intermetallics. In particular,
Sinha® showed that at e/a=8.65 the close-packed layers
change from “triangular” T (related to the L1, structure) to
“rectangular” R (related to the DO,, structure). Thus our
approach satisfies the statement that a simple RBA of the
type described above can predict correctly the structural en-
ergy differences for at least some of the A;B compounds of
interest here.

III. CLUSTER EXPANSIONS AND EFFECTIVE CLUSTER
INTERACTIONS

As discussed in the Introduction, the study of the evolu-
tion of the structural stability as a function of temperature
requires one to define the parameters of the 3D Ising model.
We use the renormalized interaction approach,13 assuming
that the total energy of an A,B;_, alloy can be described in
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FIG. 4. Energy of D0, and DO0,, structures relative to L1,
structure (in mRy/atom) as a function of the average valence-
electron number per atom.

terms of rapidly convergent series of concentration-
independent multisite interactions. More precisely we as-
sume that the total energy of a particular configuration « is
expressed by

Y max

ES (r)= Ey V,(r) €. (1)

V() is the concentration-independent multisite interaction
associated with the multisite correlation £7 defined as

1
§y=ﬁ;% 0’,,10',,2"'0'"7, (2)

where o,=1—2p, takes the value +1 or —1 depending on
the occupancy of site n, N, is the total number of y-type
clusters, and the sum runs over all y-type clusters that can be
formed by combining sites on the entire crystal. From a finite
number of total energies for ordered structures and by trun-
cating the summation of (1), a set of multisite interactions is
obtained from

vy(r>=§ (EDTE% (1), <Y<Y max

V“/(r):O’ ymax<7<°°' (3)
a

¢ is the empty cluster. Since E(r) is generally a function
of volume, the interactions V.,(r) depend on r too.

For instance, this set of structures is chosen in such a way
as to determine the chemical interaction parameters for all
clusters up to the regular nearest-neighbor tetrahedron cluster
in the fcc lattice. Within this approximation we need only the
values of the pure fcc metal energies and three values of

TABLE VIL Energy of D0,, and D0,, structures relative to L1, structure (in mRy/atom) for the Ni;Ti
compound. In column I, ASA self-consistent calculations, column II, FP self-consistent calculations, and
column III, force theorem with the self-consistent potential parameters for the L1, structure.

AE(D0y,-L1,)

AE(D0,,-L1,)

I I I
2.9 4.2 34

I I III
—-0.4 —0.5 -0.8
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ordered compound energies including NiTi in the L1 struc-
ture and Ni;Ti and NiTi; in the L1, structure. In practice we
have to judge the adequacy of this set by the extent to which
the interaction parameters extracted from it are transferable
to the description of other configurations; another way to
check its convergence is to start from a rather large set of
clusters and reduce their number on the basis of convergence
tests. The ultimate question is to know if the geometry of the
added clusters influences the convergence of the main inter-
actions. For instance, many of the fcc phases which are ob-
served in metallic systems can be stabilized by first- and
second-neighbor pair interactions, and for this reason all
clusters within this range have been included in this study.
Furthermore, several studies>® have shown that the third- and
fourth-neighbor pair ECI’s have to be included to obtain a
good convergence of the expansion as written in (1). Addi-
tionally it has been shown that linear many-body cluster in-
teractions are often sizable.® Therefore the set of ECI’s will
include also the linear triplet E£(3,4), the third- and fourth-
neighbor pairs E£(2,3) and E(2,4), and the triangles consisting
of one second- (or third-) and two first-neighbor pairs, E(3,2)
and E(3,3); the irregular tetrahedron E(4,2) and the square of
nearest neighbors E(4,3) are considered as well in this study.

To perform such calculations, we have used a set of or-
dered compounds where the complementary structures are
the D0,, body-centered tetragonal structure for Ni3Ti and
NiTi; compounds, the MoPt, body-centered orthorhombic
structure for Ni,Ti and NiTi, compounds, and the body-
centered tetragonal 40 phase and the L1; rhombohedral
phase for NiTi compounds.37 The strategy to obtain the op-
timum set of cluster interactions from the 11 structures con-
sidered in this paper is as follows.

For a given v,,,, the best set of cluster interactions has
been chosen as the one which minimizes the predictive error
in the energy according to

7Y max 2

1
2 0o By (r) = ; Vr)¢5| = min 4)

with the weights «,=48N_(a)/Ns(a); here N (@) and
Ng(a) are the number of atoms per unit cell and the number
of point group operations for the structure «, respectively.
Formula (4) was suggested by Lu ez al.” We find that differ-
ent choices of weighting factors w, marginally affect the
extracted ECT’s.

The optimum set of ECI’s is then obtained by studying the
convergence of the predictive error involved in predicting
energy values but also the convergence of the formation en-
ergy of the random alloy at 50 at. % Ti.3® This latter one is
also a significant check as it is obtained as a by-product in
the used method.

The determination of an optimum set of ECI’s in the bcc
lattice follows the same idea; to perform such calculations,
we have used a set of ordered compounds which includes the
pure bcc metals, NisTi and NiTi; compounds in the cubic
DO; structure, NiTi, and Ni,Ti compounds in the body-
centered tetragonal MoSi, structure, and the NiTi compound
in the cubic B2 and B32 structures, in the tetragonal B11
structure, and in the orthorhombic A1 structure.?’
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FIG. 5. Formation energies of Ni-Ti intermetallic compounds as
calculated by the FP-LMTO method vs the atomic composition of
Ti. The solid lines connect the energetically stable structures.

IV. PHASE DIAGRAM CALCULATIONS
A. Results of electronic structure calculations

The calculated values of the formation energies of the
three compounds in the studied structures are plotted versus
the composition in Fig. 5. Among the structures previously
considered, the most energetically favorable intermetallic
phases are the DO,, Ni3Ti, B19' NiTi, and E9 NiTi, com-
pounds in complete agreement with experimental features.
The L1, and DO,, structures are unstable at 25% Ti, while
the B2, B19, and L1 structures are unstable at 50% Ti. As
discussed previously, the difference in the calculated AE of
the B2 and B19’ phases seems rather weak.

However, to explain the martensitic transformation occur-
ring near room temperature, the entropy change must be con-
sistent since the transformation temperature in this case is
very low. Presumably vibrational entropy is the primary con-
tribution to AS and we are still not prepared to estimate that.
Therefore we shall present only the high-temperature part of
the Ni-Ti phase diagram. There is great experimental contro-
versy about the question of whether the eutectoid decompo-
sition of NiTi to NiTi,+Ni;Ti (at 7=903 K) properly be-
longs to the equilibrium diagram. Our results locate the
formation energy of the B2 structure just below the line
drawn between the AE for the DO, structure and the E9;
structure. However, results at 7=0 K are not sufficient to
give indications at high temperatures and again thermal ef-
fects have to be correctly included.

At 66% Ti, the E95 structure is the most stable one while
the MoSi, and MoPt, structures are unstable with respect to
the equilibrium NiTi (B19')«<Ti(hcp). More generally the
calculated formation energies of Fig. 5 are skewed in favor
of Ni-rich compositions. The most stable compounds are
found in the Ni-rich side of the phase diagram with a very
stable DO0,, phase. As discussed previously in Sec. III, this is
due to band-filling effects. For each studied structure, the
Ni-like subbands lie below those of Ti and play the role of
bonding states. Large AFE is associated with having the
lower-lying subbands (such as Ni’s) filled and the higher-
lying ‘“‘antibonding” subbands (Ti’s here) empty. This situa-
tion requires the occurrence of a well-defined pseudogap,
separating the bonding states from the antibonding ones, and
an electronic concentration in such a way that the Fermi
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FIG. 6. Formation energies of fcc (a) and bee (b) intermetallic
compounds as calculated by the FP-LMTO method vs the atomic
composition of Ti.

level is located in the pseudogap. This is the case for the
DO0,, and L1, Ni3Ti compounds which display a very well-
defined pseudogap (see Fig. 3) while the pseudogap is much
less pronounced for Ti-richer compounds (see Fig. 2 for in-
stance). This asymmetry is the rule in the phase diagrams of
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alloy systems involving one member from the beginning and
the other from the end of the transition-metal rows.

Another result to confirm this trend is to display the for-
mation energies of the bcc and fcc superstructures used to
calculate the ECI’s: Only the non-spin-polarized values are
presented since the ECI’s will be used only to model the
high-temperature part of the phase diagram. These values are
displayed in Figs. 6(a) and 6(b). Both sets of values display
the same asymmetrical shape. Superstructures with very high
negative AE are found in the Ni-rich side, namely, L1, and
DO0,, for the fcc lattice and DO for the bee one; for 75% Ti,
the same structures are found unstable with respect to the
equilibria NiTi (L1,)«<Ti(fcc) and NiTi (B2)«Ti(bcc), re-
spectively. We shall see in the next section that this asymme-
try can only be modeled by a set of ECI’s which either are
concentration dependent or include multiatom (i.e., more
than two atoms) interactions. The consequences for the co-
herent phase diagrams will also be discussed.

B. Effective cluster interactions
1. fec lattice

We have determined the optimum sets of ECI’s in the fcc
lattice containing between six and nine of the interactions
corresponding to the clusters described in Sec. III. Since the
energy curve for fcc Ni-Ti alloys is highly asymmetric
around x=0.5, it is expected that multiatom interactions have
to be included in the cluster expansion in order to reproduce
it. For a given number of interactions, the set of ECI’s is
selected after considering a hierarchy of fits to the ab initio
results of 11 structures. For the set of six interactions, the
total energies of ordered structures are reproduced with a
root-mean-square error of 1 mRy/atom while this error be-
comes smaller than 0.2 mRy/atom for the set of nine inter-
actions. For the set of six interactions, the data of Table VIII
show that the optimum set consists of the empty and point
clusters, the nearest- and next-nearest-neighbor pairs, E(2,1)

TABLE VIII. The effective cluster interactions for fcc-based Ni-Ti alloys.

Symbol coordinates Multiplicity 6D set 7D set 8D set 9D set
E(0,1) 1 —19.64 —19.64 —18.37 —19.00
E(1,1) (000) 1 —18.91 —23.64 —23.64 —23.64
E(2,1) (000), (1/20 1/2) 6 27.84 27.84 31.14 29.74
E(2,2) (000), (100) 3 —9.70 —9.70 —10.05 —10.07
E(2,3) (000), (1 172 1/2) 24 —4.53 —3.12
E(2,4) (000), (101) 6 0.65
E(2,5) (000), (3/20 1/2) 6

E(3,1) (000), (1/2 1/2 0), (1/20 1/2) 8 18.91 17.27 17.27 17.27
E(3,2) (000), (1/2 0 1/2), (100) 12 6.37 6.37 6.37
E(3,3) (000), (1/201/2), (1 1/2 1/2) 24

E(3,4) (000), (1/2 0 1/2), (101) 6

E(4,1) (000), (1/20 1/2), (1/2 1/20) 2 1.50 1.50 1.81 1.81
01/21/2)

E(4,2) (000), (1/201/2), (1/2 1/2 0) 12

(100)

E(4,3) (1/201/2), (0 1/2 1/2), 3

(1721172), (11/2172)
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TABLE IX. Ab initio calculated values and predicted values for both NiyTi and NiTis compounds.

Compounds FP LMTO 6D set 7D set 8D set 9D set
NiTi, -8.5 —11.94 -9.20 -9.73 —9.86
Ni,Ti -353 —34.64 —36.72 —37.25 —37.38

and E(2,2), the nearest-neighbor isoceles triangle E(3,1), and
the nearest-neighbor regular tetrahedron E(4,1). We find that,
except for the empty and point clusters, the two largest ECI’s
are those for the nearest-neighbor pair interaction and the
nearest-neighbor isoceles triangle. As expected, the large
positive nearest-neighbor pair interaction suggests strong or-
dering tendencies which are enhanced in the Ni-rich alloys
by the substantial value of the triplet E(3,1) value. The data
obtained for larger sets (up to nine interactions) confirm this
first analysis. The third- and fourth-neighbor pair interactions
are not found to be important in describing the total energy
of the alloys in the Ni-Ti system. Similarly, the ECI’s corre-
sponding to quadruplets are found to be small, which sug-
gests that the cluster expansion is already well converged
with the interactions used. In order to test this convergence
we have also compared the formation energies of the Ni,Ti
and NiTi, compounds (in the MoNi, tetragonal structure)
determined by the cluster expansion with the formation en-
ergies determined by a direct calculation. Table IX shows
that the agreement between both sets of data is correct even
for the smallest set of ECT’s.

The ECI’s can be used to perform a complete ground-state
search to find the structures which are energetically stable at
T=0 K out of all possible configurations. Such a study has
been undertaken by Lu and co-workers®® and Wolverton
et al.* for other metallic alloys systems. Here this study is of
minor importance since no fcc superstructure is found to be a
ground state in the Ni-Ti system. Instead we check the rela-
tive structural stability of the Ni;Ti compound as calculated
by the cluster expansion since we have found a very small
difference between the DO,, and L1, structures from direct
calculations. For each set of ECI’s, the formation energy of
the L1, structure as calculated from the cluster expansion is
found slightly more positive than the LMTO value (around

0.5 kJ/atom); then this value is always slightly more positive
than the value of the DO0,, structure. Another interesting
point is to check the stability of the NigTi compound since
this phase occurs in the isoelectronic Pt-Ni system. The fact
that this phase lies 2 kJ/atom above the line drawn between
the AE for the L1, structure and the zero for pure Ni indi-
cates that NigTi is calculated to be unstable with respect to a
two-phase mix of NizTi (L1, structure) and pure Ni.

In the Ti-rich side, all the calculated formation energies of
the studied fcc-based compounds are located above the line
drawn between the AE for the L1 structure and the zero for
pure Ti in its fcc metastable state. This indicates that no
intermediate fcc phases are stable in this region of the phase
diagram and again this is due to the large value of the triplet
E(3,1).

2. bcc lattice

For the bcc lattice, we find that a set of six interactions
gives a predictive error in the energy less than 1 mRy/atom.
This set consists of the empty and point clusters, the nearest-
and next-nearest-neighbor pairs, the nearest-neighbor and
next-nearest-neighbor isoceles triangle, and the nearest-
neighbor and next-nearest-neighbor irregular tetrahedron.
Except for the empty and point clusters, the two largest
ECT’s are those for the nearest-neighbor pair and the isoceles
triangle (see Table X). As seen in Table X, the convergence
of the cluster expansion is still very rapid and does not de-
pend on the parent lattice, namely, bcc or fcc lattice. The
asymmetry around x=0.5 is well pronounced (but less than
in the fcc lattice) as indicated by the value of the triplet
interaction. Note also that the next-nearest-neighbor pair in-
teraction has not the same sign in both fcc and bcec lattices.

TABLE X. The effective cluster interactions for bcc-based Ni-Ti alloys.

Symbol coordinates Multiplicity 6D set 7D set 8D set
E(0,1) 1 —27.62 —25.90 —25.43
E(1,1) (000) 1 -9.97 —-9.97 —9.97
E(2,1) (000), (1/21/2 1/2) 4 21.06 21.82 21.14
E(2,2) (000), (100) 3 8.47 8.51 6.95
E(2,3) (000), (101) 6 —3.23 —3.85
E(2,4) (000), (3/21/2 1/2) 12 2.52
E(2,5) (000), (111) 4

E(3,1) (000), (1/2 1/2 1/2), (100) 12 9.97 9.97 9.97
E(3,2) (000), (1/2 1/2 1/2), (101) 12

E(3,3) (000), (1/2 1/2 1/2), (111) 4

E(4,1) (000), (1/2 1/2 1/2), 6 -1.91 —~1.19 —1.34
(1/2 172 —1/2), (100)

E(4,2) (000), (1/21/2 1/2), 6

(1/2 1/2 —1/2), (110)
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These results are also confirmed by the calculations of the
effective pair interactions obtained via the generalized per-
turbation method applied to the tight-binding formulation of
the coherent-potential approximation (TB-CPA). Indeed
these effective pair interactions are strongly concentration
dependent and rapidly convergent since taking into account
first- and second-nearest-neighbor interactions is sufficient to
simulate the thermodynamic data of the Ni-Ti system.*'*?
Such a fast convergence is also found in the Ni-Al system.*®

C. Phase equilibrium

If vibrational effects and electronic excitations are not
taken into account, the expansion of the formation energy of
the alloy A,B;_, as developed in Sec. III can be used in
conjunction with the CVM expressions for the configura-
tional entropy of an Ising lattice to form an approximate
free-energy functional for the real alloy.

For the alloy in phase «, the Helmhotz free energy may be
written

F=F"+E{~TS?} ®)

with Fi'=xF,+(1—x)Fp. x is the composition of the A
element, F; the free energy of pure element /, and E 7 and
S ¢ are respectively the energy and entropy of alloy forma-
tion.

The first simplifying assumption regarding the evaluation
of the total free energy is to assume that the free energy for
the pure elements can be written as®

Fi=E{" =TS ©)

in which the cohesive energy and the vibrational entropy are
both temperature independent.

The second assumption is that S ¢ is a purely configura-
tional term given by its CVM expression:

s;*=2y ny% x,(o)Inx(0). @)
In the present study, the tetrahedron approximation of the
CVM has been used; the influence of other approximations
on the shape of the Ni-Ti phase diagram will be discussed
elsewhere.* The first sum of (7) is over all subclusters of the
tetrahedron and the second sum is over the possible configu-
rations on these subclusters. The 7, are the Kikuchi-Baker
coefficients'®* and xy((ry) are referred to as cluster prob-
abilities and are the ensemble averages of the fraction of
clusters y on the lattice which have the configuration o, .
These cluster probabilities are linearly related to the correla-
tion functions.

As we have shown in Sec. III, it is necessary to include
the second-neighbor pair interaction which is not a subclus-
ter of the regular tetrahedron in the fcc lattice. For this clus-
ter outside the range of the tetrahedron, the value of the
correlation function at a given temperature and composition
is obtained within the mean-field approximation.44 The CVM
expressions of the configurational entropy of the fcc and bec
lattices in the tetrahedron approximation can be found in
Ref. 43.

In order to determine the equilibrium phase diagram, it is
more convenient to minimize the grand potential {} given by
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Q=F—ué, ®)

where u is the effective chemical potential and &; the corre-
lation function of the point cluster. The minimization is done
using the natural iteration (NI) method developed by
Kikuchi.*® The NI equations used in the present model have
been presented elsewhere*’ and will not be repeated here.
The equilibrium phase diagram between the phases I and II
is computed using the same scheme as proposed by Kikuchi
and Murray‘48 For the same initial value of the effective
chemical potential u, the grand potentials of phases I ({)))
and II(Q)y;) are calculated according to (8). If ;=€ the
equilibrium conditions are realized, but if not, the value of u
is modified until Q;=();.

D. Phase diagram calculations
1. Thermodynamic analysis

Let us sum up the strategy of our calculations.

(i) The energies of the three compounds occurring in the
phase diagram are obtained as a function of the volume. The
minima of these curves are chosen to obtain the formation
energies of these compounds. The entropies are considered to
be equal to zero for the strictly stoichiometric compounds
such as the Ni;Ti compound but also for the NiTi, com-
pound. For the NiTi B2 phase, the entropy of configuration
will be given by the tetrahedron approximation of the CVM
for ordered phases based on the bcc lattice.

(ii) The two solid solutions based on the fcc and bcc lat-
tices are described as short-range-order solutions using the
CVM treatment in its tetrahedron approximation. Computa-
tion of a coherent phase diagram, that is, a phase diagram
composed of phases which are based on one lattice only,
requires knowledge of Ef—TS¢ only, F};, being a linear
function of the composition. Thus the free energy of mixing
is computed with the CVM. The incoherent Ni-Ti phase dia-
gram requires Fi¢ and F° as well, or rather it requires the
differences of these two linear terms, A Ficc-bec= picc_ pbec
The energy difference AE S5 is taken from FP-LMTO re-
sults at 7=0 K. The theories concerning vibrational entropy
require a detailed knowledge of elastic constants**>* and for
the Ni-Ti system they must be able to model the martensitic
transformation among other things. Such a study is beyond
the scope of this paper and we shall present only the high-
temperature part of the phase diagram. Therefore we use a
simple empirical scheme for the vibrational entropy, namely,
that the difference in the vibrational entropy between fcc and
bec lattices is a linear function of alloy composition and is
independent of temperature. The vibrational entropy differ-
ences ASCP for both elemental Ni and Ti are obtained
from thermodynamic compilations.’’ In the same way, for
the Ti hep-bee transformation, the vibrational entropy differ-
ence is computed from the cohesive energy difference of hcp
and bce allotropes at 0 K and from the experimental obser-
vation that the transition occurs at 1175 K.

(iii) The liquid phase is also described as a short-range-
order phase using the tetrahedron approximation of the CVM
free energy in the disordered fcc structure. The effective pair
interactions are obtained from Carlsson’s resummation
procedure®? which corresponds to a high-temperature expan-
sion of the correlation functions. Although this model is de-
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FIG. 7. The fcc coherent Ni-Ti phase diagram.

veloped with a solid-state approximation, it does a good job
of describing the influence of chemical short-range order on
the thermodynamic properties of the liquids.*> Of course, the
continuous phase space of the nuclei’s motion and structural
information, such as pair correlation functions, are lost.
However, the chemical ordering contribution to the entropy
and the energy, which are quantities of central interest in our
calculations, are only proportional to the concentration fluc-
tuations. Using a statistical approach based on a “‘discretized
mesh” rather than the continuous phase of the nuclei’s mo-
tion may be considered as correct to describe the concentra-
tion fluctuations.

However, there is still a “missing link” in our approach,
which is the thermodynamic properties of the pure metals or,
in other terms, the difference in free energy between the
liquid and crystalline phases. Although the density-functional
theory has made significant progress in the modeling of lig-
uids, application to the determination of the melting tempera-
ture does not yet appear possible. Therefore we have chosen
to use thermodynamic compilations to obtain melting tem-
peratures 7519 and 7519 and the latent heats of melting
AE®19 and AES1 for both Ni and Ti elements.>! In this
case the free energy of these elements in their liquid state is
given by

Fl[lq( T) — E}at+ AE}at—»liq_ T(AE}at—»liq)/( Tl[at—»liq) . (9)

2. Phase diagrams

A schematic fcc Ni-Ti phase diagram can be obtained by
comparing only the free energies of fcc and fcc-based super-
structures like L1, and L1 structures. Figure 7 shows that
the main features of this diagram are a miscibility gap (MG)
with a maximum temperature of 660 K and two ordered
phases L1, and L1, with transition temperatures of 3350 and
425 K, respectively. It should be noted that L1 displays a
peritectoid decomposition leading to L1, and A1 phases
above 425 K. As for the Ni-Al system,*? the MG is caused by
an elastic instability and can be understood through the con-
centration dependence of the calculated energy of mixing for
the completely random fcc solid solution. A monotectoid de-
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FIG. 8. Stable equilibrium Ni (A1)~NisTi (D0,,) and meta-
stable equilibrium Ni (A1)« NisTi (L1,).

composition between L1, and A1 phases at two different
compositions occurs at 375 K. The L1, phase on the Ni-rich
part displays a very stable phase behavior even if it does not
occur in the equilibrium Ni-Ti phase diagram. In fact, as
discussed in the Introduction, the L1, phase has been found
as being a metastable phase and it is then interesting to com-
pare the metastable equilibrium Ni (A1)«—Ni;Ti(L1,) with
the stable equilibrium Ni (A1)«Ni; Ti(D0,,). The corre-
sponding phase diagrams are shown in Fig. 8. It can be seen
that, for temperatures above 1000 K and for a concentration
range 0.75<xy;<1, the concentrations of the A1 phase are
similar in the two equilibria, the A1 phase in the Ni
(A1)—Ni;Ti (D0,,) equilibrium being slightly more Ni rich
than the A1 phase of the other equilibrium. In Fig. 9 are
displayed the free-energy curves of the three A1, L1,, and
DO0,, phases as a function of xy; for 7=1500 K. The con-
clusion is that it seems to be possible to obtain the metastable
L1, phase from the A1 phase if rapid cooling is used, for
instance.

Figure 10 shows the phase equilibria between bcc and
bce-based superstructures including D03 and B2 structures.
The diagram exhibits a very stable D05 phase with a disor-
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FIG. 9. Free-energy curves of A1 (---), L1, (---), and DOy,
(—) phases at 7=1500 K. H—M A1 —DO0,, equilibrium; @—@
Al L1, equilibrium.
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FIG. 10. The bcc coherent Ni-Ti phase diagram.

dering transition temperature of 2460 K, a pronounced NiTi
B2 phase which is the high-temperature phase of the equi-
librium phase diagram, and a metastable MG between B2
and A2 phases for Ti-rich alloys.

Let us emphasize the similarity of the two fcc and bec
phase diagrams. It is due to the similar behavior of formation
energies of both bec and fcc superstructures as a function of
the composition. In the Ni-Ti system, the chemical interac-
tions between Ni and Ti are so strong (see the value of the
nearest-neighbor pair interaction) than they screen the under-
lying topology.

When both fcc- and bec-based free-energy curves are
combined with the liquid free energy and with the free ener-
gies of the three compounds, the complete phase diagram in
Fig. 11 is obtained. We present only results concerning the
high-temperature part of the phase diagram; this means that
we do not include the martensitic transformation of the high-
temperature B2 phase in the present calculations. At high
temperatures, the Ni-Ti phase diagram can be viewed as re-
sulting from a bce-fce competition. fcc dominates on the Ni
side with the fcc solid solution and the metastable L1,
(Ni;3Ti) phase which can precipitate from oversaturated solid
solutions. On the Ti side, bcc dominates with an important
bee Ti terminal phase above 710 K. In the Ni-rich part, the
agreement with the experimental phase diagram is good. The
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FIG. 11. The calculated Ni-Ti phase diagram.

FIG. 12. Internal energies for the liquid phase (7=2000 K).
Comparison between calculated (— with CSRO; --- without CSRO)
and experimental values (O Ref. 54; V Ref. 53 at 1741 K; A Ref.
53 at 1838 K).

congruently melting temperatures of NisTi and NiTi com-
pounds are correctly predicted, like the eutectic temperature.
More particularly, the Ni;Ti compound is found to melt con-
gruently at 7=1960 K, 300 K above the experimental tem-
perature. This overestimate of the melting temperature seems
to be attributable to the overestimate of the formation energy
of the Ni;Ti compound. It should be noted that thermal ef-
fects on the energy and entropy of the studied compounds
have not been taken into account in the calculations and that
there is no alloy parameter to describe both the solid alloy
part and the liquid alloy curve. For the liquid phase, it seems
to be important to know if the approximations done to cal-
culate the thermodynamic data are correct or not. Therefore
we present calculations of internal energies at 7=2000 K
and compare our values to the experimental ones;>** two
sets of results are presented, one for completely disordered
alloys, the other one for the equilibrium values of chemical
short-range order (CSRO). From Fig. 12 it can be seen that
the set of calculations which takes into account CSRO gives
a very good description of the thermodynamic data of the
liquid phase. Ordering effects are maximum around xy;=0.7
which is consistent with the occurrence of stable phases,
namely, NisTi L1, and Ni;Ti D05 phases in the fcc and bee
phase diagrams, respectively. In the liquid phase, the same
effects, though reduced, are observed. On the Ti-rich part,
the agreement is still very satisfying. The eutectic equilib-
rium is found to be between the NiTi, compound and the A2
terminal solution in agreement with experimental data and
the most recent tight-binding calculations.*> The calculated
eutectic temperature is only 5 K higher than the experimental
one.

V. CONCLUSION

It was shown that ab initio calculations are able to explain
the stability of the different phases occurring in the Ni-Ti
system. The high-temperature part of the Ni-Ti phase dia-
gram has been obtained by combining total-energy LMTO
calculations with the tetrahedron CVM approximation. No
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vibrational effects have been taken into account. Only short-
range order on fcc and bec lattices has been introduced using
CVM treatment in competition with the occurrence of com-
plex phases like the D0,, and E9, phases. The thermody-
namic description of the liquid phase has been achieved by
approximating this phase to a fcc-based disordered phase to
minimize the number of parameters. The melting tempera-
ture and latent heat of the pure components are the only two
parameters which have been introduced from outside the
first-principles matrix. The results presented here are in
many points in good agreement with the experimental data at
high temperatures. We are therefore encouraged to continue
this study by considering a more sophisticated thermody-
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namic description including thermal effects. The approach
developed by Garbulsky and Ceder seems to be very prom-
ising to include such effects,”’ even if it requires the deter-
mination of the force constants for a three-dimensional alloy
on an arbitrary lattice, which represents a formidable task for
first-principles electronic structure methods.
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