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Abstract

Within the framework of the self-consistent field approximation and the static concentration waves approach, a statistical-thermodynamic descrip-
tion of D0y9-type superstructure in Ti—Al alloy is developed. A model of order—disorder phase transformation is applied for the non-stoichiometric
intermetallic Ti; Al phase. Interatomic-interaction parameters are estimated for both approximations. One model supposes temperature-independent
interatomic-interaction parameters, while the other includes the temperature dependence of mixing energies. The partial phase diagrams (equilibrium
compositions for the coexistent ordered a,-phase and disordered a-phase) are evaluated for both cases.
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1. Introduction

Over the past few years, intermetallic compounds based on Ti
and Al have been the subject of research due to their potential for
applications in the aerospace and automobile industries [1-4].
Due to their corrosion stability and strength, these intermetallic
alloys attracted particular attention as suitable materials for high-
temperature applications.

The structure of ap-TizAl phase is related to the DOjg-
type superstructure [5—15], which can be derived from the
hexagonal closed-packed (h.c.p.) solid solution (a-Ti—Al) by
a diffusion controlled ordering of Ti and Al atoms. The
first step in understanding the microstructure and the diffu-
sion kinetics of the Ti—Al relaxation is the construction of
a statistical-thermodynamic model and the estimation of the
interatomic-interaction energy parameters of this system for
arbitrary interatomic distances (i.e. outside the framework of
the conventional Bragg—Williams approximation). In spite of
some efforts [16], which have been made to describe the
atomic-ordering reaction in Ti3Al (a— ap), the statistical-
thermodynamic description for non-stoichiometric h.c.p. phase
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has not been attempted. Only few experimental results and the-
oretical descriptions have been obtained [9,17-19] to describe
the site occupation in Ti—Al alloys. Investigating symmetry of
interchange energies, distribution functions for substitutional
superstructures in h.c.p. lattices have been obtained in Ref. [20],
butlong-range order (LRO) parameters have not been calculated.
The distribution functions for atoms in the D09-type superstruc-
ture given in [6,21,22] and the image of D09-type superstructure
reported by [23] are wrong, in spite of the fact that coordinates
of the atoms are correctly [23] indicated.

The present paper is devoted to the theoretical description
of the phase transformation of the ordered intermetallic o-
phase into the disordered a-phase and to the calculation of the
interatomic-interaction parameters. The model is based on the
self-consistent field (mean-field) approximation and the static
concentration wave approach firstly proposed by Khachaturyan
[24].

2. Statistical-thermodynamic model

The hexagonal closed-packed lattice is a complicated Ising
lattice, which can be considered as two interpenetrating hexag-
onal Bravais sublattices displaced with respect to each other
by the vector h=2a;/3 +ay/3 +a3/2, where aj, a, a3 are the
unit vectors of the h.c.p. lattice along the [100], [010], [00 1]
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(a)

Fig. 1. Hexagonal close-packed lattice: perspective view (a) and top view (b).

directions, in the oblique system of coordinates (see Fig. 1).
Each crystal lattice site r can be described by two vectors R
and h, (r=R+h,) [24]. Vector R refers to the unit-cell’s origin
position, h, denotes the distance of a given site with respect to
the unit-cell’s origin, and p denotes the sublattice.

In the self-consistent field model, the configurational part
of the free energy of the h.c.p. binary A-B alloy based on the
complicated Ising lattice can be written as [24]:

l 2 / /
F=3 Z prq(R —R)P,(R)P,(R)
P.q=IR,R
2
+ksT> > [Py(R)In Py(R)
g=1 R
+ (1 = P;(R)) In(1 — Py(R))], (D

where the indexes p and g denote the sublattices (p, g=1, 2).
kp is the Boltzmann constant and 7 is the absolute temperature.
The single-site occupation-probability functions P,(R) (P4 (R))
represent the probability of finding a B atom at the site of the
pth (gth) sublattice within the cell with the origin R. In the last

equation, the summation is carried out over all unit-cells (R, R")
and all sublattices, i.e. over all Ising lattice sites. For a binary
solid solution, w py(R — R’) defines the interchange energy [24],
which known also as mixing energy:

wpg(R —R) = WiAR —R) + WEER - R')
—2W/ PR —R)). )

Here, W;‘qA, Wqu, quB are the pairwise interaction energies of
A-A, B-B, A-B pairs of atoms of the unit-cells separated by a
distance |R — R/|. The radius-vector R is related to the basic vec-
tors as R=nja; + npay + n3az with |a;| =|ax| =qp and |az| = cy.
ni, ny, n3 are the integer ‘coordinates’ of the unit-cell positions
in the oblique system of coordinates of the h.c.p. lattice (see
Figs. 1 and 2). Experimental values of the Tiz Al lattice parame-
ters are ag =0.289 nm and cg =0.464 nm [7], therefore the radii
of the first four coordination shells are as follows: r{ =0.286 nm,
ry =0.289 nm, r3 =0.406 nm and r4 =0.464 nm (Fig. 2).

For the h.c.p. lattice, interchange-energy matrix is
[5,6,20,24]:

w11 (k)  wia(k)
b (Kl = s

where

Dpg(k) = Y _wpg(R — R)e HREK), 3)

(b) S

Fig. 2. Unit-cell of DOj9-type Ti3Al superstructure: perspective view (a) and
top view (b). White balls are Al atoms and dark balls are Ti atoms.
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k= (k1, k2, k3) is a wave vector, ], (k) is the complex conjugate
to w12(k). The DOj9-type superstructure (Fig. 2) is generated by
the superlattice wave vectors [5,6,20,24] k| = wa] = (%, 0, 0),
k» = ma} = (0, 3, 0), ks = w(a} +a3) = (3, 3, 0); a} and a}
are the basic reciprocal lattice vectors of the h.c.p. lattice along
the directions [1 00] and [0 1 0], respectively. The interchange-
energy matrix has two eigenvalues:

Ai(k) = wi1(k) + w2kl Aa(k) = wyi(k) — |12(K)].

“

Using definition (3), one can obtain expressions for the ele-
ments of the interchange-energy matrix (3):

ﬁ)]](k) — wz(e2mk1 + ekaz + e—2mk| + e—2mk2 + e2711(1(14-k2)

+e—2ﬂi(k1+k2)) + w4(62ﬂik3 + e—27‘[ik3) + e, (5)

a)IZ(k) — w1(1 4 6727'rik3 4 6727Tik1 + 6727Ti(k1+k3)
+e—2ni(k1+k2) + e—Zﬂi(k1+k2+k3))

+ w3(32ﬂik2 + e2ﬂi(k2—k3) + e—ZJTikz + e—27ri(k2+k3)

4o 2miQkith) o= 2miChithatha)y 4 )

Here, w1, wy, w3, wy are the interchange energies for the 1st,
2nd, 3rd, 4th coordination shell with the radii r, 2, r3, r4 shown
in Fig. 2.

Within the framework of the static concentration waves
approach [24], the atoms’ distribution function, P4(R), can be
represented as a superposition of static concentration waves (as
Fourier series):

2
1 . ik -
PyR) = ¢+ ZZZﬁs,o/Z(Vs,a(]s)Ua(qs kj,) el R

s o=1
+ 75, Us)vi (g, k) e iRy, 0)

where ¢ is a relative concentration of B atoms in the A;_ B,
alloy and v, (g, k) exp(ikjs-R) is a static concentration wave. In
formula (7), vs(g, K) is a unit ‘polarization vector’ of the wave,
kjs is a wave vector, o is a ‘polarization number’. The variable
ns,c represents the LRO parameter, which is equal to 0 and 1 in
the disordered and completely ordered states, respectively. The
coefficients y;4(js) determine the symmetry of the occupation
probabilities Py (R), j; denotes the wave vectors in the first Bril-
louin zone of the star s. The star s is a set of wave vectors kjs,
which can be obtained from the one wave vector by the applying
to it all operations of the symmetry group of the disordered solid
solution. In formula (7), the summation is carried out over all
vectors {j } of the star s. We can describe the atomic distribution
in the binary alloy by the one distribution function because of
P;‘(R) + PqB(R) =1.

Applying the static concentration wave method for the D019-
type superstructure, we obtain

PR (1 1 1
PR =<l +Zn &1 ) cos(ztny)

1
+& (_1> cos(mtny)

1
+&3 < 1) cos[w(ny +no)l| , (8

whereé1=6=£63=1,§1=-5=—§3=1,-§1=5=—-&3=1o0r
—&1 = —&y =&3=1.The function (8) assumes two values, c — n/4
and c+3n/4, on all crystal lattice sites. Substituting expres-
sion (8) into the formula (1), we have the configurational free
energy of D0jo-type ordered phase per atom as a function of
temperature, concentration and the LRO parameter:

cIh® | 3otk | ksT
2 32 4

(o) (e )4 (1)
xln(l—c—?>+3(c—2) ln(c—g)

+3(1—c+g)1n<1—c+g)]. )

Forda =

The configurational free energy (per atom) of the disordered
phase (n=0) is

A01(0)

Fiisord = 4+ kgT[clnc+ (1 — ¢)In(1 — ©)]. (10)

To determine the equilibrium fields of the ordered (a2) and
disordered («) phases, which is a part of the phase diagram of
the system Ti—Al, we need to determine the interaction energy
parameters, A1(0) and A(K;), which enter into the free energy
expressions. These energy values can be obtained from the radia-
tion (X-ray or thermal neutrons) scattering data. However, these
measurements apparently have not been done for Ti—Al alloys.
Therefore, we chose the strategy of fitting energy parameters to
experimental phase diagram [25].

3. Calculated results

According to the experimental phase diagram [25] there is
a concentration—temperature range, where the equilibrium state
of Ti—Al corresponds to an ordered intermetallic state (i.e. DOj9-
type an-phase). By the decreasing the Al concentration or/and
increasing the temperature, this ordered phase becomes unstable,
and the disordered a-phase appears.

To calculate the equilibrium LRO parameter, we have to min-
imise the configurational free energy, F, with respect to the 7.
For ¢ = 1/4, such a procedure performed at different temperatures
gives branch A—B—C in Fig. 3. On the other hand, the equilib-
rium order parameter must satisfy the following condition for F
being a minimum with respect to n:

" (c—n/4)(1—c—3n/4)’ (11
T (c+3n/9H0 —c+n/4)

where t=kpT/|A2(K1)| is a reduced temperature. Eq. (11) has
no simple analytic solution, but one can solve it numerically.




T:M. Radchenko et al. / Journal of Alloys and Compounds 452 (2008) 122—-126 125

1.0
0.9
0.8
0.7
0.6

£ 051
0.4
0.3
0.2
0.1

D C
0.0 — T T T T T T T " T T eT T 1T L
0.13 0.14 0.15 0.16 0.17 0.18 0.19 020 021
T

Fig. 3. Equilibrium long-range order parameter, n, vs. reduced temperature, t,
for the DOj9-type superstructure.

The solution, for a given c, has the form shown in Fig. 3 (branch
A-B-D).

If we know the equilibrium LRO parameter, we can
calculate configurational free energy as a function of tem-
perature and concentration. The equilibrium compositions for
the coexistence of the ordered intermetallic ap-phase and
disordered a-phase can be determined numerically by the
common tangent construction. In this case, the values of
A1(0) and X(k;p) in expressions (9) and (10) are the fitting
parameters which have to be estimated. Using this procedure
combined with the least-squares method, the phase relation-
ships were computed for two assumptions (Fig. 4). The first
approximation yields the temperature-independent eigenvalues
of the interchange-energy matrix (A1(0)~462.36 meV/atom,
A2(Kp) & —555.91 meV/atom) relevant to the whole temperature
range 600-1000 °C. The second gives temperature-dependent
values (A1(0)=x1(0, T), do(ky)=Az(ky, T)). The tempera-
ture dependences of A{(0, 7) and Ap(k;, 7) are shown in
Fig. 5.
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Fig. 4. Calculated and experimental phase diagrams of Ti—Al alloy: model with
temperature-independent interatomic-interaction parameters (H), model with
temperature-dependent ones (A) and experiment () [25].
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Fig. 5. Temperature dependence of interatomic-interaction parameters, A(0)
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Fig. 6. Equilibrium long-range order parameter, 7, vs. temperature in the
non-stoichiometric DOjo-type phases with compositions Tipgs4Alp 16 (—--),

Tip.g3Alo.17 (-++), Tig.s2Alo.1s (---), Tigg1Alp.19 (- -), TipgoAlo20 (—-—),
Tig.79Alo21 (- - -), Tip.78Alg.22 (——-) and Tig.77Alp.23 (—).

The calculations were not extended above 7'= 1075 °C, since
at higher temperatures the TizAl-type phase already coexists
with the b.c.c. B-phase.

Using the A»(K;) values the temperature dependence of LRO
parameters in non-stoichiometric Ti3 Al was calculated (Fig. 6).
Figs. 3 and 6 demonstrate that the order—disorder phase transfor-
mation of D0g-type superstructures into the disordered a-Ti—Al
solid solution is a first-order phase transition.

4. Summary and conclusions

The study deals with a semi-phenomenological descrip-
tion of the order—disorder phase transformation of ordered
TizAl into the h.c.p. solid solution. The atomic configurations
of the ordered state are described by single-site occupation-
probability functions which have been calculated for the
DO019-type superstructure. The description is also applied to the
phase transformation to the a-Ti—Al solid solution using both
the self-consistent field approximation and the method of static
concentration waves.
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By the computing the partial equilibrium Ti—Al phase dia-
gram, interatomic-interaction parameters were evaluated. For
the model with temperature-dependent interatomic-interaction
parameters, the computed phase boundaries almost coincide
with the experimental findings. For the model with temperature-
independent interatomic-interaction parameters, there is a less
agreement.

A change of lattice parameters, ap and co, with both
temperature and composition results in the change of
interatomic-interaction energies which implicitly dependent on
T and c. In particular, the thermal expansion, the temperature
dependence of elasticity, and the softening of oscillatory modes
are responsible for the temperature dependence of A1(0) and
A2(Kq).

The order—disorder transformation of the intermetallic «y-
phase into the disordered a-phase is a first-order phase transition.

The findings eliminate the disagreement in the literature
as regards the atomic distribution functions for the D0jg-type
superstructure. This work is the first step of the investigation of
kinetics relaxation of non-equilibrium h.c.p. Ti—Al alloys. The
results obtained for the interatomic-interaction parameters will
be used in the Onsager-type microscopic diffusion equations to
study the kinetics of precipitation in the ordered intermetallic
phases.
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