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Abstract—The kinetics of diffusional phase transformations in the pseudobinary Ni;Al-Niz;V system were
studied using a computer simulation technique based on microscope diffusion equations. Our focus is on
the initial stages of atomic ordering and compositional clustering process during the phase transformation
of an initially homogeneous disordered f.c.c. ternary alloy (Ni;sAlys _ (V) into a two-phase mixture of L1,
(NizAl) and DO;; (Ni3V) ordered phases. A thermodynamic model is proposed to describe the phase equi-
libria in this pseudobinary system. Our computer simulations demonstrated that at small vanadium con-
tent, the L1, ordered domains appear first, followed by the nucleation of DO,, ordered domains at the
antiphase domain boundaries of L1,, whereas at large vanadium content, precipitation of DO,, precedes
L1, domain formation. The simulation results are discussed employing the thermodynamic stability analy-
sis. The ordering and clustering kinetics predicted from our computer simulation are consistent with recent
experimental observations. © 1998 Acta Metallurgica Inc.

1. INTRODUCTION

The pseudobinary Ni;Al-NizV section of the Ni—
Al-V ternary phase diagram was found to contain
a eutectoid reaction at temperature, 1281 K, and
composition, Ni—5A1-20V (at.%), in which the
high-temperature disordered phase, o1, is at equili-
brium with low-temperature L1, (Ni3Al) and DO,
(Ni3V) phases [1]. Therefore, a quenched high-tem-
perature disordered phase annealed at low tempera-
tures will transform to a two-phase mixture of L1,
and DO, ordered phases.

Recent transmission electron microscopy (TEM)
observations and X-ray diffraction measurements
by Bendersky et al. [2], demonstrated that the pre-
cipitation of L1, and DO,, ordered phases from a
disordered matrix with composition Ni—4.5A1-22V,
is a rather complicated process involving several in-
termediate two-phase microstructures, leading to
the final eutectoid morphology. Based on these ex-
perimental observations, they summarized the entire
process in four stages. In stage I, L1, clusters nucle-
ate coherently in the disordered f.c.c. matrix, fol-
lowed by stage II, the formation of three different
variants of the DO,, phase from the remaining dis-
ordered matrix accompanied by the transformation
of L1, clusters into cuboidal precipitates. Stage III
involves the formation of twins or tetragonal strain-
ing of the L1, phase due to the accommodation of
misfit strains and other incompatibilities between
the different phases. And finally, in stage IV, a dis-
continuous coarsening process takes place, leading
to a eutectoid lamellar mixture.

The main objective of this paper is to theoreti-
cally investigate the sequence of order—disorder
transformations and compositional phase separ-
ation resulting in the precipitation of L1, and DO,,
ordered phases from a disordered matrix in
NissAlys _ V., where x is the atom percent of va-
nadium. It should be pointed out that, as far as the
authors are aware, this is the first time that the kin-
etics of precipitation of two ordered phase from a
disordered matrix have been studied theoretically,
particularly using computer simulations. The focus
will be on the initial stages of precipitation process,
i.e. the ordering and phase separation kinetics of
L1, and DOy, in a f.c.c. disordered matrix (stages I
and II). The results obtained from our computer
simulations are interpreted using the thermodyn-
amic stability analysis [3]. For simplicity, we will
ignore the effect of elastic strain energy on the two-
phase morphology. Our theoretical predictions will
be compared with experimental observations by
Bendersky et al. [2] on the same alloys.

2. COMPUTER SIMULATION MODEL

To investigate the kinetics of diffusional processes
in the pseudobinary NizAI-Ni;V, we employed a
computer simulation model recently developed for
ternary alloys [4] based on the Onsager-type micro-
scope diffusion equations first proposed by
Khachaturyan [5]. In this model, the atomic con-
figurations and the morphologies of a ternary alloy
are described by single-site occupation probability
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functions Pa(r,?), Pg(r,t) and Pc(r,r) which rep-
resent the probabilities of finding an A, B or C
atom at a given lattice site r at a given time ¢, re-
spectively. At very high temperatures, the equili-
brium state of a ternary system corresponds to a
homogenous disordered state described by
P,(r,t) = ¢, where ¢, is the overall composition for
component «. When such a homogenous phase is
quenched to low temperatures, it will become un-
stable with respect to atomic ordering, or compo-
sitional clustering, or both, depending on the
interatomic interactions within the system. The
evolution of the initially unstable state to a stable
one is a highly non-linear and complex process. It
is assumed that such a process may be described by
the Onsager-type microscopic diffusion equations as
proposed by Khatchaturyan [5]. Since for ternary
systems Pa(r,r) + Pg(r,t) + Pc(r,t) = 1.0, only two
equations are independent at each lattice site. If one
assumes the independent variables are Pa(r,f) and
Pg(r,f), there will be two independent kinetic
equations at each lattice site for species A and B,
respectively. Then, one can write the microscopic
kinetic equations for ternary systems as

dPa(r,) 1 . OF
di _kB_TrZ Laatr =105 & D

. OF
+ Lag(r—r )76P3(r’, t)]
and
dPa(r) 1 . OF
dr _kBTZ Lealr =) 5500
L GF
+LBB(r_r)75PB(r,7 t)] Q)

where kg is the Boltzmann constant, 7 is the tem-
perature, L,s(r —r’) are the exchange probabilities
between a pair of atoms, « and f, at lattice site r
and r' per unit time, and F is the total Helmholtz
free energy of the system. In the single-site approxi-
mation, the free energy F for a ternary system is
given by

+VBc(t—1")Py(r) Pc(t')+Vac(t—r") Pa(r) Pc(r')]

+kpT Y [Pa(r)In(PA(r) + Pp(r) In(P(r)

+ Pc(r) In(Pc(r))] 2
and
Vap(r—r1') =Waa(r—r')+Wap(r — ') —2Wp(r—r’)
Vec(r—r") =Wap(r—r')+ Wee(r — 1) —2Wae(r—r')
Vac(t—t") =Waa(r—r")+Wee(r — 1) =2Wac(r—r')
(3)
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in which W,g(r —r) are the pairwise interaction
energies between a pair of atoms, « and f§ (=A, B,
or C), at lattice site r and r’.

One can eliminate Pc(r,) in the free energy
expression by substituting Pc(r,0) with
1 — Pa(r,t) — Pp(r,t) and ignoring terms which do
not depend on the inhomogeneous distribution of
single-site occupation probability functions,

F=— %Z ; [(=VaB(r —r") + Vpc(r — 1)
+Vac(—r"))Pa(r)P(r')+ Vac(r—r) PA(r)Pa(r’)
+ Vie(r—r")Pp(r)Py(r’)]

+ kT Y [Pa(r)In(PA(r) + P(r) In(Pp(r)

+ (1 = PA(r) = Pa(r) In(1 — Pa(r) — Py(r))] (4)

The variational derivatives in the
equation (1) can then be written as

kinetic

0 1
lel‘/) =§Z [(=Vap(r —1") + Vic(r — 1)
+ Vac(r — ") ] Py(r)
+ Z Vac(r —r')Pa(r)
Pa(r')
T o ) ©
and
0 1
W};’) :EZ [(=VaB(r—r') + Vpc(r —r")

+ Vac(r —r')]Pa(r)

+ Z Vic(r — 1) Py(r)

+kBT1n|: Py(r’) ]

(I = Pa(r') — Pg(r"))

Since the total numbers of A, B and C atoms are
fixed, one has the condition
dPy(r) dN, _

dr — dt 0 ©)

where N, is the total number of o (=A, B or C)
atoms in the system. Equation (6) implies that

> L) =0,0,f=AorB (7

3. THERMODYNAMIC MODEL FOR THE
Niz;Al-Niz;V PSEUDOBINARY SYSTEM

According to experimental observations, there are
two ordered phases which appear in the NizAl-
Ni3V pseudobinary phase diagram, namely L1, and



PODURI and CHEN: COMPUTER SIMULATION

DO,,. To obtain the free energies of the high-tem-
perature disordered phase and the low temperature
ordered phases, the single-site occupation probabil-
ities in the free energy model are replaced by com-
position and corresponding long-range order
parameters. For an L1, ordered phase, the occu-
pation probabilities are given by [5]

PA(I') :CA(l + ;,“A(eZM'x + e2m’y 4 e2m'2))
, : _ ®)
PB(I') :CB(I 4 nlB(eZntx 4 e2my 4 eZm:))

where ca and cp are the average compositions of A
and B in the ternary Ni—Al-V system, ;5 and 7
represent the long-range order parameters which
are proportional to the concentration amplitudes
for component A and B, respectively, in the L1,
ordered phase, and x, y and z are the fractional
Cartesian coordinates of lattice positions in terms
of the respective lattice parameters of the f.c.c. unit
cell. It is easy to see that the occupation probabil-
ities assume only two values ¢ + 3cy; and ¢ — ey
on an f.c.c. lattice. Substituting (8) into the free
energy expression (4), we have the free energy of
the L1, ordered phase per atom as a function of
composition and long-range order parameters,

F(le) :1/2[(V}3c(0) + VAc(O) — VAB(O))CACB
+ Vee(0)ch, + Vac(0)ci ]

+G/D[niaVack) + nig Vac(ki)
+ mams(Veck) + Vac(ki) — Vap(k)))]
+ (ke T/H)[ea(l + 3n14) In(ea(l +3n14))
+ c(1 + 3np) In(cs(1 + 31,p))
+ (1 —ca(l +3nm14) — ca(1 + 3n))
In(1 — ca(l +3n7y4) — ea(l + 3’7113))]
+ Bk T/H)[ea(l = mip) In(ea(l = n14))
+ cp(l — ) In(ep(l — 1))
+ (1 —call =ny4) — ca(l —nyp)
In(1 — ca(l —1y4) — ¢s(l —’113))] )
where V,5(0) and V,4(k,) are the values of the Fourier

transform, V,p(k), of V,4(r), at k = 0 and k = k;,
and V,g(k), for the an f.c.c. lattice, is given by

V.p(k) =4 V;ﬁ(cos nh - cos mk + cos mh - cos l
+ cos nk - cos /)
+ 2V§/,(cos 2nh + cos 2nk + cos 2nl)
+38 V;ﬁ(cos 2nh - cos k - cos ml 4- cos mh
- cos 2ntk - cos l 4+ cos wh - cos mk - cos 2nl)

+4 Viﬁ(cos 2nh - cos 2nk+- cos 2mh - cos 2m/
+ cos 27wk - cos 2ml)

+... (10)
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where V;ﬁ, Viﬁ,. . V"‘xﬁ, are the first-, second-, and
ith-nearest neighbor effective interchange interaction
energies between o and f§ atoms, respectively, and /&, k
and / are integers related to the reciprocal lattice
through

K = (k. ky, k) = 2n(hat + ka% + [a}) (1)

with aj, a5 and a; being the unit reciprocal lattice vec-
tors of the f.c.c. lattice along [100], [010] and [001]
directions, respectively, and |aj| = |a",| = |a3]| = 1/
(ap is the lattice parameter of the f.c.c. lattice);
k; = 2ma; is the superlattice vector for the L1, ordered
phase.

For a DOy, ordered phase, the occupation prob-
abilities can be written as

Pa(r) =ca(l + 15, *F 4 207, cos w(2x + z))

Py(r) =cp(1 4 1,56*® ) 4 2y pcosn@x +2)  (12)

where 1,4, 134, 2 and ;g are order parameters
which are proportional to the amplitudes of the
concentration waves of respective A and B atomic
species in the DO,, ordered phase. On an f.c.c. lat-
tice, these probabilities take three values,
¢+ enyt2ens, ¢ + enp—2cn3 and ¢ — cn,. By substi-
tuting (11) into the free energy expression (4), we
obtain the free energy per atom of the DO,, phases
as a function of composition and order parameters,

F(DOy) =1/2[(Vec(0) + Vac(0) — Vap(0))cacs
+ Ve (0)eg + Vac(0)ci |

+ (1/2)(m37 Vac(2ka) + 135 Ve (2K2)
+ 124128 (VB (ZK2) + Vac(2k2) — Va(2k2))

+ 2135 Vac(ka) + 2n35 Vic(k)

+ 213135 (Vec(k2) + Vac(k2) — Vagp(ka))
+ (kg T/4)[ca(l + np

+ 2113a) Inca(l + 1124 + 21134)

+ cg(1 + 1o + 2n3p) In cp(1 + 155 +2113)
+ (1 = ca(l +nya + 2034)

— cg(1 + 1725 + 2113p)) In(1 — ca(l + 1724
+2134) — (1 + 1155 + 2113p))

+ ca(l + 150 — 2n37) Inca(l + 1724 —21134)
+ cg(1 + 15 — 2n35) Incp(1 + 1,5 —2113)
+ (1 = ca(l + 158 — 21134) — cB(1 + 215
= 3n3p)) In(1 — cA(l + 1124 — 21134)

— (1 +mp — 2’733))]

+ (ks T/2)[ea(l = n25) In(ca(l = 1124))

+ cg(1 — nop) In(ep(1 — 1op))

+ (1 — cal(l —154) — cg(1 — 1725)) In(1

—ca(l —mpa) —cp(1 — ’123))] (13)

where k, is the superlattice vector for the DO,
ordered phases given by k,=n(2a] +a" ;).
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The free energy of the disordered phase can be
obtained from (9) or (13) by letting the order par-
ameters equal to zero, i.e.

F(disordered) =1 /2[( VBc(O) + VAc(O) — VAB(O))CACB

+ Vc(0)cg + Vac(0)ci |
+ kg T[CA In(ca) + ¢ In(cp)
+ (1 — CA — (,'B) ln(l — CA — (,'B)] (14)

In order to determine the equilibrium fields of the
disordered phase («), L1, and DOy, i.e. the phase
diagram of the pseudobinary Ni;Al-NizV system,
we need to determine the interatomic interchange
energies, Vf;[;. They can be obtained either from
first-principles calculations or by fitting them to the
experimental phase diagram [6]. We chose to adopt
the latter strategy and assumed a fourth nearest-
neighbor interatomic model. The free energies of
the L1, and DO,, ordered phases as a function of
composition at a given temperature are, then,
obtained by minimizing equations (9) and (13) with
respect to their respective order parameters. Finally,
the equilibrium compositions, or, the phase bound-
aries of the disordered phase, the L1, and DO,
ordered phases are determined numerically by the
common tangent construction. The phase diagram
obtained by using this procedure is shown in Fig. 1,
with the available experimental points added in for
comparison. It can be seen that a reasonably good
fit is obtained using the following interaction par-
ameters: for Ni and Al interactions (meV/atom),
V1=122.30, V,=6.0, V3=16.58 and V,= —6.82;
for Ni and V interactions, V;=107.2, V,=32.0,
V3= —9.6 and V4,=12.8; and for Al and V inter-
actions, V;=40.0, V,= —30.0, V3= —80.0 and
V4:0.0.

The instability lines of the high-temperature dis-
ordered phase with respect to ordering concen-

1600 T T T T
° L1, line
1500 \5 b
1400 . .
)
£ 1300 7
2
g LI
3 1200 ’ 2 .
g \ DOy + L1
B0 H o 0N .
—e(y—*-%—\ﬁk———— - = =
1000 /
/ S~ b0y, line
900 / 1 \ 1 1

0 0.05 0.1 015 0.2

Al (Atomic Fraction)

Fig. 1. The Al-V (Ni = 75%) pseudo-binary phase dia-

gram (—), with the L1, (k;) and DO, (k,) instability lines

(- - -) superimposed. The experimental data is indicated by
dots.
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tration waves with the superlattice vectors k; and
k, of the L1, and DO,, phases are also shown in
Fig. 1. It has been shown that the instability surface
of an initial homogeneous disordered phase with
respect to a concentration wave of wavenumber k,
is given by [7],

(ks T)*+kp T[Vac(K)epee + Vac(K)eace
+ Vas(k)cacs]

1
+ Vac(k)Vpc(k)eacgee — Z(_ Vag(k)

+ Vac(k) + Vc(k)*cacec =0 (15)

Although both k, and 2k, are superlattice vectors
for the DO,, phase, 2k, is equivalent to k;. The
dash line labeled for the DO,, phase is the instabil-
ity line of the disordered phase with respect to the
ordering concentration wave with wave vector k.

4. COMPUTER SIMULATIONS

To perform computer simulations of the atomic
ordering and compositional clustering kinetics
during the precipitation of L1, and DOy, ordered
phases from a disordered phase, we have to numeri-
cally solve the kinetic equations for the single-site
occupation  probability functions. Since we
employed a fourth-neighbor interaction model, it is
convenient and even computationally advantageous
to solve the kinetic equations in the reciprocal
space. Fourier transforming both sides of the kin-
etic equation (1) gives

D k| PacPat, 0+ 172
[ = 7an(0) + Vac(k) + Pac(k) | Pak. 1
+ kaT{ InPA(r, /(1 = Pa(r. 1)
— Py 0]} |+ Lan()/kn T
[ Phc)Patk, 0+1/2(= Van)+ Vac(k)
+ Vac®IPAK, 1) + ks T{ In[PA(r, 1)/
(1= Pa(r. ) = Pa(r. 0]} | (16)
and
LoD k| PactPatk. 0+ 172

[~ PaB00 + Vac(k) + Pac()] Potk. 1
+ ka T | In[PA(r, /(1 = Pa(r. 1)

~ Pocr o} |
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+ Lun()/ks T { Pac(0 ok, 1

+1/2[~Vap(K)+ Vi (k)

+ Vac()]Pak. 1) + kT
[ nlPar /(1 = Patr.) = Pyte 1] |

where {In[PA(r,0)/(1 — PA(r,2) — Pp(r,0)lx
In[Py(r,0/(1 = PA(E) = Po@t)he Parko),
Pk, ) Laa(k), Lap(k), Lpa(k), and Lgp(k) are
Fourier transforms of corresponding functions in
the real space. By assuming atomic jumps between
nearest neighbor sites only and using the condition
that the total number of atoms in the system are
conserved, for an f.c.c. lattice, we can write

Lyp(K) = — 4L8/3[3 — cosh - cos mk
— cosnk - cosl — cos /- cos wh)

(17

where L% is proportional to the jump probability
between a pair of atoms « and f at nearest-neigh-
bor sites per unit time.

Although it is straightforward and desirable to
perform three-dimensional simulations using the
microscopic diffusion equations outlined above, a
two-dimensional simulation is much less computa-
tionally intensive, and the analysis and visualization
of the atomic configuration and multiphase mor-
phologies are much easier. As a result, all the
results reported in this paper were obtained using
two-dimensional projections of a three-dimensional
system. It is equivalent to assuming that the occu-
pation probabilities do not depend on the coordi-
nate z along the [001] axis. The formulation of the
kinetic equations on a two-dimensional projection
of a three-dimensional f.c.c. lattice presented below
was originally suggested by Khatchaturyan in a pri-
vate communication.

The two-dimensional projection of a f.c.c. lattice
along the [001] direction, is a square lattice whose
lattice parameter is half of that of the F.C.C. lat-
tice. Therefore, a lattice vector r in the two-dimen-
sional square lattice can be written as

‘C,

r=x'b; +y/b2 ="a +£32

2 2 (18)

where b; and b, are unit cell vectors of the square
lattice, and a; and a, are the unit cell vectors of the
f.c.c. lattice on the projected plane. The correspond-
ing reciprocal lattice vector k for the square lattice
is

K = 2n('b; + K'b}) = 2m(2h'a} + 2k'a3)  (19)

where b; and b, are the corresponding reciprocal
unit cell vectors for the square lattice, and a; and
a5 are the reciprocal unit cell vectors for the lattice
defined by the real space unit cell vectors, a; and
a.
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Therefore, on the projected two-dimensional
square lattice, the kinetic equations in the reciprocal
space are obtained by substituting (2 /7', 2k’, 0) for
(h, k, I) in equations (12) and (17) with

V(K') =4W(cos 2nh’ - cos 2nk’ + cos 2nh’ + cos 2nk’)

+ 2Ws(cos4nh' + cosdnk’ + 1)+ --- (20)
and
i(xﬁ(k/) =— 4Lgﬂ[3 —cos 2l - cos2nk’
— cos 2nk’ — cos 2mh'] (21)

The projected L1, and DO,, ordered structures are
shown in Fig. 2 for reference.

In the simulation, the coefficients L% are chosen
with the condition that the matrix has to be positive
definite. In particular, we chose

I —05 —0.5
LF=1-05 1 -05 (22)
-05 —05 1

We also tested other values of the coefficients and
we found that the results on the ordering kinetics
obtained from computer simulations, in particular,
the ordering sequence, seem to be quite insensitive
to the exact values chosen for these coefficients, as
long as the matrix is positive definite. The kinetic
equations were solved using the explicit forward
Euler technique.

We first tested the equilibrium phase diagram by
performing computer simulations in various single-
and two-phase fields in the pseudobinary phase dia-
gram including the two-phase fields of o + L1,
above the eutectoid and L1, and DO,, single-phase
fields. The structures, compositions, and the equili-
brium volume fractions as well as the ordering
instability lines of both ordered phases obtained
from the computer simulation are consistent with
the calculated phase diagram. For example, our

o Al
oNi

oVi
oNi

DO,

Projection

Fig. 2. The L1, and DO,, structures and their projections.
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computer simulations demonstrated that a disor-
dered phase annealed in the two-phase (x + L1,)
region on the calculated phase diagram transforms
into a two-phase microstructure consisting of L1,
particles embedded in a disordered matrix, and the
compositions of the two phases match the equili-
brium compositions predicted by the phase dia-
gram. We also calculated the variation of the two
order parameters in the DO,, phase with tempera-
ture at a composition close to the Ni;V stoichi-
ometry (Fig. 3) from the occupation probabilities at
each site obtained from the kinetic computer simu-
lations and the transition temperatures obtained
seem to agree with the equilibrium phase diagram
calculation as well.

Our focus of this paper is on the kinetics of
atomic ordering and clustering during precipitation
of both L1, and DO,, ordered phases from the dis-
ordered matrix. We chose a temperature of
1046.5 K which is close to that employed in
experiments [2] and examine the kinetics of diffu-
sional precipitation during the annealing of a disor-
dered phase at various compositions of ca;=0.03,
0.04, 0.055, 0.07 and 0.08 atomic fraction. All these
compositions are in the two-phase field containing
both L1, and DO,, at 1046.5 K. The initial disor-
dered phase was generated by assigning the average
compositions of Ni, Al and V to the respective oc-
cupation probability functions at each lattice site.
Within the two-phase field of L1,,+ DO,,, the in-
itial single-site occupation probability functions
describing the disordered state are non-equilibrium,
and with some small random perturbations, they
evolve as a function of time and their temporal
evolution describes the kinetics of atomic ordering
and compositional clustering.

Figure 4(a) shows the morphological evolution of
the alloy with the composition cx; =0.03, at differ-
ent time steps. The color scheme used to depict the
pictures is as follows: the color assigned to each lat-
tice site is a mixture of red, green and blue, in the

° a o etal
0.8} ° R o = :;2 i
— o D
53 o
5] ° o
0.6} 5 1
= o
& %, °
[ o ¢
_dé 0.4} % o 1
o
o -
0.2} °
o
O . L L I 8.
900 1100 1300

Temperature (K)

Fig. 3. The variation of the DO,, order parameters with
temperature.
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same proportion as the ratios of the occupation
probability at that site of aluminum, vanadium and
nickel, respectively. Thus, if the occupation prob-
ability of aluminum at any site is 1.0, then that site
is assigned the color red, and so on. The DOy,
phase therefore appears as green, since the dominat-
ing color at the vanadium sites is green. Similarly,
the L1, phase appears as red. All the nickel sites in
both phases appear as blue, which, therefore, seems
to form a background color. It can be seen that the
initial stage of annealing of the disordered state
involves atomic ordering in the disordered state
resulting in the formation of DO,, domains separ-
ated by antiphase domain boundaries (APBs).
Notice that the V atoms are arranged in a hexago-
nal fashion (it is not truly hexagonal since not all
sides have the equal length), consistent with a pro-
jection of the DOy, structure. Accompanying the
formation and growth of DO,, ordered domains,
Al atoms start to segregate to the APBs of the
DO,, ordered phase while the V atoms deplete
from the APBs. As the degree of Al segregation at
the antiphase domain boundaries increases, the L1,
ordered domains started to nucleate and grow at
the APBs of the DO,, ordered phase. The L1,
ordered domains can be identified by the Al sites
arranged in a square lattice consistent with the pro-
jection of the cubic L1, phase shown in Fig. 2.
After the formation of an equilibrium two-phase
mixture of L1, and DO,, ordered domains, the sub-
sequent process is mainly domain coarsening (of
course, some coarsening also took place even before
the formation of the equilibrium two-phase mix-
ture). Close examination of the amounts of the two
phases present, as well as the composition of the
two phases, show that they are consistent with the
phase diagram. The information on the sequence of
DO», and L1, ordering can also be obtained from
the diffraction patterns of the microstructures,
which are embedded within the frames of Fig. 4(a).
The diffraction pattern of the L1, phase is obtained
from the square of the Fourier transform of the oc-
cupation probabilities of Al atoms, while the dif-
fraction pattern of the DO», phase is obtained from
the square of the Fourier transform of the occu-
pation probabilities of V atoms. On the 2-D projec-
tion, the superlattice vectors of L1, ordered phase
are located at (#, k') = (0,1), (1,0) and (1,1) while
those of the DO,, ordered phase occur at (1/2.1),
(1,1/2), (3/2,1) and 1,3/2). The diffraction intensities
are represented using grey-levels. The diffraction
pattern of the L1, phase is shown in the lower left
inset and that of the DOy, is in the upper right
inset. It can be seen that the superlattice reflections
corresponding to the DO,, order appear before
L1,. The time-dependence of the intensity of the
L1, and DO,, superlattice reflections is plotted in
Fig. 5(a), which indicates quite clearly that DO,
ordering takes place before L1,. The kinetics of
ordering of a disordered phase at c¢5;=0.04 or
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a) b) ¢)

Fig. 4. Microstructural evolution at timestep #* = 5000, 25,000, 50,000 and 100,000 for (a) Al = 0.03, (b)
Al = 0.055 and (c) Al = 0.07.
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ca1=0.05 are very similar to that of ¢ =0.03,
except that the L1, phase formed at successively
earlier times, indicating increased ease of formation
of L1,, which is consistent with the fact that with
increasing Al composition, the driving force for the
formation of the L1, phase increases.

Figure 4(b) shows the temporal evolution of the
microstructure for ca;=0.055, and it can be seen
that at this composition, both the DO,, and the
L1, phase form practically simultaneously. The
microstructure contains both phases even from very
early times, and the diffraction patterns also reflect
this same information. Figure 5(b) shows the tem-
poral growth in the intensity of the diffraction
spots, showing practically simultaneous growth of
both phases. As we will discuss later, the main
reason for the simultaneous growth of L1, and
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Fig. 5. The temporal growth of the diffraction intensities
of the L1, and DO,, phases, for (a) Al = 0.03, (b)
Al = 0.055 and (c) Al = 0.07.
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DO, ordered domains is that driving forces for the
formation of the two phases are almost equal.

As the composition is increased to ca;=0.07 [see
Fig. 4(c) and 5(c)], the sequence in which the two
phases form is reversed. The L1, phase now forms
first, followed at later times by the formation of the
DO, phase at the anti-phase domain boundaries of
the L1, phase. At c5;=0.08, The same sequence is
observed, with the DOy, phase forming with greater
difficulty, i.e. at later times than at c4;=0.07.

Most of the compositions discussed above
(Al = 0.055 and Al = 0.07) are below the instabil-
ity lines of both the L1, and DO,, ordered phases.
However, we found that even when the composition
is below one of the instability lines and above the
other, the kinetics of ordering and compositional
clustering processes appear to be consistent with the
above scheme that below c¢5;=0.055, the DO»»
domains appear first, while above ca;=0.055, the
L1, domains appear first. For example, Fig. 6
shows the microstructural evolution for a system at
Al = 0.10 and T = 1046.5 K (i.e. above the DO»,
stability line), as a function of time. It is clear that
for ca;=0.10, the L1, ordering still precedes DO,,.
As this composition is above the ordering instability
line of the DO,, phase, the initial disordered state
is metastable with respect to ordering to the DO,,
phase. The kinetic equation (1) are deterministic
and hence cannot describe processes which require
thermal fluctuations, such as nucleation of ordered
domains in a metastable state. Therefore, one of the
reasons that L1, ordering takes place first before
DO,, order might be due to the fact that the initial
disordered state is metastable with respect to DOy,
ordering, and the fact that the Kkinetic equations
cannot describe the nucleation process. In order to
examine if this is the case, we introduced a random
noise term, £(r,7), to the right-hand sides of the kin-
etic equation (1), to simulate the thermal fluctu-
ations. The noise term is assumed to be Gaussian-
distributed with average zero, and uncorrelated
with respect to both space and time [8-10]. The
value for the variance of the noise was introduced
rather arbitrarily, to ensure nucleation within a
reasonable simulation time, so it is important to
point out that the nucleation rate described by the
noise term is incorrect. Nevertheless, the noise term
introduced in such an ad hoc way does result in
nucleation, as we discuss below for the case of com-
positions above both the ordering instability lines.
With thermal noise, DO,, ordered domains appear
at an earlier time compared to the simulation with-
out thermal noise. However, the thermal noise does
not change the sequence of ordering, i.e. L1, order-
ing precedes DO,, order and the DO,, ordered
domains nucleated at the APBs of the L1, ordered
phases.

When a composition is above the ordering
instability lines of both L1, and DOy, but within
the two-phase field, according to thermodynamics,
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Fig. 6. The microstructural evolution

the ordered phase can only form through a nuclea-
tion and growth process, since the initial disordered
state is metastable with respect to both L1, order-
ing and DO,, ordering. Indeed, our computer simu-
lation shows that initial small random perturbations
actually decay and the initial disordered phase
remains in its metastable state indefinitely. In order
to promote nucleation of ordered domains, again,
we added Langevin noise terms to the right-hand
sides of the microscopic diffusion equations. We
found that the L1, and DO,, phases appear almost
simultaneously during a computer simulation with
the noise terms.
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for ca;=0.10 at different timesteps.

5. DISCUSSION

Our computer simulations demonstrated that
when cp; is smaller than the crossover composition,
0.055, of the ordering instability lines with respect
to the L1, and DO,, phases on the pseudobinary
Ni3;Al-Ni;V diagram, the first stage of phase trans-
formation during the annealing of a disordered
phase annealed in the two-phase field of
L1,+DO0,,, involves DO,, ordering, followed by
the appearance of LI, ordered domains at the
APBs of the DO,, phase. On the other hand, if the
cap 18 larger than 0.055, the first stage is the L1,
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Fig. 7. The free energy-composition curves obtained
at 7 = 1046.5 K.

ordering preceding the formation of DO,, ordered
domains at the APBs of the L1, domains. For com-
positions close to 0.055, L1, and DO,, ordered
domains appear simultaneously. These results are
consistent with the experimentally observations by
Bendersky et al. [2] in the system.

The ordering sequences of L1, and DO,, phases
at other temperatures are similar to those at
1046.5 K although the kinetic mechanism of order-
ing may be different at different temperatures, i.e.
L1, and DO,, order can take place either continu-
ously or by a nucleation and growth mechanism.
Since the diffusion distances required for ordering
of a disordered phase into both L1, and DO,, are
similar, on the order of interatomic distances, it is
clear that the difference in the rates of ordering at
different compositions must be due to the difference
in their driving forces. This should be true, in gen-
eral, for precipitation of any two ordered phases
from a disordered matrix. Results of our computer
simulations indicate that the undercooling with
respect to the ordering instability lines of the two
phases is a good measure of the driving forces for
the formation of the corresponding ordered phases.

We have to distinguish the driving forces for the
development of a local fluctuation of long-range
order and a global one. Figure 7 shows the free
energy-composition curves of the pseudobinary
NizAI-NizV system at 77 =1046.5 K, which was
chosen to be the temperature at which most of the
simulations were performed. From Fig. 7, it is easy
to see that the final equilibrium state is a mixture of
two ordered phases, L1, and DO,, with equilibrium
composition, ca;=0.008, for the DO,, phase and
ca1=0.17 for the L1, phase determined from the
common tangent. By definition, the global driving
force is defined as the free energy difference between
the final state and the initial state. According to
Fig. 7, the aluminum composition at which the free
energy curves for L1, and DO,, intersect is about
0.045, and hence the global driving forces for the
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transformation of a single-phase disordered state to
a single-phase L1, ordered state and to a single-
phase DO,, ordered state are equal at ca;=0.045.
Yet, our computer simulations demonstrated that at
this composition, DO,, ordered domains appear
before L1,. Therefore, the magnitude of the global
driving force is not a good measure for determining
the sequence of L1, and DO,, ordering. On the
other hand, the driving force for the development
of a local long-range order fluctuation, on(r), is re-
lated to the second-derivatives of the free energy
with respect to the corresponding long-range order
parameter, i.e.

Af~ [(32f/3'12),7:o(511)2d3r~C(T -1 .(5'1)2013"
(23)

where C is a constant and 7_ is the ordering
instability  temperature  below  which  the
(3%//*),—o is negative. Therefore, it is the driving
force for local long-range order fluctuation which is
relevant to the rate of ordering. Equation (23) also
shows that the driving force for local fluctuation is
proportional to the undercooling below the order-
ing instability line, (T—7_). At T = 1046.5 K, the
disordered phase is unstable throughout the whole
two-phase composition range. For all compositions
below ca;=0.075, the disordered phase is unstable
with respect to the DO,, phase, while at all compo-
sitions greater than c;=0.032, it is unstable with
respect to the L1, phase. Thus, between c5;=0.075
and cA;=0.032, the disordered phase is unstable
with respect to both ordered phases. At compo-
sitions close to cA;=0.055, the ordering instability
lines for L1, and DO,, intersect, and hence the
driving forces for the development of local long-
range L1, and DO,, order at c5;=0.055 are very
similar. Therefore, it is expected that L1, and DO,,
ordered domains appear simultaneously from a dis-
ordered matrix. If the initial composition of the dis-
ordered phase is much larger than ca;=0.055, then
L1, is expected to precipitate first because of the
fact that disordered phase is absolutely unstable
with respect to L1, and metastable with respect to
DO,, and also the fact that the driving force for
L1, ordering is larger than for DO,,. On the other
hand, if the composition is much smaller than
ca1=0.055, DOy, ordering will precede L1,. This
qualitative analysis is consistent with our computer
simulations.

After the formation of equilibrium two-phase
mixture of L1, and DO,, ordered phases, the sub-
sequent process is primarily domain coarsening. It
should be pointed out that domain coarsening in
such a two-phase mixture is very interesting in the
sense that domain growth through APB (boundaries
between different antiphase L1, ordered domains or
those between DQO,, ordered domains) migration
and Ostwald ripening via interphase boundary (the



PODURI and CHEN: COMPUTER SIMULATION

boundaries between an L1, domain and a DO,,)
motion take place simultaneously. The situation is
very similar to the case of coupled grain growth
and Ostwald ripening in a polycrystalline two-phase
solid. The diffusion distance involved in an APB
migration is on the order of APB width whereas the
diffusion distance involved in an interphase bound-
ary motion is on the order of the separation dis-
tance of second-phase particles. In the case of
polycrystalline two-phase solids, we show that [11]
although grain growth and Ostwald ripening occur
simultaneously, the overall grain growth rate is con-
trolled by long-range diffusion, i.e. Ostwald ripen-
ing, with the average grain size varies as a function
of time as ¢'>. It may be expected that it is also the
case here for the domain coarsening of a L1, and
DO,, two-phase mixture.

6. CONCLUSION

The kinetics of atomic ordering and compo-
sitional clustering process during the phase trans-
formation of an initially homogeneous disordered
f.c.c. ternary alloy (NissAls — (V,) into a two-phase
mixture of LI1,(NizAl) and DO,,(Ni3V) ordered
phases were investigated using computer simu-
lations based on microscopic diffusion equations.
Our computer simulations demonstrated that at
small Al content (less than ca;=0.055), the DO,
ordered domains appear first, followed by the
nucleation of L1, ordered domains at the antiphase
domain boundaries of DO,,, whereas at large Al
content (larger than ca;=0.055), precipitation of
L1, domains precedes DO,, phase formation. It is
shown that the rate of ordering for L1, and DO,,
are mainly determined by their thermodynamic
driving forces for local long-range order, which is
linked to the undercooling with respect to the
ordering instability lines of the two phases. L1, and
DO,, ordering may take place either through a con-
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tinuous mechanism due to the thermodynamic
instability of the parent disordered phase, or a
nucleation and growth mechanism. The ordering
sequence predicted from our computer simulation
agrees with recent experimental observations on the
alloys.
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