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Monte Carlo computer simulation of order-order kinetics in the L12-ordered Ni3Al
binary system
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The results of previous extensive experiments ong8-Ni3Al systems are interpreted and explained by means
of Monte Carlo computer simulations based on the Glauber algorithm for vacancy mechanism of atomic
migration in a superstructure. The complex character of the experimental ‘‘order-order’’ relaxation curves, as
well as the theoretically predicted effect of vacancy ordering have been perfectly reproduced and analyzed in
detail in terms of the dynamics of particular kinds of atomic jumps. The relaxations corresponding to an
increase and decrease of the degree of long-range order showed up as processes only partially symmetric in
time. The proposed model scenario for the creation and elimination of antisite atoms in the relaxingL12-type
superstructure shows that the experimentally observed features of the ‘‘order-order’’ processes in Ni3Al follow
from an interplay between two dominating and coupled modes of long- and short-range ordering.
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I. INTRODUCTION

If a long-range ordered system annealed at temperaturTi

is abruptly cooled down or heated up to temperatureTf , the
degreeh of its long-range order~LRO!, i.e., the number of
antisite atoms, evolves from the initial equilibrium valu
h (eq)(Ti) to the final oneh (eq)(Tf). If both Ti and Tf tem-
peratures are lower than the ‘‘order-disorder’’ transiti
point Tt , the process is called an ‘‘order-order’’ relaxatio

Because of an important effect of LRO on many physi
and technological properties of metallic materials, ‘‘orde
order’’ relaxations have been experimentally investigated
many years~for a review see, e.g., Ref. 1!. Only recently,
however, the process has been studied in high-tempera
superalloys1–5 representing so-called ‘‘directly orderin
systems,’’6 which show homogeneous superstructure w
relatively low density of structural defects up to the melti
point. ‘‘Order-order’’ relaxations in such systems are th
reasonably tractable as having the same mechanism as
ume diffusion, i.e., elementary jumps of atoms to neighb
ing vacancies in bulk superstructure. Having similar mec
nisms, the processes differ, however, in the characte
correlations of elementary atomic jumps. While in the ca
of a steady-state diffusion in a superstructure atomic jum
are correlated in the way, that in average the degree of L
is not disturbed, the ‘‘order-order’’ relaxation aims just at t
change ofh and requires different correlations. Studies
‘‘order-order’’ relaxations and steady-state diffusion yie
therefore, complementary information on the dynamics
atomic migration in ordered crystals.1,7

Theoretical approaches to LRO relaxations based on
damental kinetic equations have been reviewed in Ref
Due to computational limitations, applicable conclusions f
0163-1829/2001/63~17!/174109~14!/$20.00 63 1741
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lowing either from analytical or even numerical solutions
kinetic equations have so far been obtainable only for
lected types of superstructures or specific thermodyna
conditions. However, implementation of general physi
concepts with molecular dynamics~MD! or Monte Carlo
~MC! computer simulation techniques allows a wide range
LRO kinetic problems to be studied.

Offering a possibility for investigating atomic migratio
in terms of crystal energetics treated by means of advan
solid-state theories, MD simulations are, however, tech
cally limited to rather small samples and short periods of r
time. Consequently, being very powerful when consider
the dynamics of single atoms in a solid,8 the method is less
useful for studying net kinetic effects—such as, e.g., LR
relaxation.

Most of simulation studies of structural kinetics are th
carried out by means of the MC technique~for references see
numerous works of Binder, e.g., Ref. 9!. The method is
based on numerical realisation of atomic jumps in a sim
lated system with probabilities defined in such a way t
correct thermodynamics of the system is reproduced, i.e.,
simulated system always relaxes to the state of thermo
namic equilibrium. The probabilities should depend on tw
factors:~i! driving force accounting for the effect of particu
lar jumps on thermodynamic potential of the system and~ii !
detailed energetics of a single jump including the sadd
point energy to be overcome by an atom when changin
position. While the first factor definitely determines the the
modynamical correctness of the model, the second one in
ences the details of the simulated kinetics.

Early models of Metropolis10 and Glauber11 accounted
correctly for the effect of driving force, but neglected total
the saddle-point energy. In the case of Glauber, the proba
©2001 The American Physical Society09-1
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P. ORAMUSet al. PHYSICAL REVIEW B 63 174109
ity P i→ j for an atomic jump from a site ‘‘i ’’ to ‘‘ j ’’ is given
by

P i→ j5

expF2DE

kT G
11expF2DE

kT G ~1.1!

whereDE5Ej2Ei , Ei andEj denoting the system energie
before and after the jump, respectively,k and T are Boltz-
mann constant and absolute temperature, respectively.

The probabilityP i→ j defined by Eq.~1.1! is ‘‘automati-
cally’’ normalized with respect to whether an atom execu
the i→ j jump or not. Since the pioneering papers on M
simulation of atomic migration processes12,13 the Metropolis
and Glauber algorithms have been commonly used in
sort of studies.14–18 DE may be evaluated within the variet
of existing models of crystalline systems including ‘‘ab ini-
tio’’ calculations.

An alternative algorithm accounting for and focusing
the effect of driving force refers to a general Onsager-ty
microscope diffusion equation proposed by Khachaturya19

and applied in simulation studies~see, e.g., Refs. 20–22!:

dn~rW,t !

dt
5(

rW8

L~rW2rW8!

kT
3

dF

dn~rW8,t !
~1.2!

wheren(rW,t) is an occupation parameter of the lattice site
rW, L(rW2rW8) is a kinetic coefficient,F is free energy andt,
k, andT are time, Boltzmann constant, and temperature,
spectively.

Saddle-point energyE1 is usually introduced to the MC
simulation algorithm by postulating

P i→ j5A3n03expF2
E12Ei

kT G , ~1.3!

whereP i→ j denotes again the probability for an atomic jum
from a site ‘‘i ’’ to ‘‘ j ,’’ Ei is the system energy before th
jump, n0 is the attempt frequency of the jumping atom, a
A is the normalization factor. Although such a definition
P i→ j seems more adequate for the dynamics of ato
jumps, the advantage of the resulting algorithm over
‘‘classical’’ one @Eq. ~1.1!# has never been verified by sy
tematic comparative simulation studies related to experim
tal results. On the other hand, the evident drawback of
approach consists of a general unavailability of actual val
of saddle-point energies and consequently,E1 is most often
estimated by multiplying pair-interaction energies of neare
neighboring atoms occupying lattice sites by arbitrary fact
~see, e.g., Refs. 23,24! or by setting it as a phenomenologic
parameter depending only on the kind of the jumping at
~see, e.g., Refs. 14,25!. Atomic migration may be effectively
simulated by implementing particular formulas for the jum
probabilities with a simulation algorithm, which defines t
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mechanism of the process~e.g., vacancy mechanism! and
also its time scale.26

Basic limitation of computer simulations of kinetics o
processes controlled by atomic migration with vacan
mechanism is due to usual impossibility of a simulation o
system with realistic concentrationcv of thermal vacancies
~because of a limited size of the simulated sample!. This
applies, e.g., to high-temperature intermetallics, where
temperatures of measurable order-order relaxations,cv is of
the range of 1029 ~see, e.g., Ref. 27!. This means that simu
lation of complete configurational kinetics is almost nev
feasible—i.e., there is no access to the vacancy forma
energy, which substantially contributes to the real ove
dynamics of the process.

The present Monte Carlo simulation study conce
order-order relaxations in a homogeneousA3B binary system
with a superstructure ofL12 type and refers to the previou
experimental works on Ni3Al reviewed in Ref. 1. The inter-
est is focused on the origin of the complex character of
h(t) relaxation isotherms measured by means of resid
resistometry, which fitted weighted sums of exactly tw
single exponentials with substantially different relaxati
times. Preliminary results of the study have been presen
in several international conferences.28,29

II. MONTE CARLO SIMULATION PROCEDURE

The sample was simulated by arranging two kinds
atom ~Ni and Al! taken in a stoichiometric proportion
NNi /NAl53/1 over aL12-type superlattice~Fig. 1! contain-
ing 256 000 sites. Subsequently, a fixed number of vacan
were introduced by emptying at random the correspond
number of lattice sites.

The equilibrium configuration of the system correspon
ing to a given temperatureT was then generated by imposin
periodic boundary conditions upon the system and lettin
relax according to the following algorithm: random choice
one of the 12 lattice sites of the vacancy’s first coordinat
shell, calculation~within a particular model! of the probabil-
ity P@Ni~Al !# @Eq. ~1.1!# for an exchange between the v
cancy and an Ni or Al atom occupying the chosen lattice s
generation of a random numberRP^0,1& and execution (R
<P) or suppression (R.P) of the jump. The procedure
was sequentially run for all vacancies present in the sam
The simplest and most clear time scale was defined: a
time ~MC time! was assigned to each completion of t
above cycle~MC step!.

The regular order-order relaxations were simulated
pursuing the above procedure at temperatureTf starting from

FIG. 1. Unit cell of L12-type superstructure of Ni3Al.
9-2



-

re
lie

a

th

th

n

d
e
al
y

a

gy

a

-

or
di

ap

am
en

his
of
in

tion

e
es
a-

ed

real

rely

uld

va-

MONTE CARLO COMPUTER SIMULATION OF ORDER- . . . PHYSICAL REVIEW B 63 174109
a system previously equilibrated~be means of the same pro
cedure! at another temperatureTi . All the results presented
in the paper have been averaged over 20 independent
izations of the procedure. Those presented in ear
communications28,29 corresponded toTi50 K ~disordering
of a perfectly orderedA3B system!.

The Glauber formula@Eq. ~1.1!# for the probabilities of
Ni- and Al-atom jumps to nearest neighbor vacancies w
used. The probability was automatically put equal to zero
the randomly chosen lattice site was occupied by ano
vacancy.

It is clear that the applied atomic-jump probability@Eq.
~1.1!# does not account for possible differences between
attempt frequenciesn0 @Eq. ~1.3!# of the jumping Ni and Al
atoms. Although there are no data for the attempt freque
of Al in g8-Ni3Al ~data for Ni may be found in Refs. 30,31!,
this simplifying approximation is at least partially justifie
either by considering Ni and Al as impurities within a mod
of Neumann,32 or by analyzing the existing experiment
data for Ni and Al diffusion in pure Ni—as recently done b
Pareigeet al.25 In both cases then0 values result almost the
same for Ni and Al.

III. MODEL OF THE Ni 3Al BINARY SYSTEM

A. Hamiltonian

Only the configurational part of the system energy w
considered when evaluating the probabilitiesP @Eq. ~1.1!#. It
was approximated by an Ising Hamiltonian with six ener
parametersVA-B

(n) describing ‘‘A-B’’ atomic pair interactions
(A,B5Ni,Al) between nearest-neighbor@NN, n 5 1# and
next-nearest-neighbor@NNN, n 5 2# atoms. Atom-vacancy
and vacancy-vacancy pair-interaction energies were equ
to zero. In order to approach the reality of Ni3Al the param-
eters were evaluated according to the following criteria:

VNi-Ni
(n) 523VAl-Al

(n) ~3.1!

the coefficient close to 2 between NN Ni-Ni and Al-Al in
teractions in Ni3Al appears in theoretical consideration~e.g.,
pairwise bonding model33!,

W(1)5
1

4
@VNi-Ni

(1) 1VAl-Al
(1) 223VNi-Al

(1) #50.035 eV ~3.2!

the value following from diffuse scattering experiments c
responding, however, to the approximation of four co or
nation shells,34

W(2)5
1

4
@VNi-Ni

(2) 1VAl-Al
(2) 223VNi-Al

(2) #520.0165 eV.

~3.3!

The value adjusted in the applied two coordination shell
proximation with a requirement that Eq.~3.2! is fulfilled and
that the order-disorder transition point is close to theTt ex-
trapolated for Ni3Al.6

The acceptable sets of the pair-interaction energy par
eters were thus definitely parametrized by only two indep
dent quantities, e.g.,VAl-Al

(1) andVAl-Al
(2) .
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It is commonly accepted that thermal vacancies in Ni3Al
occupy predominantly the Ni sublattice~see, e.g., Ref. 27
and related references therein!. Preliminary simulation runs
showed that vacancies~initially distributed at random!
drifted towards particular sublattice sites. The rate of t
drift was by an order of magnitude higher than the rate
any order-order relaxation. The final vacancy distribution
the sample depends on the applied atomic pair-interac
energy parameters fulfilling the criteria of Eqs.~3.1!–~3.3!
@Figs. 2~a!,2~b!#. Consequently, in order to keep up with th
reality of Ni3Al, i.e., to make less than 25% of all vacanci
reside in equilibrium on the Al sublattice, all further simul
tions were run with VAl-Al

(1) 520.15 eV or VAl-Al
(1) 5

20.05 eV and with VAl-Al
(2) varied between20.06 and

10.08 eV.

B. Vacancy concentration

An introduction of one single vacancy to the simulat
sample means the vacancy concentrationcv;1025; the
value by at least 3 orders of magnitude higher than the
one in Ni3Al at temperatureT50.53Tm ~i.e., within the
range of measurable order-order relaxations1!. Therefore, the
actual number of vacancies in the system had no but pu
technical meaning affecting the time scale~relaxation rate! of
simulated order-order relaxations.

The effect has two aspects:~1! according to the definition
of MC time the relaxation rate at given temperature sho
be proportional tocv , ~2! an increase ofcv should slow the
relaxation down due to an increasing concentration of di
cancies~or even larger vacancy clusters! and the resulting

FIG. 2. Fraction of vacanciesCv
(Al) residing on Al sublattice

against atomic pair-interaction energy parameters~a! VAl-Al
(2) 5

20.04 eV (d), VAl-Al
(2) 520.02 eV (s), VAl-Al

(2) 510.02 eV (.),
VAl-Al

(2) 510.04 eV (,); ~b! VAl-Al
(1) 520.05 eV (d), VAl-Al

(1) 5
20.15 eV (s).
9-3
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TABLE I. Meaning of atomic-jump frequency parametersPNi(Al): i→ j .

Symbol Meaning Jump effect

PNi:Al →Ni Ni-atom jump from Al-sublattice site to a NN vacancy
residing on Ni-sublattice site

ordering

PNi:Ni→Al Ni-atom jump from Ni-sublattice site to a NN vacancy
residing on Al-sublattice site

disordering

PNi:Ni→Ni Ni-atom jump from Ni-sublattice site to a NN vacancy
residing on Ni-sublattice site

no effect

PAl:Ni →Al Al-atom jump from Ni-sublattice site to a NN vacancy
residing on Al-sublattice site

ordering

PAl:Al →Ni Al-atom jump from Al-sublattice site to a NN vacancy
residing on Ni-sublattice site

disordering

PAl:Ni →Ni Al-atom jump from Ni-sublattice site to a NN vacancy
residing on Ni-sublattice site

coupling and uncoupling of NN antisite pair
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increase of the number of ‘‘lost’’ MC steps@P50 in Eq.
~1.1!#. It has been shown that as long ascv is reasonably
small ~i.e., does not exceed about 1023), the relaxation rates
are proportional tocv . Consequently, the value ofcv may be
chosen arbitrarily~within a reasonable range! without loos-
ing the physical meaning of the simulated order-order rel
ations. All over the presented work the simulated sam
contained 10 vacancies.

C. Monitored parameters

The current configuration of the system was analyz
within specifically extended point approximation involvin
the following three parameters.

~i! A Bragg-Williams-type LRO parameterh

h512
NNi

(Al)

0.753N(Al) , ~3.4!

whereN(Al) andNNi
(Al) denote the number of Al-type subla

tice sites and the number of Ni antisites~Ni atoms on the Al
sublattice!, respectively.

~ii ! A specific short-range-order-~SRO! type parameter
antisite pair correlation~APC!:

APC5
NNiAl

(Al)(Ni)

NNi
(Al) , ~3.5!

whereNNiAl
(Al)(Ni) denotes the number of NN pairs of Ni and A

antisites.
~iii ! Normalized average minimum distance^r min&nor be-

tween Ni and Al antisites

^r min&nor5
^r min&
r NN

, ~3.6!

where^r min& is a minimum distance between Ni and Al a
tisites averaged over all Al antisites andr NN is the NN dis-
tance in the lattice. As the simulated order-order relaxati
occurred in a homogeneously and nearly perfectly orde
system with no antiphase boundaries, it was sufficient to
rametrize the state of LRO by means of one single LR
17410
-
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d

s
d
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parameter instead of three, necessary for a full descriptio
L12 type LRO in a binary system.

The order-order relaxations were investigated by monit
ing the MC-time dependence ofh, APC, and^r min&nor as
well as by considering the jump-frequency paramet
PNi(Al): i→ j :

PNi(Al): i→ j5
NNi(Al): i→ j

exec

Natt
, ~3.7!

where:NNi(Al): i→ j
exec denotes a number of Ni~Al !-atom jumps

from an i-type sublattice site to a NN vacancy residing
j-type sublatticeexecutedwithin a fixed number of MC
steps,Natt denotes the total number ofjump attempts~ex-
ecuted and not executed! during the same MC-time period.

Table I lists the parametersPNi(Al): i→ j and indicates the
role of corresponding atomic jumps in the order-order rel
ation. As any atomic jump is ‘‘reversed’’ with a finite prob
ability, i.e., after having jumped to a NN vacancy, the ato
may subsequently jump back to its former position, it is re
sonable to consider in addition the efficiency of particu
ordering-disordering jumps

ENi
ord5

PNi:Al →Ni2PNi:Ni→Al

PNi:Al →Ni
; ENi

dis5
PNi:Ni→Al2PNi:Al →Ni

PNi:Ni→Al
,

EAl
ord5

PAl:Ni →Al2PAl:Al →Ni

PAl:Ni →Al
; EAl

dis5
PAl:Al →Ni2PAl:Ni →Al

PAl:Al →Ni
.

~3.8!

IV. RESULTS

A. Stability of L12 superstructure of Ni3Al

An example of the temperature dependence of the si
lated equilibrium value ofh obtained for one of the accep
able sets ofVA-B

(n) is displayed in Fig. 3. Qualitatively simila

behavior ofh (eq)(T) curves was observed for each appli
set of VA-B

(n) : the h (eq)(T) curves dropped discontinuousl

down toh (eq) 5 0 at Tc'1720 K, as expected.
9-4
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B. ‘‘Order-order’’ relaxations

1. General features of the relaxation curves

In general, a comparative study of disordering (DT5Tf
2Ti.0) and ordering (DT,0) relaxations occurring at th
same temperaturesTf was carried out. The temperaturesTi
and Tf were chosen in the way that both the initial@h(t
50)# and final (h (eq)) values ofh were high and that the
amplitudesuh(t50)2h (eq)u of both ordering and disorder
ing relaxations were low and equal. In practice, it appea
that no interpretable results were obtained if the relative a
plitudes uh(t50)2h (eq)u/h(t50) were lower than 1%. A
pair of qualitatively typical isothermsh(t) obtained in this
way is presented in Fig. 4~a!. Laplace transformations of th
isotherms revealed exactly two peaks in the relaxation-t
distribution @Figs. 4~b!, 4~c!#, which directly refers to the
experimental results previously reported for Ni3Al.1 Thus,
the curves fitted approximately weighted sums of two sin
exponentials

h~ t !2h (eq)

h~ t50!2h (eq)'C3expF2
t

ts
G1~12C!3expF2

t

t l
G ;

t l.ts ; 0<C<1, ~4.1!

where the two relaxation timests andt l differed by up to a
factor of 50.

While regular Arrhenius plots yielding effective positiv
activation energyEA were obtained for the longer relaxatio
times t l ~slow relaxation process!, the shorter relaxation
timests showed no significant temperature dependence~Fig.
5!. An analysis of the jump frequenciesPNi(Al): i→ j @Eq.
~3.7!# showed that, as expected~fixed number of lattice sites
and vacancies!, exactly equal numbers of Ni and Al antisite
were created or removed within any MC-time intervals d
ing the simulated relaxations. Consequently, any poss
‘‘unbalance’’ between, e.g.,PNi:Ni→Al and PAl:Al →Ni caused
by differences between the respective energy increme
decrementsDE in Eq. ~1.1!, must have been compensated
an appropriate frequency of reversed jumps.

The general strategy for the whole further study consis
of a search for possible model parameters affecting or be
correlated with the value of the weight factorC @Eq. ~4.1!#. It

FIG. 3. Temperature dependence of the equilibrium valueh (eq)

of LRO parameter in Ni3Al simulated atVAl-Al
(1) 520.15 eV and

VAl-Al
(2) 520.04 eV. The inset shows the fragment corresponding

900 K,T,1500 K and related to most of the simulations.
17410
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was expected that by controllingC it would be possible to
reveal the microscopic mechanism responsible for the
served structure of order-order relaxation process in Ni3Al.

2. Factors controlling the contribution of the fast process
to the order-order relaxation

Analyzed were series of ordering (DT,0) and disorder-
ing (DT.0) relaxations occurring at fixed temperaturesTf
~tests were repeated for different values ofTf). The weight
factor C resulted always higher for ordering than for diso
dering and in both cases showed slight, though system
decrease with increasingTf .

The most important observation indicated, however, t
both for ordering and disordering the value ofC gradually
decreased when, at fixedTf and VAl-Al

(1) , the value ofVAl-Al
(2)

was increased within the limits allowed by Eqs.~3.1!–~3.3!
@Figs. 6~a!,6~c!#. The changes ofC were definitely more pro-
nounced in the case of disordering relaxations, where it w
possible to almost completely eliminate the fast process.

An increase ofVAl-Al
(2) ~at fixedTf andVAl-Al

(1) ) influenced in
completely different ways the two relaxation timests andt l
@Figs. 6~b!,6~d!#: While the long onet l systematically in-

o

FIG. 4. ~a! Ordering and disordering relaxation isothermsh~t!
simulated atVAl-Al

(1) 520.15 eV andVAl-Al
(2) 520.04 eV, and at com-

mon Tf51350 K. ~b!,~c! The related Laplace spectra of relaxatio
times.
9-5
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creased both for ordering and disordering,ts slightly in-
creased only for ordering and remained constant for dis
dering.

Isothermal relaxations of the LRO parameterh were ac-
companied by specific evolution of the SRO parameter A
@Eq. ~3.5!# and ^r min&nor @Eq. ~3.6!#. Figs. 7~a!–7~d! show
examples of the MC-time dependence of APC and^r min&nor
corresponding to theh(t) relaxations simulated at simila
temperatures, but with different values ofVAl-Al

(2) yielding dif-
ferent values of the weight factorsC. In order to compare the
rates of evolution of APC,̂ r min&nor and h, the curves are
shown together with the fast component ofh(t) ~as ts de-
pends very weakly onVAl-Al

(2) a comparison to one represe
tative curve is sufficient!.

In all cases, APC and̂r min&nor relaxed towards equilib-
rium levels APC(eq) and ^r min

(eq)&nor, which for fixedTf were
common for all applied values ofVAl-Al

(2) ~i.e., for all observed
values ofC). Figure 8 shows APC(eq) and^r min

(eq)&nor as func-
tions of Tf .

At DT,0 ~ordering! APC and^r min&nor relaxed towards
the equilibrium levels by decreasing and increasing, resp
tively @Figs. 7~a!,7~b!#. Although APC and̂ r min&nor always
reached their equilibrium levels far before the final saturat
of h(t), their relaxation rates were the lower, the lower w
the value of the weight factorC connected with the corre
spondingh(t) curve. In the case of the highestC, the relax-
ations of APC and̂ r min&nor showed slight overshootings an
proceeded with almost the same rates as did the fast com
nent ofh(t).

In the case ofDT.0 ~disordering! the overshootings
were much stronger: an initial increase of APC~decrease of
^r min&nor) led to a maximum value APCmax ~minimum
^r min&nor) and was followed by a decrease of APC~slight
increase of̂ r min&nor) @Figs. 7~c! and 7~d!#. As follows from

FIG. 5. Arrhenius plots of the rexation timests (L) andt l (d)
in ~a! ordering and~b! disordering simulated atVAl-Al

(1) 520.15 eV
andVAl-Al

(2) 520.04 eV.
17410
r-
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the graphs, the higher was the value of the weight factorC of
the correspondingh(t) curve, the higher was APCmax and
the lower was the minimum value of^r min&nor. The rate, at
which the APC(t) and ^r min&nor(t) curves saturated, thoug
decreasing with decreasingC, was always comparable with
the rate, at which there saturated the fast component ofh(t).

3. Atomic-jump-scale analysis of order-order relaxations
with various values of the weight factor C

The analysis consisted on a detailed inspection of the
lationships between the atomic-jump-frequenciesPNi(Al): i→ j

FIG. 6. Effect ofVAl-Al
(2) on the value of the weight-factorC and

the relaxation timests (.) and t l (d) at VAl-Al
(1) 520.15 eV: ~a!,

~b! ordering atTi51500 K, Tf51350 K; ~c!, ~d! disordering at
Ti5900 K, Tf51350 K.
9-6



f

a-
o
a
he

ved

na-
m

en-

d

r
e

al

s:
ring

in-

on

ing,
f
he
be-
. It
ies

f
p

ring

ed

l

MONTE CARLO COMPUTER SIMULATION OF ORDER- . . . PHYSICAL REVIEW B 63 174109
@Eq. ~3.7!#, efficienciesENi(Al)
ord(dis) @~3.8!# and the energetics o

the system represented by the pair-interaction energiesVAl-Al
(2)

correlated to the weightfactorC ~see the previous paragraph!.
Considered were~a! VAl-Al

(2) dependence ofPNi(Al): i→ j and
ENi(Al)

ord(dis) calculated within the first 5000 MC steps per v
cancy, i.e., within the MC-time period shorter by an order
magnitude than the shortest relaxation time observed in
performed simulation, but covering the highest activity of t

fast process and~b! evolution ofPNi(Al): i→ j andENi(Al)
ord(dis) dur-

FIG. 7. APC and̂ r min&nor against MC-time during isotherma
order-order relaxations.~a!, ~b! Ordering at Ti51500 K, Tf

51350 K with C50.6 (d), C50.43 (s), C50.39 (.); ~c!, ~d!
disordering atTi5900 K, Tf51350 K with C50.22 (d), C
50.08 (s), C50.03 (.). Fast componenth fast of h~t! at C 5 0.6
~a!, ~b! andC 5 0.22 ~c!, ~d! is traced withh.
17410
f
ny

ing entire relaxation processes exhibiting extreme obser
values ofC.

The general and obviously expected feature of all a
lyzed relaxations was a definite domination of Ni-ato
jumps within Ni sublattice:PNi:Ni→Ni was always about 30
times higher than any other frequency and almost indep
dent onVAl-Al

(2) andT. Hence, it is not shown in the following
diagrams.

~a! Initial stages of relaxations.The results are displaye
in Fig. 9: In parallel with the frequenciesPNi(Al): i→ j @Figs.
9~a!,9~d!# and efficienciesENi(Al)

ord(dis) @Figs. 9~b!,9~e!# displayed
together with C(VAl-Al

(2) ), the VAl-Al
(2) dependence of the

system-energy changesDE corresponding to particula
jumps @see Eq.~1.1!# and averaged over the same MC-tim
period asP and Eord/dis is shown@Figs. 9~c!,9~f!#. Both for
ordering and disordering the weakest dependence onVAl-Al

(2)

was observed forPAl:Ni →Ni ~Al-antisite transportation via Ni
sublattice!. Considerably higher value ofPAl:Ni →Ni in the
case of ordering obviously follows from the higher initi
number of Al antisites present in the system.

Both for ordering (DT,0) and disordering (DT.0) an
increase ofVAl-Al

(2) was accompanied by the following effect
decrease of the frequencies of ordering and disorde
atomic jumps and, slight decrease of the efficiencyENi

ord/dis of
the ordering-disordering Ni-atom jumps and substantial
crease of the efficiencyEAl

ord/dis of the ordering-disordering
Al-atom jumps.

It is interesting to consider the correlation of the variati
of the jump frequencies@Figs. 9~a!,9~d!# with the corre-
sponding variation of the respective energy changesDE
@Figs. 9~c!,9~f!#. Although according to Eq.~1.1!, the fre-
quencies should decrease with increasingDE, this kind of
behavior was observed, both for ordering and disorder
only for PNi:Al →Ni andPAl:Al →Ni, i.e., for the frequencies o
jumps to Ni vacancies. As explained in Sec. V B, t
anomaly resulted from a specific statistical correlation
tween the ordering-disordering jumps of Ni and Al atoms
should finally be noted that the Ni-atom-jump frequenc
~except for PNi:Ni→Ni not shown here! were considerably
higher in the case of ordering than disordering.

~b! Entire order-order relaxations with different values o
C. Figures 10 and 11 show the evolution of the atomic-jum
frequencies and efficiencies during ordering and disorde
relaxations simulated atTf51350 K for two extreme values
of C, respectively. The jump frequencies are display

FIG. 8. Temperature dependence of APC(eq) (d) and ^r min
(eq)&nor

(h) in Ni3Al at VAl-Al
(1) 520.15 eV andVAl-Al

(2) 520.04 eV.
9-7
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FIG. 9. Values of atomic-jump frequenciesPNi(Al): i→ j , efficienciesENi(Al)
ord/dis and related average system-energy changesDE averaged over

the first 5000 MC steps/vacancy againstVAl-Al
(2) : ~a!, ~b!, ~c! ordering atTi51500 K, Tf51350 K, PNi:Al →Ni (d), PAl:Ni →Al (s), PAl:Ni →Ni

(.); ~d!, ~e!, ~f! disordering atTi5900 K, Tf51350 K, PNi:Ni→Al (d), PAl:Al →Ni (s), PAl:Ni →Ni (.). VAl-Al
(2) dependence ofC @earlier

shown in Figs. 6~a! and 6~c!# is traced in diagrams~a!, ~b!, ~d!, and~e! with 1 symbols.
a

o
d
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againsth, because in this way the stages of relaxations
clearly visible.

Ordering with the highestC @Figs. 10~a! and 10~b!# pro-
ceeded with gradually decreasing jump frequencies of b
Ni and Al atoms. The following relations were maintaine
all through the process:PNi:Al →Ni.PAl:Ni →Al.PAl:Ni →Ni and
EAl

ord.ENi
ord. While the process progressed, the differences

tween the jump frequencies and efficiencies definitely
creased.

Ordering with the lowest observed~though still high! C
@Figs. 10~c! and 10~d!# differs from the latter case in consid
erably lower frequencyPAl:Ni →Al of the Al atom ordering
jumps: PNi:Al →Ni.PAl:Ni →Ni..PAl:Ni →Al . It is, however,
remarkable that the efficienciesENi

ord andEAl
ord of Ni- and Al-

atom ordering jumps were substantially reduced and
hanced, respectively.

The analogous diagram corresponding to disordering w
the highest observedC is more complex@Figs. 11~a! and
11~b!#. The relaxation started again with highly efficient di
ordering jumps withPAl:Al →Ni.PNi:Ni→Al . While the pro-
cess progressed, both disordering-jump frequen
PAl:Al →Ni and PNi:Ni→Al increased, however,PNi:Ni→Al in-
17410
re

th

e-
-

n-

h

s

creased faster and quite soon became higher thanPAl:Al →Ni .
Both PAl:Al →Ni and PNi:Ni→Al were all the time higher than
PAl:Ni →Ni , which, however, also increased—apparently d
to an increase of the number of Al antisites. The disorderi
jump efficienciesENi

dis and EAl
dis gradually decreased, being

however, almost equal all through the relaxation.
In the case of the disordering relaxation with the lowe

value of C ~lower than 5%) @Figs. 11~c! and 11~d!#, the
frequencies of Ni- and Al-atom disordering jumps again
creased and their efficiencies decreased with decreasinh,
but the following relations were maintained all through t
processPNi:Ni→Al.PAl:Ni →Ni..PAl:Al →Ni and EAl

dis.ENi
dis.

Similarly as in the case of ordering, a decrease ofC was
followed by a considerable reduction ofPAl:Al →Ni and a sub-
stantial increase ofEAl

dis.

V. MODEL OF THE ORDER-ORDER RELAXATION
PROCESS IN L12-ORDERED Ni3Al SYSTEM

A. General remarks

The presented Monte Carlo simulation study of the ord
order relaxations in the L12-orderedA3B(Ni3Al) binary sys-
9-8
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tem offers a new insight into the microscopic mechanism
the process, which has up to now been only a subjec
speculations in view of the experimental results.1,4 An order-
order relaxation is a complex cooperative process rearra
ing atomic configuration in the superstructure and thus,
full description involves the time evolution of all multisit
correlation functions ~see, e.g., Ref. 1 and referenc
therein!. In general, particular multisite correlation function
are coupled one with another and do not relax independe

An interplay between the LRO and SRO relaxations w
the subject of many theoretical studies carried out most o

FIG. 10. Atomic-jump frequenciesPNi(Al): i→ j and efficiencies
ENi(Al)

ord againsth during ordering atTi51500 K, Tf51350 K with
C50.6 ~a!, ~b! and C50.43 ~c!, ~d!: PNi:Al →Ni (d), PAl:Ni →Al

(s), PAl:Ni →Ni (.).
17410
f
of

g-
ts

ly.
e
n

by means of the master equation method@~MEM!, see, e.g.,
Refs. 35,36# or path probability method@~PPM!, see, e.g.,
Ref. 37#. It was indicated that, in general, SRO relaxes su
stantially faster than does LRO. For a decade, the effect
been observable in direct experiments38 concerning, how-
ever, in most cases order-disorder transformations.

The analysis presented in the present work involved
Bragg-Williams LRO parameterh and only one specific
SRO parameter: the antisite NN pair-correlation APC. Th
only a partial image of the phenomenon is given. The res
shown in Fig. 7 indicate that the SRO~APC! relaxation

FIG. 11. Atomic-jump frequenciesPNi(Al): i→ j and efficiencies
ENi(Al)

dis againsth during disordering at atTi5900 K, Tf51350 K
with C50.22 ~a!, ~b! and C50.04 ~c!, ~d!: PNi:Ni→Al (d),
PAl:Al →Ni (s), PAl:Ni →Ni (.).
9-9
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caused a fast change of LRO (h) and in this way generate
the observed complexity of the overall isothermal time e
lution of LRO ~two simultaneous processes with differe
rates!. The subsequent paragraphs are devoted to a des
tion of the phenomenon in terms of the statistics of elem
tary atomic jumps inL12 sublattice.

B. Mechanism of the ‘‘order-order’’ relaxation process
in L12-ordered Ni3Al system

Taking into account the geometry of theL12 superstruc-
ture and, in addition, the fact that vacancies reside predo
nantly on the Ni sublattice, it is easy to conclude that
process of creation or elimination of NN antisite pairs
absolutely the most effective mode of ordering or disord
ing ~elimination or creation of antisite atoms! in Ni3Al. Each
cycle of this process causes a substantial change ofh by
simultaneous production or elimination of two antisites a
what is more, starts and completes with a mobile Ni vaca
able to initiate another cycle~Fig. 12!.

The role of NN antisite pairs in the order-order kinetics
an Ni3Al L12-ordered system was additionally displayed
simulating ordering relaxations with artificially generat
nonequilibrium initial APC. Theh(t) curves resulting from
simulations withTi51500 K andTf51350 K are shown in
Fig. 13. In the case of simulation started at equilibrium AP
~open circles! the regular relaxation was observed. In t
case of the initial value of APC equal to 1~solid squares! the
process of ordering was substantially enhanced and e
overshot the equilibrium value ofh. The case with APC
initially equal to 0~diamonds! turned out to be very interest
ing. Ordering was first suppressed, and even preceded
slight disordering connected with an increase of APC. O

FIG. 12. Scheme of the formation of NN antisite pairs, the p
cess of fast ordering and disordering inL12-orderedA3B binary
system:d: A atomss: B-atoms,h: vacancy.

FIG. 13. h(t) isotherms for ordering atTi51500 K, Tf

51350 K and atVAl-Al
(1) 520.15 eV andVAl-Al

(2) 520.04 eV with ar-
tificially generated extreme initial levels of APC: APCi51 (j),
APCi5APC(eq) ~1350 K! (s), APCi50 (l).
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after having produced a certain number of NN antisite pa
was the system able to order—i.e., to reduce the numbe
antisite atoms.

Elimination and creation of NN antisite pairs may proce
not only by ordering or disordering of the system, but also
uncoupling and coupling the pairs due to Al-antisite mig
tion within Ni sublattice. It is easy to show that if NN antisit
pairs in Ni3Al are created or eliminatedexclusivelydue to
creation or elimination of Ni and Al antisites, the paramete
h and APC defined by Eqs.~3.4! and~3.5! fulfill the follow-
ing relationship:

~12h!3~APC21!5const ~5.1!

with the value of const determined by initial values ofh and
APC.

Figs. 14~a! and 14~b! show APC againsth corresponding
to ordering and disorderingh(t) relaxations with different
values ofC. The curves given by Eq.~5.1! almost perfectly
coincide with the simulated ones in early stages of rel
ations. Moreover, it is visible that~i! both for ordering and
disordering the departure of APC(h) from the relationship of
Eq. ~5.1! occurs the earlier, the lower is the value ofC, ~ii ! in
the case of ordering the departure occurs substantially l
than in the case of disordering. The results indicate that
effect of Al-antisite migration is practically invisible durin
the early stages of the order-order relaxations dominated
the fast process. However, it definitely shows up within t
rest of the kinetics, becoming important the later, the hig
is the value of the weight factorC.

As mentioned earlier, the relaxations ofh and APC are
coupled, but both parameters tend to respective equilibr
values corresponding toTf temperature. While the relaxatio

-

FIG. 14. APC againsth during isothermal order-order relax
ations.~a! Ordering atTi51500 K, Tf51350 K withC50.6 (d),
C50.43 (s), C50.39 (.); ~b! disordering atTi5900 K, Tf

51350 K with C50.22 (d), C50.08 (s), C50.03 (.).
APC(h) curves following from Eq.~5.1! are traced as full lines.
9-10
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of h results composed of two simultaneous exponential p
cesses~Fig. 4!, the evolution of APC is more complex an
shows certain overshooting before the saturation is atta
~Fig. 7!.

Figures 9–11 yield an atomistic explanation of observ
effects. In general, they reflect the asymmetry of theL12
superlattice: while both Ni and Al atoms may jump betwe
different sublattices modifying locally the state of atom
order, easy migration of atoms not affecting the atomic or
occurs exclusively within the Ni sublattice and, therefo
applies only to regular Ni atoms and Al antisites. Orderi
and disordering cases need separate discussions.

1. Ordering

The fast process which starts after decreasing the sys
temperature (DT,0) consists of a quick elimination of NN
antisite pairsexisting in the systemby Ni vacancies. In par-
allel, however, the NN antisite pairs are permanently coup
and uncoupled by the Al antisites migrating in Ni sublatti
@Figs. 10~a!,10~b!#, which either join, or leave the Ni anti
sites. Such events cause certain energy changeDE of the
system~negative for joining and positive for leaving an N
antisite!. Its value, being in average independent onVAl-Al

(2) ,
cannot be estimated by averaging theDE for Al-antisite mi-
gration @as done in Figs. 9~c! and 9~f!# as the cases of cou
pling or uncoupling are only a small fraction of all A
antisite migration jumps. A hand calculus of the abo
energy change was made forVAl-Al

(1) 520.15 eV andVAl-Al
(2)

varied between20.06 and10.08 eV assuming a perfectl
ordered superlattice of Ni3Al ( h51). The DE resulted
strictly independent onVAl-Al

(2) and equal to60.145 eV for
uncoupling and coupling, respectively.

The slow ordering consists of the elimination of NN a
tisite pairscurrently createdby the above coupling proces
Because of low probability of Al reversals~Al-disordering
jumps! and higher probability of Ni reversals@see the related
levels of DE in Fig. 9~c! and note that during a particula
relaxation processDE for ordering jumps isin averageequal
to (21)3DE for their reversals, i.e., disordering jumps# the
frequency of Ni-atom jumps is always higher than the f
quency of Al-atom ones. The necessary equilibrium betw
the numbers of eliminated Ni and Al antisites is, howev
maintained, because Ni atoms for most of time oscillate
tween two NN regular and antisite positions~low value of
ENi

ord).
Each cycle of the elimination of a NN antisite pair

initiated by a jump of an Ni antisite, which produces an
vacancy, to which there may jump the neighboring Al an
site. Alternatively, however, the jump to the Al vacancy m
be executed by one of the more numerous NN Ni ato
@probabilities of both events are quite high, see the co
spondingDE in Fig. 9~c!#, which then oscillates between it
regular and antisite positions engaging the available vac
cies and increasing the frequency of inefficient ordering
disordering Ni-atom jumps. The probability of the latt
event somewhat increases with a decrease of the differ
betweenDE for Ni-atom ordering and their reversals@com-
pare Figs. 9~b! and 9~c!#. This, however, means an increa
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of DE for Ni-atom ordering jumps@Fig. 9~c!# and causes an
effective decrease ofPNi:Al →Ni @Fig. 9~a!#. As expected, due
to the vacancy engaging by oscillating Ni atoms, the effec
accompanied by a decrease ofPAl:Ni →Al , which falls below
the almost constant level ofPAl:Ni →Ni . On the other hand
EAl

ord increases@Fig. 9~b!# due to an increase ofDE for Al
reversals. Consequently, the rate of the elimination of N
antisite pairs in both the fast and slow processes slig
decreases@see an increase ofts and t l in Fig. 6~b!#. How-
ever, because of no substantial change ofPAl:Ni →Ni ~includ-
ing the coupling jumps, whoseDE does not depend on
VAl-Al

(2) ), this leads effectively to a relative increase of t
number of NN antisite pairs eliminated by the slow proce
~in relation to the fast one! and a decrease ofC, in consis-
tency with theC(VAl-Al

(2) ) dependence traced in Figs. 6~a!,
9~a!, and 9~b!.

The most efficient elimination ofexisting NN antisite
pairs~highest value ofC) occurs, therefore, in the case of th
highest efficiencyENi

ord of Ni-atom ordering jumps. It leads to
a slight APC overshooting and, therefore, the final stage oh
relaxation proceeds as a purely slow process controlled
Al-antisite migration@compare Figs. 7~a!, 7~b!, and 10#.

Finally, Figs. 15~a!,15~b! show theTf dependence of the
PNi(Al): i→ j and ENi(Al)

ord parameters averaged over 5000 M
steps/vacancy at the beginning of ordering proceeding w
the highest value ofC and after the MC-time period thre
times longer than the short relaxation time~corresponding to
currentTf).

Within the initial 5000 MC steps/vacancy, the frequenc
of all the ordering jumps inrease with inreasingTf , but the
corresponding efficiencies decrease. This is apparently
reason for the non-Arrhenius behavior ofts @Fig. 5~a!#,
which corresponds to a pure elimination of NN antisite pa
by correlated pairs of Ni- and Al-atom ordering jumps.

After the saturation of the fast relaxation process, the re
tive increase ofPNi(Al): i→ j with Tf appears stronger, while
ENi(Al)

ord decreases weaker, which disturbs the specific bala
observed at the beginning of the relaxations. The main r
son for the observed temperature dependence~Arrhenius be-
havior! of the rate of the slow process is, however, the f
that it involves Al-antisite migration, where the essent
cases of the jumps coupling/uncoupling the NN antisite pa
cause nonzero energy changesDE. In addition, the normal-
ized average minimum distance^r min

(eq)&nor between single an-
tisites ~to be coupled and only then eliminated! decreases
with temperature~see Fig. 8!. As a result, the rate of the
process shows certain temperature dependence yielding
fectively positive activation energy.

2. Disordering

After an increase of temperature (DT.0) the disordering
jumps of Ni and Al-atoms simulated at the lowest value
VAl-Al

(2) ~yielding the highest values ofC) show almost similar
initial frequencies and efficiencies@Figs. 9~d!,9~e!#. This is a
consequence of very close levels of the corresponding en
changesDE caused by Al- and Ni-atom jumps@Fig. 9~f!#.
Such circumstances especially promote the fast increas
9-11
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APC, i.e., fast decrease ofh proceeding according to Fig. 12
The process competes, however, with two effects.

Similar to the case of ordering, the existing NN antis
pairs are permanently uncoupled and recoupled due to
migration of the created Al antisites within the Ni sublattic
Each uncoupling of a NN antisite pair causes certain ene
changeDE which, as mentioned in the preceding paragra
is positive and does not depend onVAl-Al

(2) .

FIG. 15. Atomic-jump frequencies and efficiencies against
relaxation temperaturesTf at VAl-Al

(1) 520.15 eV and VAl-Al
(2) 5

20.04 eV.~a! Ordering:PAl:Ni →Al (d and s), PNi:Al →Ni (. and
,), andPAl:Ni →Ni (j andh); ~b! ordering:EAl

ord (d ands) and
ENi

ord (. and,); ~c! disordering:PAl:Al →Ni (d ands), PNi:Ni→Al

(. and,) andPAl:Ni →Ni (j andh); ~d! disordering:EAl
dis (d and

s) andENi
dis (. and,). (d, j, .) denote the parameters ave

aged over initial 5000 MC steps/vacancy of relaxation, (s,h,,)
denote the same parameters averaged over 5000 MC steps/va
after the saturation of the fast component of relaxation.
17410
he
.
y
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An increase of the number of Al antisites migrating ov
Ni sublattice @gradual increase of a profile of this proce
during the relaxation is visible in Fig. 11~a!# causes that they
still more and more frequently approach the just created
antisites and may jump with high probability to the jus
created Al vacancies~instead of Ni atoms! stopping the cre-
ation of NN antisite pairs and also stopping the progress
fast disordering.

Further slow decrease ofh ~actually, active all through
the relaxation! is accompanied by adecreaseof APC @Fig.
7~c!# and, therefore, proceeds with a large contribution
Al-antisite migration in Ni sublattice~uncoupling of the NN
antisite pairs!. The uncoupling enables further disorderin
thanks to the formation of new NN antisite pairs@after the
saturation of the fasth(t) component#, but also results in
oscillations of the ‘‘left-alone’’ Ni antisites between the a
tisite and right positions, which is reflected by an increase
PNi:Ni→Al @Fig. 11~a!# and may lead to a definite eliminatio
of a Ni antisite.

An increase ofVAl-Al
(2) causes an increase ofDE for Al-

disordering jumps and a decrease ofDE for the Ni disorder-
ing ones within the initial stage of relaxation@Fig. 9~f!#. For
this reason, the disordering jumps of Al atoms become m
rarer, but, being more often followed by Ni-atom jumps, a
definitely more efficient@Fig. 9~e!#. Consequently, the effec
tive rate of the production of NN antisite pairs (1/ts) re-
mains constant@Fig. 6~d!#.

A decrease of the weight factorC with increasingVAl-Al
(2)

follows from the fact that on one hand the correspond
increase ofDE for disordering jumps of Al atoms occur
without any substantial change ofDE for Al antisite migra-
tion ones, including the cases of the uncoupling of NN an
site pairs, and on the other hand, the number of Al antis
continuously increases. Consequently, increased~and even
inverted! is the difference between the frequenciesPAl:Al →Ni
andPAl:Ni →Ni and~i! more NN antisite pairs just created a
very soon uncoupled and~ii ! more Al vacancies just create
by disordering Al-atom jumps are reached by previously c
ated and migrating Al antisites. Both effects result in an e
lier stop of the increase of APC.

Figure 15~c! shows that within the first 5000 MC step
vacancy a decrease of the relaxation temperatureTf influ-
ences stronger the frequency of Al-disordering jumps th
the frequency of Ni-disordering jumps. As a result, while
lower temperatures Ni atoms jump more frequently, Al-ato
jumps dominate at higherTf –the effect is analogous to th
one at constantTf and increasingVAl-Al

(2) @Fig. 9~d!#. At any
Tf , however, Ni-atom jumps are more efficient@Fig. 15~d!#.
The net effect is that the rate of the ‘‘pure’’ creation of N
antisite pairs (1/ts) does not change withTf @Fig. 5~b!#.

After the saturation of the fast relaxation proce
PNi:Ni→Al is always higher thanPAl:Al →Ni and increases with
increasingTf much stronger than doesPAl:Al →Ni . However,
at higherTf the efficiencyEAl

dis of Al-atom jumps becomes
higher thanENi

dis. Therefore, the mechanism of ‘‘compens
tion’’ active within the first 5000 MC steps/vacancy of th
relaxation does not work any more and the rate of the s
disordering (1/t l) shows temperature dependence.

e

ncy
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Similarly as in the case of ordering, the main reason fo
regular Arrhenius behavior of the longer relaxation timet l
might be understood in terms of the positiveDE for uncou-
pling of NN antisite pairs and of a decrease of the aver
minimum distancê r min

(eq)& between antisites with increasin
temperature. After having been created as NN pairs, the
tisites are now uncoupled~with positiveDE) and moved in
average bŷ r min

(eq)& before a new antisite pair is created. As
result, an increase of temperature is followed by a decre
of t l .

VI. CONCLUSIONS

~1! Monte Carlo computer simulations of order-order r
laxations in theL12-long-range ordered intermetallic com
pound Ni3Al based on the vacancy mechanism of atom
migration revealed a parallel operation of two coupl
‘‘order-order’’ relaxation modes observed in experime
short-range ordering@time evolution of the antisite pair cor
relation ~APC!# and long-range ordering~time evolution of
the single-site correlationh).

~2! The predominating mechanism of any change of
degree of long-range order in the system, i.e., of the crea
or elimination of antisite atoms observed, e.g., by means
resistometry,1 is the creation~disordering! or elimination~or-
dering! of NN pairs of Ni and Al antisites by means of co
related jumps of Ni and Al atoms to NN vacancies~Fig. 12!.
This process is a mechanism for the simultaneous and co
lated evolution of APC andh and shows up as the fast com
ponent of order-order relaxation in Ni3Al.

~3! Although the concentration of the NN antisite-pa
~APC! is correlated with the concentration of antisites (h), at
any temperature APC andh have independent equilibrium
levels. The mechanism enabling the establishment of in
pendent equilibria of APC andh is an easy migration of Al
antisites within the Ni sublattice. Due to the Al-antisite m
gration the NN antisite pairs are permanently coupled~order-
ing! or uncoupled~disordering!, which leads to and then
maintains a dynamical equilibrium of APC and enables
possible further evolution ofh towards its equilibrium level.
The evolution ofh enabled by the latter mechanism is o
served as the slow component of order-order relaxation
Ni3Al.

~4! It was shown that the contribution of the fast proce
to the order-order relaxation in aL12,-long-range-ordered
ch
l-
-
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A3B system may be controlled by the values of input para
eters used in the simulations—in particular, by the values
atomic pair-interaction energies. These parameters determ
the balance between the frequencies of ordering/disorde
(PB:A↔B) and ‘‘A-sublattice migration’’ jumps (PB:A→A) of
the minorityB atoms within the initial stage of the proces
The contribution of the fast process is reduced ifPB:A→A
increases in relation toPB:A↔B . Complete elimination of the
fast process is, however, possible only in the case of di
dering, where the NN antisite pairs are currently produced
PB:A→A is sufficiently high, this production may be at onc
compensated by the uncoupling mechanism. In the cas
ordering, certain concentration APC of the NN antisite pa
to be quickly eliminated always exists in the system a
therefore, an increase ofPB:A→A causes only a limited reduc
tion of the contribution of the fast process.

~5! The high correlation of the atomic jumps driving th
fast relaxation ofh is the reason for the irregular behavior
its simulatedrelaxation time~no definite temperature depen
dence!. However, the effect is supposed to result from t
specific algorithm and model applied in the performed co
puter simulations.

The study is currently continued by means of Mon
Carlo and Molecular Dynamics simulations wit
‘‘embedded-atom’’~EAM! potentials for particular interme
tallic compounds. It aims at the estimation of average sad
point energies for atomic jumps, which are then used as in
parameters in MC simulations run with various algorithm
Preliminary simulations of order-order relaxations in Ni3Al
run using Glauber@Eq. ~1.1!# and ‘‘residence-time’’39 algo-
rithms with EAM potentials yielded qualitatively similar re
sults as those reported in the present paper~coexistence of
two LRO relaxation processes correlated with the spec
APC kinetics!.40
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