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Kinetics of phase transitions in equiatomic CuAu

O. Malis and K. F. Ludwig, Jr.
Boston University, Boston, Massachusetts 02215

~Received 22 April 1999!

The detailed ordering kinetics in equiatomic CuAu was studied usingin situ time-resolved x-ray scattering.
A subtle competition between the modulated CuAu II phase and the simple ordered CuAu I phase was found
to occur across the CuAu I/CuAu II phase boundary. The correlation between ordering and the tetragonal
distortion was also investigated, in particular the crossover from a heterogeneous incoherent nucleation to a
continuous, coherent growth of the tetragonal lattice. The late stage coarsening process was found to obey the
expectedt1/2 growth law but at high temperatures the kinetics is slowed down, possibly by the competition
between the two ordered phases or the interaction between grain and domain boundaries.
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I. INTRODUCTION

Bulk metallic alloys exhibit a wide variety of ordere
structures in the solid phase, some of which have interes
technological properties. In contrast to the disordered s
solutions where the different chemical species are distribu
on the positions of the crystalline lattice with a probabil
equal to their composition, in the ordered phases each
cies occupies specific atomic positions which form sing
component rich sublattices. Traditionally, ordering in bina
metallic alloys has often been modeled by an Ising anti
romagnet on a fixed lattice. Starting from this Ising mode
coarse-grained, Ginzburg-Landau free-energy functional
be defined and used to describe the phase transition bet
the disordered and the ordered phases. The kinetics o
ordering transformation is concerned with the time evolut
of the order when a phase transition occurs and is often
vestigated theoretically using a Langevin equation.1 Even
within the mean-field context the Langevin equation can
be solved exactly in the general case and must be simpl
by adding strong constraints to the model, constraints wh
make the solutions valid only in limited time regimes. F
the earliest stages of the process, Cahn, Hilliard, Cook
Fontaine, and Khachaturian2–7 developed a linear theory b
assuming that the order parameter is sufficiently small
the higher-order terms of the Ginzburg-Landau expansion
the free-energy can be neglected. Despite its simplicity
the uncertainty concerning its breakdown time,8,9 the linear
theory is often used as a first model to interpret early st
experimental data.10 For the late stages of the coarseni
process, Allen and Cahn11 derived an equation for the tim
dependence of the average domain size. The predictedt1/2

growth law of the ordered domains has been confirmed
numerical simulations12 and x-ray scattering experiments13

on several ordering systems.
The theories mentioned above are expected to be valid

simple ordering systems in very specific time regimes of
transformation. There is, however, a broad range of inter
diate stages for which no simple analytical solution for t
Langevin equation can be constructed. Nonlinear theo
have been proposed for this regime but they involve a nu
ber of uncontrolled approximations.14–16 Moreover, real al-
PRB 600163-1829/99/60~21!/14675~8!/$15.00
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loy systems often display complicated ordered structures
involve long-period superlattices or lattice distortions. Re
tively little experimental and theoretical work has been do
so far to approach the rich phenomena associated with p
transition kinetics in these systems. The goal of the pres
paper is to investigate experimentally the ordering kinetics
such a complex binary alloy, equiatomic CuAu. Current
there is no single theoretical model that can fully explain
behavior we observe in CuAu. Though there has been s
success in comparing the experimental results to Lange
simulations based on the effective medium theory of co
sion in metals~EMT!,17 clearly more sophisticated theorie
and Monte Carlo simulations have to be developed in or
to provide insight into the subtle interplay between order a
strain in CuAu.

In the 50-50 at. % concentration range the equilibriu
phase diagram of CuAu exhibits a sequence of two fi
order phase transitions. Above 410 °C the stable phas
disordered; Cu and Au atoms occupy with equal probabi
the four sublattices of a fcc lattice. Below 385 °C the eq
librium phase is a simpleL10 ordered phase, CuAu I, in
which Cu and Au occupy alternating atomic layers. Betwe
these two transition temperatures CuAu orders into a o
dimensional long-period superlattice~LPS! structure, called
the CuAu II or modulated phase, which consists of a perio
array of antiphase boundaries with an average modula
wavelength approximately ten times the size of the unde
ing CuAu I cell. The origin of the modulated phase is st
under debate18 and most theoretical models encounter dif
culties in predicting the correct CuAu II stability in a narro
temperature range.

In addition to ordering, the phase transitions in CuAu a
accompanied by a change of the lattice from cubic in
disordered phase to orthorhombic in CuAu II and tetrago
in CuAu I. If, by convention, thec axis of the lattice is taken
to be the stacking direction of the Cu and Au layers, a
called the ordering direction, the orthorhombic distortion
the unit cellb/a is small and will be neglected but the te
tragonal distortionc/a is significant and reflects the larg
size difference between Cu and Au atoms~12%!. The tetrag-
onal lattice is compressed by approximately 7% in the ord
ing direction and dilated by about 1% in the plane perp
14 675 ©1999 The American Physical Society
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14 676 PRB 60O. MALIS AND K. F. LUDWIG, JR.
dicular to the ordering direction~in-plane directions! with
respect to the cubic disordered lattice.

Using in situ time-resolved x-ray scattering we studied
detail the kinetics of CuAu I formation from the disordere
and modulated phases. We found that the CuAu II ph
plays a major role in the ordering process. Our investigat
focuses on the competition between the two ordered ph
and on the correlation between order and strain as the la
changes from cubic to tetragonal. We also examine the
stages of the transformation within the context of the Ca
Allen theory of coarsening.

II. EXPERIMENT

The x-ray scattering experiment was performed at the
tional Synchrotron Light Source, Brookhaven Nation
Laboratory, on the IBM-MIT beamline X20C. The x-ra
data we report here were taken with a flat double-cry
Si~111! monochromator at a photon energy of 6.9 keV wh
the beam intensity was monitored with two ion chambe
The beam was focused at the sample and the typical b
size was 0.5-mm vertical by 1-mm horizontal.

The samples studied were polycrystalline free stand
films and ribbons 3–10-mm thick deposited by therma
evaporation on metallic foil. The composition of the samp
was determined by x-ray microanalysis and fluorescence
found to be within 1.5 at. % of stoichiometry. This unce
tainty in the composition of the samples is consistent wit
10° uncertainty in our determination of the modulated
disordered transition temperature. The relative ratios of
measured Bragg peak intensities indicates that the C
grains do not exhibit significant preferred orientation.

During the experiment the samples were rapidly quenc
from the disordered or modulated phase into the ordere
modulated phase region and the time evolution of the x-
scattering pattern was recorded by a linear position-sens
detector or a CCD array in reflection geometry. In order
avoid oxidation at high temperatures and to improve te
perature homogeneity, the samples were kept in a high-pu
He atmosphere. Two different experimental setups have b
used to achieve the desired quench rates. For the exam
tion of slower processes such as the competition between
two ordered phases the samples were heated on a bo
nitride heater which is in thermal contact with a water-coo
Cu block. The temperature is measured by a thermoco
and controlled by a Eurotherm controller. This setup allow
quench rates of up to 6 °C/sec.

In order to achieve faster quenches and therefore s
earlier stages of the transformation some of the polycrys
line films were deposited on 25-m Mo foil and cut into 2-mm
wide ribbons. These ribbons were resistively self-heated
the temperature was monitored with an infrared pyrome
which was calibrated so that the modulated to disorde
transition temperature corresponds to the known value. T
setup allowed quench rates of up to 250 °C/sec. Qualitativ
similar behavior was observed in the ribbons and the t
films.

III. COMPETITION BETWEEN CuAu I AND CuAu II

The ordering kinetics in CuAu has been investigated
studying the time evolution of the scattering pattern in
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~110! and~001! Bragg peak ranges. In both these regions
reciprocal space, CuAu I exhibits single superlattice poi
while CuAu II exhibits pairs of superlattice points. For
polycrystalline sample, due to the radially averaging nat
of the scattering, the CuAu II pair produces only one diffra
tion maximum in the~001! q range and two maxima in the
~110! q range. Moreover, the significance of the peak wid
is also different: the~001! width is given by the domain size
in the ordering direction~i.e., along the localc axis! while
the widths of the~110! peaks reflect domain sizes in th
plane perpendicular to the ordering direction.

We found evidence for a competition between the t
ordered phases which occurs across the CuAu II/CuA
phase boundary and takes the form of an interesting meta
bility of the modulated phase into the CuAu I stability rang

Figure 1 shows the evolution of the scattering pattern
the ~110! reciprocal vector range for a sequence of quenc
from the disordered state (430 °C) to different points bel
the modulated/disordered phase boundary. The two
peaks are characteristic of the modulated phase while
central peak is the single~110! peak of CuAu I. It is note-
worthy that for quenches in the vicinity of the CuAu

FIG. 1. Time evolution of the~110! scattering pattern for
quenches from 430–390 °C~a!, 380 °C~b!, 370 °C~c!, and 320 °C
~d!. In each case the lowest diffraction pattern is obtained 90
after the quench. Subsequent patterns at 90 sec intervals are
by 10 units upwards. The exposure time for each pattern is 3 s



a
it

e-
i-
a

sit
o

o
th
C

g-
C
th
a
t

c

d
e
os
th
I

tw
a
ia
n
p

te
ew
lp

th
II

in
th
t

ap
a

e
un
w
h
d
u
ap
e
k

rin

ke
gt

ud
r
o
n

nit

rst
the
ree

u-

o is

the
ed
ls are
is 3

PRB 60 14 677KINETICS OF PHASE TRANSITIONS IN EQUIATOMIC CuAu
CuAu II phase boundary both ordered phases appear
grow regardless of the position of the final temperature w
respect to the equilibrium phase boundary.

If the sample is quenched into the CuAu II stability r
gion, to 390 °C@Fig. 1~a!#, the scattering pattern is dom
nated by the strong growth of the modulated satellites. At
times, however, there is a small amount of extra inten
between the two modulated peaks which develops int
weak central peak and indicates the presence of simple
dered regions. Moreover, for a shallow quench into
CuAu I stability range, 5° below the transition at 385 °
@Fig. 1~b!#, the CuAu II satellites still appear and grow si
nificantly but the CuAu I peak grows faster than at 390 °
For increasing quench depth the relative growth rate of
ordered phase with respect to the modulated phase incre
so that at approximately 355 °C it is not possible any more
identify three separate peaks in the late stages of the pro
and the scattering exhibits a single very broad peak.

To quantify the competition between CuAu I an
CuAu II, we fit the x-ray scattering pattern with thre
Lorentzian-square functions of independent heights, p
tions, and widths. The fit results were used to calculate
integrated intensities of the CuAu I single peak and CuAu
side peaks which are proportional to the volumes of the
phases, respectively. The separation into simple ordered
modulated phase is somewhat arbitrary because, espec
in the early stages of the transformation, there are likely
distinct boundaries between the two phases. The sam
probably exhibits an interconnected structure of modula
and simple ordered regions. From the analysis point of vi
however, it is natural to make this separation which he
characterize the overall features of the structure.

In order to discuss concretely the different stages of
transition for a shallow quench below the CuAu I/CuAu
transition line we will focus on the quench from
430–360 °C. Figure 2 displays the time evolution of the
tegrated intensities, peak positions, and domain sizes for
particular case. The domain sizes were estimated from
peak widths after correcting for experimental resolution.

In the early stages of the transformation the~110! total
integrated intensity grows rapidly and then levels after
proximately 75 sec indicating that most of the material h
ordered by this time. Consistent with the~110! behavior, the
integrated intensity of the~001! peak saturates on the sam
time scale. In this time regime the scattering pattern aro
~110! has an interesting double-peak shape which is sho
in detail in Fig. 3. This peak shape suggests that, when t
first appear, the ordered domains exhibit in-plane perio
antiphase boundaries similar to the ones present in CuA
The wavelength of the modulated regions, however, is
proximately 44% larger than the equilibrium CuAu II valu
and is reflected in the smaller separation of the two pea
This double peak is also reminiscent of the diffuse scatte
peak shape reported in disordered CuAu.19,20 The equilib-
rium fluctuations above 410 °C exhibit antiphaseli
medium-range correlations with a modulation wavelen
approximately equal to 13 unit cells.20 It seems that in the
early stages of ordering these fluctuations grow in amplit
to become ordered regions with a similar in-plane structu
On this time scale the structure consists of a mixture
modulated regions with an average width of 23 unit cells a
nd
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simple ordered regions with an average width of 13 u
cells.

Simultaneously with the ordering process, during the fi
100 sec following the quench, the tetragonal distortion of
lattice also occurs and can be seen in the shift of the th
peaks towards lowerq values. This topic will, however, be
discussed in detail in Sec. IV below.

After the initial onset of the ordering, some of the mod

FIG. 2. Time dependence of the integrated intensities~a!, peak
positions ~b!, and domain sizes~c! of the ~110! modulated and
simple ordered peaks for a quench from 430–360 °C. Time zer
the quench time and the exposure time of each point is 3 sec.

FIG. 3. Early stage evolution of the scattering pattern around
~110! superlattice peak. The lowest diffraction pattern is obtain
15 sec after the quench. Subsequent patterns at 15 sec interva
offset by 10 units upwards. The exposure time of each pattern
sec.
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latedlike regions begin to transform into simple ordered
gions as can be seen from the decrease of the CuAu II i
grated intensity and the continuous increase of the CuA
integrated intensity. For approximately 125 sec this proc
occurs without significant changes of the modulation wa
length and in-plane domain size which would suggest tha
is mainly due to coarsening in the ordering direction. So
however, the CuAu II peaks begin to shift outwardly indica
ing the rapid decrease of the modulation wavelength towa
the equilibrium value. This process, which lasts for appro
mately 100 sec, is also accompanied by an increase of
average in-plane domain sizes of the two ordered pha
After about 300 sec the material enters the coarsening s
of the transformation which is characterized by a more ra
increase of the CuAu I average domain size. This proces
more complicated than the classic coarsening mechan
and will be discussed in more detail in Sec. V below. It
interesting, however, that the modulated phase persist
relatively long times and does not disappear completely e
after 1500 sec. This behavior is in qualitative agreement w
Langevin simulations reported elsewhere.17

The split-peak feature of the scattering in the early st
of the transformation can be observed for quenches to t
peratures above 350 °C. For quenches below 350 °C,
x-ray scattering around~110! displays a single maximum bu
this peak is very broad and has an unusual flat-topped s
@Fig. 1~d!#. This peak gradually narrows into the Lorentzia
square shape expected for the late stage coarsening pr
but its width remains large, corresponding to a relativ
small in-plane domain size of approximately 13 unit cells
320 °C after 800 sec.

In order to further investigate the CuAu II metastabili
into the CuAu I region of the phase diagram we have a
studied the effect of the initial state on the ordering kineti
As mentioned above, a quench from the disordered phas
320 °C produces a CuAu I phase with small in-plane dom
size. However, if the sample is first ordered thoroughly in
the modulated phase at 390 °C, i.e., the diffraction patt
displays only the modulated satellites and no ordered cen
peak, and is subsequently quenched to 320 °C, the Cu
growth rate is very small and depends on the quality of
starting CuAu II phase. In certain cases no growth was
served on the time scale of the experiment, which is the s
as in Fig. 1~d!. This behavior suggests that the modulat
phase is metastable deep into the ordered phase region
the CuAu I growth from CuAu II occurs mainly throug
nucleation on defects. A similar behavior was also obser
in the Langevin simulations based on EMT.17

IV. CORRELATION BETWEEN ORDER
AND THE TETRAGONAL DISTORTION

As was mentioned in the previous section, in the ea
stages of the transformation, the sample orders almost c
pletely as can be seen by the rapid saturation of the~001!
integrated intensity. This process is expected to oc
through a nucleation and growth mechanism for quenc
above the instability point and through continuous order
for quenches below this temperature. In the nucleation
gime, the Johnson-Mehl-Avrami-Kolmogorov~JMAK!
theory21 predicts that the volume fraction of the transform
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phase should grow as 12exp(2ktn), wheren is the Avrami
exponent andk is a constant depending on nucleation a
growth rates. This functional form provides a good fit to t
time dependence of the~001! integrated intensity for shallow
quenches. Moreover, the Avrami exponent has values
than 2 which indicates a heterogeneous nucleation me
nism in the ‘‘site saturation’’ regime. For quenches belo
375 °C the rapid initial increase of the~001! integrated in-
tensity in the early stages is followed by a slower grow
process which extends to late times. For these quenche
time of nucleation and growth becomes comparable to
time of the relaxation of the fluctuations and in this sense
process becomes more continuous on time scales abov
sec. In this temperature range the JMAK form cannot fit
integrated intensities across the experimental time scale

Simultaneously with the ordering, in the early stages
lattice changes from cubic in the disordered phase to tet
onal in the ordered phases. In a recent electron microsc
and x-ray-diffraction study,22 Tanaka and his collaborator
provided evidence for the existence of a crossover from
incoherent to a coherent growth of the ordered phase
crossover which was first suggested by Borelius.23 Making
use of Cook’s concept of a coherent phase boundar24

Tanakaet al. identified three mechanisms of formation of th
ordered tetragonal phases from the disordered state: inco
ent nucleation at grain boundaries between the incohe
and coherent phase boundaries, coherent nucleation w
the disordered grains between the coherent phase boun
and the coherent spinodal, and continuous ordering be
the coherent spinodal. The values they proposed for the
herent phase boundary and the spinodal are 375 and 35
respectively.

We have investigated the kinetics of the tetragonal dis
tion by performing a systematic study of the temperature
time evolution of the$200% fundamental peaks. These pea
are not directly sensitive to the ordering process and th
fore cannot distinguish between the two ordered phases,
they provide direct information about the changes in latt
parameter. Figures 4~a! and 4~b! show the maps of the sca
tered x-ray intensities around the~200! reciprocal lattice po-
sition for a quench from 442–390 °C and a quench fro
440–352 °C, respectively. The peak at largestq is the ~002!
fundamental of the ordered phases which reflects the la
parameter in thec direction while the peak at lowestq is due
to the ~200! and ~020! reflections and gives the in-plane la
tice constanta. The central peak is the fundamental refle
tion of the cubic disordered phase.

For quenches above 360 °C@Fig. 4~a!# the tetragonal
peaks appear and grow close to the positions expected
the equilibrium values of the lattice parameter while the d
ordered peak subsides. This behavior suggests that the
dered phases form through an incoherent nucleation pro
with an incubation period. The time dependence of the in
grated intensity at the higher temperatures can be wel
with the JMAK form and the Avrami exponent is consiste
with a heterogeneous nucleation process in the ‘‘site sat
tion’’ regime. Figure 5 shows in detail the time evolution
the three peak positions obtained from a fit of the x-ray
tensities with three Lorentzian-square peaks for the que
to 390 °C. At the earliest times we were able to fit the da
the tetragonal peaks are closer to the disordered peak
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expected from the equilibrium positions. This suggests t
when they first form, the tetragonal grains are subject
significant stresses from the surrounding cubic pha
stresses which relax in time and the peaks shift outward
small shift of the disordered peak can also be observed,
haps due to the stresses acting on the disordered g
which, as the grains decrease in size, become strong en

FIG. 4. Time evolution of the$200% fundamental peaks for a
quench from 442–390 °C and a quench from 440–352 °C.
quench occurred att55 sec and the exposure time of each patt
is 0.5 sec.

FIG. 5. Time evolution of the disordered~200! and ordered
~200! and ~002! fundamental peak positions for a quench fro
442–390 °C. The quench occurred att55 sec and the exposur
time of each point is 0.5 sec.
t,
o
e,
A
r-

ins
ghto increase the average disordered lattice parameter.

For deeper quenches, however@Fig. 4~b!#, a qualitatively
different process was observed. Immediately following t
quench, the disordered fundamental starts to broaden
decrease in intensity suggesting that the lattice breaks
many small grains. After this brief period of lattice fragme
tation the central peak splits into the two tetragonal pe
which gradually shift toward the equilibrium positions as t
average lattice parameters continuously change from the
ordered to the ordered values.

We have also been able to extract detailed informat
about the shape and average size of the ordered domain
grains from the widths of the~001! and~200! peaks after the
instrumental resolution has been subtracted. The tetrag
grains have a ‘‘pancake’’ shape with the size in the order
direction approximately equal to half the in-plane size~Fig.
6!. At all temperatures the in-plane grain size also grows a
higher rate than does the grain size in the ordering direct
For shallow quenches (390 °C) the size of the ordered
mains in the ordering direction is comparable to the cor
sponding size of the tetragonal grains and grows at the s
rate@Fig. 6~a!#. For deeper quenches, however, the grains
larger than the average domain size in the ordering direc
and contain more than one ordered domain. Both the g
and the domain sizes appear, however, to be growing at
proximately the same rate@Fig. 6~b!#.

e
n FIG. 6. Time dependence of the domain sizes in the orde
direction@calculated from the~001! peak widths# and grain sizes in
the ordering direction@from the ~002! peak widths# and in-plane
direction @from ~200! peak width# for a quench from 430–390 °C
~a! and a quench from 430–320 °C~b!. The quench occurred att
50 sec but the data could not be fit in a reliable way befort
5100 sec. The exposure time of each point is 3 sec.
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V. LATE STAGE COARSENING

For the late stage curvature-driven coarsening proces
an ordering alloy, Cahn and Allen predicted that the aver
size of the ordered domains grows in time ast1/2.11 In CuAu,
where the ordering process is complicated by the tetrag
distortion and the in-plane competition between CuAu I a
CuAu II phases, there is noa priori reason for this scaling
law to be valid. Figure 7 shows the time dependence of
square of the average ordered domain sizes calculated
the ~001! peak width for a series of quenches below t
transition temperature at 410 °C. At each temperature
late stages are considered to start when the~001! integrated
intensity reaches 90% of the maximum value and only
data points after this time are displayed. It is interesting th
for every temperature, the domain size squared can be
fit to straight lines. This suggests that across the entire t
perature range investigated, in this time regime, coarse
within each grain is curvature driven. This is true even
the quench to 390 °C where Fig. 6 shows that the dom
and grain sizes are approximately equal and therefore
would expect the interaction between domain and gr
boundary to influence the domain growth. Moreover,
grain growth in both directions seems to follow the samet1/2

law.
In order to examine the coarsening process in the pl

perpendicular to the ordering direction we plot the time d
pendence of the in-plane domain size squared calcul
from the~110! peak widths in Fig. 8. In the modulated pha
region@Fig. 8~a!# as well as in the ordered phase region@Fig.
8~b!# the in-plane sizes of the CuAu II and CuAu I domain
respectively, seem to obey the samet1/2 coarsening law in
the late stages of the transformation. It is noteworthy t
simulations of coarsening in the two-dimensional~2D! axial
next-nearest-neighbor Ising model found that the charac
istic length scale of the modulated phase also grows ast1/2.25

Cahn-Allen theory predicts that the slope of the dom
size squared as a function of time depends on tempera
only through the diffusion constant and therefore sho
have a simple exponential dependence on inverse abs
temperature,e2E/kBT, whereE is the diffusion activation en-

FIG. 7. Late stage coarsening in the ordering direction. T
exposure time of each point is 3 sec.
in
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ergy. Figure 9 shows the temperature dependence of
slopes from the fit of the domain sizes squared in the ord
ing and in-plane directions calculated from the~001! and
~110! peak width, respectively, for two different samples.
is noteworthy that the slopes in the in-plane direction
smaller than the slopes in the ordering direction. A simi
asymmetry was reported by Nagleret al. in Cu3Au.13

At low temperatures the slopes exhibit thermally activa
behavior and the calculated activation energy, approxima
1.74 eV, is in agreement with diffusion activation energ
reported in the literature.26 At high temperatures, howeve
the slopes fall below the values expected from the extra
lation of the straight lines fit through the low-temperatu
points. In the ordering direction, this slowing down might
caused by the interaction between the domains and the g
boundaries and/or by the competition between the two
dered phases. In the in-plane direction, though, where
grain sizes are considerably larger than the domain sizes,
slowing down is likely an effect of the competition betwee
the two ordered phases.

VI. DISCUSSION AND CONCLUSIONS

In the earliest stages of the transformation we were abl
study, the sample orders almost completely as can be

e

FIG. 8. Late stage coarsening in the in-plane direction for
modulated phase in a quench from 430–390 °C~a!, and for the
simple ordered phase in quenches from 430–380, 370, and 32
~b!. The exposure time of each point is 3 sec.
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from the rapid saturation of the~001! superlattice peak. Thu
we were not able to directly observe the initial relaxation
fluctuations as had been done in, for example, Cu3Au.10 For
temperatures above 350 °C, the ordered structures which
tially form have features strikingly similar to the antipha
correlations existing in the disordered phase. In this ti
regime the material likely consists of a complex, inte
mingled, mixture of simple ordered regions and modula
regions. Apparently, there is no need for simple-ordered
gions to develop before the appearance of modulated s
tures. Moreover, as in the disordered phase, the modula
like regions have a modulation wavelength larger than
equilibrium value in CuAu II. This would suggest that th
equilibrium fluctuations in the disordered phase play a ma
role in the kinetics of the ordering process. Preliminary
sults from studies of Cu3Pd and Pd3V suggest that in these
systems the initial ordering process is also dominated by
growth of pre-existing fluctuations from the disorder
phase.27

It is particularly interesting that the ordered domains ha
a modulated in-plane structure even for shallow quench
where the initial onset of the ordering occurs through hete
geneous nucleation and growth. It appears that the ord
nuclei consist of an intricate network of antiphase doma
which grow simultaneously and maintain the relatively lon
range correlations necessary to form modulated regions.
possible that the evolution in the early stages is triggered
the strain field around dislocations which makes the fluct
tions present in the disordered phase transform into ord
regions by ‘‘filling in’’ ~i.e., growing in amplitude!. As the
tetragonal distortion advances into the volume it will al
continue to favor the growth of those fluctuations which ha
an appropriate orientation.

With decreasing quench temperature, the integrated in
sities suggest that there is an effective change from het

FIG. 9. Temperature dependence of the slopes from the linea
of the domain size squared as a function of temperature in
ordering direction@from the ~001! peak width# and in the in-plane
direction @from the ~110! peak width# for two different samples.
The straight lines are fits through the low-temperature data poi
f
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geneous nucleation and growth to a more continuous or
ing process. This occurs at temperatures well above the s
odal temperature of 320 °C determined from measurem
of the correlation length above the transition,20 and may be
related to the anomalous rapid growth in antiphase corr
tion susceptibility with decreasing temperature observed
the disordered phase.20

We have found evidence for two regimes of growth of t
tetragonal distortion. Above 360 °C, the tetragonal distort
appears through an incoherent nucleation mechanism. Be
this temperature regime, there is a continuous, cohe
change of the lattice parameters from the disordered to
equilibrium ordered values. These results are in gen
agreement with the observations of Tanakaet al.22 We see,
however, no clear regime in which ordering domains nuc
ate without an accompanying tetragonal distortion. We
lieve that the tetragonal relaxation of the ordered nuclei
curs simultaneously with the ordering.

Elder and his collaborators performed 2D Langevin sim
lations of an EMT-based Landau model of CuAu and fou
good qualitative agreement with some of our experimen
results.17 The Langevin simulations correctly reproduced t
competition between the two ordered phases across
CuAu I to CuAu II phase boundary as well as the metas
bility of CuAu II deep into the CuAu I range. The Landa
model, however, predicts that the disordered phase exh
spinodals with respect to the modulated and CuAu I pha
and, since both these spinodals are located in the CuA
region, the growth below the CuAu I/CuAu II phase boun
ary occurs through a continuous ordering mechanism.
contrast to the Landau model, the real alloy does not have
instability point in this temperature range, and therefore
degree of qualitative agreement between the simulations
the experimental results is quite surprising. Moreover,
Langevin simulations were not able to reproduce the det
of the ordering process such as the evolution of the mod
tion wavelength. It is also noteworthy that the Langev
simulations were performed on a 2D lattice and no attem
was made to study the kinetics of the tetragonal distortion
order to explain the evolving relationship between order a
strain from a theoretical point of view, more sophisticat
Monte Carlo simulations may be necessary.

We have also investigated in detail the time and tempe
ture dependence of the domain and grain sizes and the ev
ing relationship between them. In the late stage of the ord
ing process we found that the average size of the orde
domains and grains in the ordering and in-plane directi
obeys thet1/2 growth law expected for a curvature-drive
growth mechanism. However, the complicated tempera
dependence of the slopes indicates that the growth proce
slowed down, possibly by the competition between the t
ordered phases or the interaction with the tetragonal dis
tion. It is noteworthy that the Langevin simulations of CuA
performed by Chakraborty, Elder, and Goldenfeld28 suggest
that the coarsening kinetics in the modulation plane
slowed down by the formation of small antiphase dropl
which have a size equal to half the modulation wavelen
and pin the domain boundaries.

In conclusion, usingin situ time-resolved x-ray scattering
we have investigated the kinetics of phase transition in eq
atomic CuAu, a classic alloy system displaying a modula
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phase and a tetragonal distortion. The results of our exp
mental study were correlated with the information availa
from diffuse scattering measurements in disordered Cu
and Langevin simulations based on EMT in order to prov
insight into the ordering process of such a complex syste
.
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