PHYSICAL REVIEW B 70, 094104(2004)

Nanoscale patterning of chemical order induced by displacement cascades in irradiated alloys.
I. A kinetic Monte Carlo study
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Dense displacement cascades produced by irradiation with energetic particles lead to the formation of
disordered zones in chemically ordered alloys. At temperatures below the order-disorder transition, these
disordered zones, whose sizes range from a few to several nanometers, are annealed out by thermally activated
atomic migration. Under sustained irradiation, the competition between these two dynamics may drive the
system into various steady states of order. Kinetic Monte Carlo simulations are employed to identify these
steady states in a model binary alloy that formsLdn ordered phase at equilibrium. Besides the expected
long-range ordered and disordered steady states, a new state is observed, where the microstructure is comprised
of well-ordered domains of finite size. This steady-state patterning of order is identified by direct visualizations
of the configurations, and by using an effective fluctuation-dissipation formula to analyze the behavior of the
fluctuations of order upon approaching the long-range ordered steady state. It is shown that the patterning state
becomes stable only when the disordered zones exceed a threshold size. Above this threshold size, reordering
of cascade-induced disordered zones proceeds in two stages: new antiphase domains form first, and then shrink
to the benefit of the matrix. This two-stage reordering is at the origin of the dynamical stabilization of patterns
of order. The present results, which indicate that ion-beam processing could be used to synthesize ordered
nanocomposites with tunable sizes, call for specific experimental tests.
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[. INTRODUCTION cade sizel., can lead to similar patterning reaction, albeit for
the degree of chemical order. In a companion paper, we in-
Materials irradiated with energetic particles are dissipatroduce an analytical model to study this patterning of
tive systems since energy continuously flows from the envichemical ordef.
ronment into these materidisUnder appropriate external Let us first recall some important characteristics of the
forcing, dissipative systems display the remarkable ability tadisordered zones created by displacement cascades in or-
self-organize into patterrfs® In the case of irradiated mate- dered alloys. These zones have been studied experimentally
rials, patterns of structural defects, such as voids, bubblesising superlattice reflections to form dark-field transmission
dislocation loops, and stacking fault tetrahedra, have beeealectron microscopyDF-TEM) images. Results have been
observed and modeled in the past three dechelés.most  reported for several alloysee Ref. 8 for a reviewinclud-
cases, a necessary condition for pattern formation is that iing CuAu,® ! NisAl,t Zr;AlL 2 which all form anL1, or-
radiation leads to the formation of dense displacement casdered structure, on GBd!® which forms a D@, ordered
cades. These displacement cascades induce an asymmetnystructure, and F@l, 13 which forms a DQ ordered phase.
the production of clustered vacancies and interstitials, and’he aspect ratio and size distribution of the disordered zones,
this asymmetry plays a fundamental role in the onset ofwvhich appear as dark regions in superlattice DF-TEM im-
patterning® ages, have been studied as a function of the mass and the
Displacement cascades are also remarkable in the sensmergy of the projectile, and as a function of the irradiation
that they introduce at least two new length scales in the deemperature. Average diameters range from 3 to 10 nm in
scription of irradiated materials. Indeed, a cascade extendSuAu,2%and from 5 to 9 nm for NjAL.1* As the projectile
over a distancé, and atoms in this cascade undergo forcedenergy increases, the size of the disordered zones saturates
relocations following a distribution that possesses a charadecause of the formation of subcascades. It is difficult, from
teristic relocation distancd?. We have shown that the exis- these experimental results, to quantify the amount of chemi-
tence of this relocation range, and the resulting finite-rangeal disorder achieved in the zones. Molecular dynamics
atomic mixing, introduce a nonlocal term in the kinetic equa-(MD) simulations, which have been extensively used to ana-
tion that describes the evolution of the composition ffeld.  lyze disordered zones produced by dense displacement
the case of an alloy system that would decompose into tweascaded!~° provide a direct measure of this disordering,
phases at equilibrium, the competition between short-rangelthough the interatomic potentials used in the simulations
thermally activated decomposition and finite-range forcedmay affect the results somewhat. Nevertheless, in all studies
mixing can lead to the dynamical stabilization of composi-of cascades initiated with primary knock-on atoFKA) en-
tional patterns. These patterns form only whemxceeds a ergies exceeding 1 keV, there is a well-defined zone where
critical valueR;, and the maximum characteristic scale of thethe long-range ordefLRO) parameter is essentially zetb.
patterns is bounded by=R.. In the present work we employ The extension of these zones, which will be identified as the
kinetic Monte Carlo simulations to demonstrate that the casdisordered zones in the remaining of the article, coincide
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reasonably well with the experimental values given abovediffusion can be found in Refs. 22 and 24. Theand B

We note that the disordered zones may display some shor&toms occupy sites on a rigid face-centered c(foic) lattice
range orde(SRO).1*1>The degree of SRO is often found to containingL X L X L sites, withL=64 or 128, and with peri-
increase from a low value at the center to a moderate or highdic boundary conditions. A single vacancy is placed in the
value near the periphery of the disordered zone. This shorgystem, and the frequency of atom-vacancy exchange is de-
range order is more pronounced in cascades initiated ifermined using standard rate theory. The activation energy is
NizAl than in CwAu, most likely because of the larger mix- given by the energy required to break the bonds between the
ing forced by the cascade in gAu and because of the lower JUMPINg atom an_d its surrounding, less the energy _recovered
ordering energy in this allo}? when the atom is placed at the saddle-point position. The

: - 41
The goal of the present work is to study the long-timeVacancy migrates with an attempt frequenay= 10457,

. : : : .~and the average of migration energies in pure elements is
evolution of an ordered alloy undergoing sustained irradia rhitrarily set atE,,,=0.8 eV. This value is used to deter-

tion, under irradiation conditions that produce disordered: o, c>
zones. The kinetic Monte CarkKMC) technique makes it mine the contribution of the migrating atom to the saddle

ible to simulat h I | hvsical t point energy, and it thus sets the time scale for thermal mi-
possible to simulateé such an alloy over fong pnysical UmesSy, 4o Unless stated otherwise, simulations are carried out

unlike MD, while retaining the full information on temporal it o |attice sizeL=64. WhenL =128 is used to check

and spatial atomic correlations, unlike phase field modelsgnite-size effects, the cascade frequency is rescaled to ac-
While KMC simulations have been used previously to studycount for the change in vacancy concentration with the sys-
the dissolution of ordered precipitates in the presence ofgm size?s

cascade®® and the reordering kinetics after the introduction  The forced mixing and disordering produced by displace-
of disordered zone¥, we are not aware of any study con- ment cascades is introduced by forcing exchanges of atoms
cerned with the long-time microstructures resulting from thej, the cascade. In the present model, four parameters are
d_ynamlc_al competition betwe_en |rrad|at|on_-|nduced cascadgged to specify this forced mixing. The first parameter is the
disordering and thermally activated reordering. In Sec. I, Wgate of introduction of cascade per atofy, Three param-
present the moddl1, alloy selected for the simulations, as eters are then used to characterize a cascade: the spatial ex-
well as the details of the KMC simulations. Results obtainedensjon of the cascade, the relocation distance of atoms in the
upon varying the rate of introduction of the disordered zonegascade, and the fraction of atoms undergoing exchanges in
and the cascade size are given in Sec. Il for stoichiometrighe cascade, which is referred to as the cascade density. For
alloys, and in Sec. IV for nonstoichiometric alloys. Thesesimplicity, the volume of the cascade is assumed to be

results are then discussed in Sec. V. spherical, and only one cascade size is used during each
KMC run. These simplifications do not affect the generality
II. KINETIC MONTE CARLO SIMULATIONS of the results. The cascade density has been set to 80% in

this work, unless specified otherwise, to produce zones

The A;_cgBcg model alloy selected for the present study yhere the degree of LRO is near zero when cascades are
has been previously investigated by Abinandaeeal > The  initiated in a perfectly ordered matrix. We will show, how-
thermodynamics and the kinetics of this alloy, which under-gyer, that a 50% cascade density, which retains about half of
goes L1, ordering, are already well characteriZ€dThe  the |ong-range order parameter of the matrix, leads to sig-
equilibrium phase diagram is identical to the one given inpjficantly different results. In the following, we characterize
Fig. 3 in Ref. 22. In this modelA and B atoms interact by the cascade size by the number of forced pair exchanges in
first and second nearest-neighbor pair interactieffs (  one cascade. For example, for a spherical cascade contain-
=1,2 andi,j=A,B). The ordering energies’ first and second ing 10 000 atoms, using an 80% density, 8000 distinct atoms,
nearest neighbors ard;=2¢-cm-e53=-0.160 eV and e.g.,b=4000 atom pairs, are exchanged at once. The cascade
VZ:ZSfé—s,f,l—s(Bzé:O.O64 eV. These parameters are suchsize is varied fromb=1, which in fact corresponds to irra-
that the phase diagram closely resembles that of Ni—Al fodiation without cascade, t0=4002, which corresponds to a
Ni-rich compositions. The use of a nonze¥p also over- cascade diameter g6 nm in NiAl. As for the relocation
comes the problem met when only first nearest-neighbor inrange, forced exchanges are performed between nearest-
teractions are used, which results in the existence of zeraieighbor atoms, in order to prevent this parameter from in-
energy antiphase boundarig®\PBs) between the four ducing compositional patterns. The short range used here for
translation variants of thé& 1, structure’® At the L1, sto- forced exchanges is indeed below the critical value for pro-
ichiometric composition, cg=0.25, the Al-L1, order- ducing such patterr®€:?” Finally, it is useful to introduce the
disorder transition occurs at a temperatlire0.155 eV. Un-  ballistic jump frequency],=b X TI';, which is a measure of
less stated otherwise, all simulations are performed at The disordering rate. In the radiation damage communliy, 2
=0.09 eV and forcg=0.25. At this temperature, thal is referred to as the number of replacements par atom per
-L1, two-phase domain extends fromg=~0.10 to cg  second: The present kinetic model does not include intersti-
~0.20. tials, sources and sinks for point defects, and elastic effects.

The simulations are based on a kinetic model where atorithe possible role played by these effects is discussed in Sec.
migration can proceed by two processes acting in parallelV.
the thermally activated migration of vacancies and the forced The time evolution of the system is built using a
exchanges of nearest-neighbor atoms in displacement cassidence-time algorithi#;?* where the frequency of va-
cades. A detailed description of the model used for thermatancy exchanges is weighted against the frequency of cas-
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FIG. 1. {111} maps of the local degree of ordefr) of instantaneous configurations after the introduction of one large dense cascade
(b=8000, density=80%T=0.09 eV, system size B4 (a) t=0 s;(b) t=0.0038 s{c) t=0.0232 s{d) t=0.0861 s. White corresponds to fully
ordered and black to fully disordered sites.

cade formation. One of the two kinds of events is randomlynamical phase diagram that yields the domain of stability of
chosen according to their relative probabilities, and time ighese steady states.
updated as the inverse of the sum of the individual frequen-
cies.

Simulation results are analyzed using complementary A. Reordering after one cascade
methods, encompassing direct visualization of the configura- Figure 1 shows the evolution of an initially perfectly
tions, determination of the size and number of ordered C|US}ong-range ordered alloy after one large and dense cascade
ters belonging to any variant, and calculation of the spheri{h=8000, density=80% As the simulation is performed at
cally averaged structure factor, centered either on a Bragg=0.09 eV, a temperature below the critical temperature, the
peak or on arl1, superlattice positioR’ For direct visual-  disordered zone is annealed out by the migration of the va-
ization of the configurations, a local degree of ordgr;), is  cancy. Direct visualization of the configurations reveals the
defined asy(r;)=(1-cg)X(a,—a)? wherea; anda, are the  existence of two distinct stages. In the first stage, the disor-
first and second nearest-neighbor Warren-Cowley shortdered zone reorders into small clusters that belong to the four
range order parameters around a central site riat variants available in ahl, structure. The presence of do-
respectively® It is easy to check tha(r;) ranges from 0 for mains belonging to the four variants is also confirmed by
a random local environment to 1 for a perfédt, environ-  displaying B atoms with four colors, one for each simple
ment. An alternative way of visualizing the ordered regions,cubic sublatticgsee Fig. 1 in Ref. 20 In the second stage,
which also makes it possible to identify the four variants ofthese small-ordered domains shrink and disappear by motion
the L1, ordered structure, is to display onBatoms, using of antiphase boundaries, to the benefit of the matrix. These
four colors(or four different symbolg one for each simple two stages are clearly identified by measuring the number of
cubic sublattice 8 atom may belong to. A global degree of B atoms that belong either to the matrix or to small ordered
order of a configurationy, is measured by taking the square clusters(see Fig. 2 in Ref. 20 This plot also reveals that the
root of the average structure factor integrated fronkQt®  two stages overlap. Once the first stage is over, here after
1.%,, wherek,={100 is the k vector of the superlattice =0.0038 s, the radius of the reordered zone shrinks with
reflections, and by normalizing this value so theatl corre-  time ast'? (see Fig. 3 in Ref. 29 in agreement with the
sponds to a perfectly long-range ordered stoichiometric alloyAllen-Cahn theory?
Before integrating the structure factor, a background inten- Even though we are interested in dense cascades in this
sity is subtracted® 7, which is mostly a measure of the work, we stress that when the cascade is dilute, typically for
degree of LRO, may include some contribution from thea fraction of exchanged atoms of 50% or less, the relaxation
SRO. However, as discussed in Sec. Il C, the relative LROof the system is very different. For such dilute cascades
to-SRO contribution scales with the diffracting volume Fig. 4 in Ref. 29, the reordering does not lead to the forma-
raised to the power one-half; the contribution of the SRO cariion of antiphase domains. Instead, the cascade zone is cut
thus be quantified, and reduced, by increasing the simulatioimto several small and irregular disordered zones. These

cell size. zones reorder directly by the inward migration of their
boundary with the ordered matrix, and no new domains are
created.
[ll. KMC RESULTS AND ANALYSIS FOR We now return to the case of dense cascades. Antiphase
STOICHIOMETRIC ALLOY domains appear only when the cascade size is large enough

for them to form during the migration of the vacancy within
In this section we present the simulation results obtainedhe disordered zone. For the generic parameters used in our
for stoichiometric compositiong=0.25. We start by follow- simulations, this minimum cascade size is arouml00.
ing the thermal recovery process after one large cascade i$nder sustained irradiation conditions, one anticipates that,
initiated in an initially long-range ordered alloy. We then if the average time between two cascades is shorter than the
identify three steady states that are stable under sustaingithe required to fully anneal the previous cascée0.1 s
irradiation with dense cascades. Finally, we construct a dyhere, but longer than the time necessary to reorder the dis-
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FIG. 2. {111} maps of the local degree of ordefr) at steady 0.0 g _*_y_yL#w ko
state under irradiation with large dense cascde4002, density 0 20 40 60 80 100
=80%, T=0.09 eV, system size Bjat increasing disordering fre- r

b
quency:(a) I',=1 s%; (b) I'y,=10 s%; (c) [',=100 s*. White corre-

sponds to fully ordered and black to fully disordered sites. Note the FIG. 3. Global order parametef vs I'y, for b=1, andb=384.

small isolated antiphase domains(&), and the newly created cas- System size is 128 The inset is the same data in semilog plot. Both

cade in the lower right corner @b). transitions are of first order, but fiw=1, the discontinuity is small.
Lines are only guides for the eye.

ordered zone(tz0.04_s herg an unusual microstructure by counting the number d@ atoms that belong to each of the
may develop, comprised of well-ordered domains Whosgq, {ransiation variants: the LRO phase contains one, and

sizes, however, remain finite. Such a microstructure is mdeegmy one, macroscopic cluster. In the absence of LROBthe
observed in the following section. atoms are evenly distributed among the four variants. This
second approach yields transition frequencies identical to

B. Steady states under sustained irradiation those determined by monitoring the superlattice intensity.

We now turn to the steady states that are stabilized by Alternatively, the transition from the LRO to a non-LRO
sustained irradiation with dense cascades. To ensure that tfEt€ can be determined by measuring the steady-state degree
system has reached steady state, simulation times are r@h Order» as a function of the ballistic jump frequency. In
long enough so that initially fully disordered and fully or- the absence of irradiation, the transition is clearly of first
dered states give statistically identical results. For large cagrder (not shown herg with a discontinuity from»=0 to
cade sizes, three distinct steady states are identified by direg=0.66 at the transition temperatufie=0.155 eV. In the
visualization of the configurations, as illustrated in Fig. 2. AtPresence of ballistic jumps, for all cascade sizes studied here,
low flux [Fig. 2@)], the alloy remains long-range ordered, the order parameter displays a clear discontinuity at the tran-
i.e., there is only one macroscopic variant, which may how-Sition I'y=I"y¢, and this transition is thus of first ordésee
ever contain small isolated antiphase domains. At high flufid 3). Forb=1, the discontinuity is smaller, as seen in Fig.
[Fig. 2(0)], the system is mostly disordered, although it may3: @nd the transition is weakly of first order. _
possess some short-range order. At intermediate [ffigy. We now turn to the boundary between the patterning state
2(b)], there is a new state in the sense that the alloy is locallnd the disordered state. The identification of this boundary
well ordered, but all four variants are present in domains ofS Not straightforward, as the disordered state evolves con-
finite size. This state thus corresponds to a patterning of thenuously into the patterning state. A is reduced so as to
order parameter. The presence of the four variants is furthéiive the alloy from disordered steady states to patterned
confirmed by displaying® atoms with a color codésee Fig.  Steady states, we did not observe any discontinuity of the
5 in Ref. 29. For small cascade sizes, and in particular in theSuperlattice structure factor, either in intensity or in shape.
limiting case whereéb=1, no patterning of order can be de- The patterning state could in fact be described as a macro-
tected at steady state. scopically disordered phase with order fluctuations that are
abnormally coherent, intense, and long-lived. We propose
here to define the state of patterning of order from the char-
acteristics of the spatial fluctuations of order.

We now construct the boundaries delimiting the domains There is no exact theory that can describe the behavior of
of stability of the steady states identified in Sec. lll B. Therefluctuations near an equilibrium first-order transition, and
are two kinds of boundaries: from LRO to a non-LRO state fortiori near a nonequilibrium first-order transition. Far from
i.e., either to the state of patterning of order or to the disorthe transition, however, fluctuation-dissipation relationships
dered state, and from the patterning state to the disordergstovide us with quantitative expressions for pair correlation
state. functions. While these expressions have been first derived

The transition from the LRO phase to a non-LRO phase isising mean-field approximations, a general derivation can be
determined using the standard method of inspection of thebtained once it is assumed that there exists a grand potential
structure factor intensityl(k), at the superlattice positions, for the system at hantl.For a binary alloy, a configuration is
k=k*.?” This intensity scales with the system size in thefully determined by the knowledge of the occupation func-
LRO phase, while in the patterning and disordered states it ison for the B species on all lattice sites, and one defines the
independent of the system siggee an example in Fig. 6 in  thermodynamic average of this function on sitasc,. The
Ref. 29. Alternatively, the transition can also be determinedHelmhotz free-energy function& is decomposed as=F,

C. Dynamical phase boundaries and phase diagram
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0.05 y - In a mean-field approximation with pairwise atomic inter-
0,04 ] actions, Eq(1) reduces to the well-known Krivoglaz-Clapp-
: Moss (KCM) formula?83° as S?(k,T)=V(k), the Fourier

g 0.034 i transform of the pairwise atomic interactions. In this ap-
= proximation, the linear regime identified at high tempera-
& 0.024 1 tures in a plot such as Fig. 4 should extend all the way down
<, to the transition temperature, and the mean-field interpreta-
o 001 i tion of Ty is that it is the temperature at which the disordered

0.00 alloy becomes unstable with respect to long-range ordering.

014 016 018 020 While the terminology of ordering instability is widely
spread, one should be aware that, in Monte Carlo simula-
tions, no transition from a nucleation and growth regime to a
FIG. 4. cg(1-cg)T/I(k*) vs T for equilibrium transition(system  spinodal ordering regime has been observed upon crossing
size 64). k* is the superlattice diffraction peak fdrl, structure.  the T=T value?23436We stress, however, that here we de-
fine T, from the high temperature regime, and therefore it is
+®, whereFy=£"13,[c, In ¢, +(1-c,)In(1—c,)] is the ideal ~ Not restricted by a mean-field approximation.
solution contribution td=—or the noninteracting part d¥, We return to the case of an alloy under irradiation, for
and® is interacting part, which contains all many-body-type whlch_w_e would like to anal_yze the fluctuations of order in a
interactions, including all entropy contributions beyond theWay similar to Eq(1) and Fig. 4. In 1984, Martif{ showed

point entropy. Taking advantage of a fluctuation-dissipatiori@t in @ mean-field approximation and in the absence of any
relationship, the Fourier transform of the Warren-CowIeycascade effect, the steady-state concentration profile reached

pair correlation functiona(k), in the disordered state, is re- under irradiation is equivalent to the one reached at equilib-

Temperature T (eV)

lated to® through rium, albeit at a higher effective temperatufigs=T(1
+I'y/{I'y), where(T'y,)) is an average atomic jump frequency

(k) = keT (1) for thermally activated jump%g.. Vaks and co—.workeﬁgv“O
keT - cg(1 - cg)S?(k,T)’ generalized this result by deriving an effective KCM for-

mula, both for decomposition and ordering transformations.
This effective KCM relationship is simply the equilibrium
one evaluated at the effective temperaturg;. An alterna-
Qive way of studying order fluctuations under irradiation re-

L% ; Pt 2) (I *
k=k*. In the g%h t*emperatgre limitS® (k*, T) re_aches @ Jies on the use of the stochastic mean-field potential that
constant valug<(k* ). The high-temperature regime of Eq. governs dynamical phase stabilty#3 Assuming the exis-

(1) predicts therefore that(k) should diverge atkgTs  tence of a nonequilibrium fluctuation-dissipation relation-
=cg(1-cg)S?(k*), and T is commonly referred to as the ship, the second derivative of this potential with respect to
ordering instability temperature. In our Monte Carlo simula-the order parameter, evaluated in the disordered phase, yields
tions, we can directly measurek) since, by definition, itis  a direct measure of the fluctuationskatk*. A straightfor-
related to the structure factor of a configuratigk), through  ward calculation of this derivative for th&l-L1, stochastic
a(k)=1(k)/cg(1-cp). As first proposed by Cook, though potentiaf® indicates again that the fluctuations are identical
within a mean-field context, a plot @g(1-cg)T/I(k*) vs T  to the ones of an equilibrium system evaluated at the effec-
should yield a linear regime with slope unity at high tem-tive temperatureT .
perature, and the intercept of this linear regime with the tem- We thus propose to analyze order fluctuations under irra-
perature axis define¥,. This linear regime is indeed ob- diation by assuming that, &=k*, Eq. (1) still provides a
served experimentaffy and in computer simulatiodsfor  valid framework if evaluated at the effective temperature,
alloys at thermodynamic equilibrium. Tes- Under irradiation, transitions between steady states can
We first validate this method on our alloy system by re-be induced by varying the temperature or the ballistic jump
stricting ourselves to equilibrium situatiof,=0), at tem-  frequency,I',. We consider the case where the irradiation
peratures above the order-disorder transition temperature. Aemperature is held constant, as in the present simulations.
seen in Fig. 4, a linear regime is clearly identified at highReplacingT by T in Eq. (1), in the largel’, limit, one now
temperature, and the slope, 0.94+0.01, is in very good agreelefines the ballistic frequency for ordering instabilifl,
ment with the predicted value. The instability temperature

whereS?(k,T) is the Fourier transform of?®/dc;ic;. The
latter matrix is simply the stability matrix with respect to
concentration fluctuations. We now restrict our discussion t

determined from the linear extrapolation 7§=0.149 eV. cg(1 —cg) (I + (') STo—T 2
Upon approaching the transition temperature, one observes I(k*) “tb Thbs

in the plot Fig. 4 a downward curvature, which is due to ] ] )

heterophase fluctuations, andi(k*) diverges at T, From the KMC simulation data, in order to perform a plot

=0.155 eV. The fact thal,> T, is typical of first-order tran-  Of Ca(1=Ca)(I'+(I'n))/1(k*) vs T',, one needs to determine
sition, wheread.=T, is expected for a second-order transi- (I'yy- A self-consistent use of the effective temperature crite-
tion. The ratioT¢/T, takes a value of 0.961, in excellent rion would use the value dl’,) in the fully disordered state,
agreement with the value of 0.962 obtained by Chen ansvhich can be analytically calculated and takes the value
Cohen for theAl-L1, transition in CyAu.33 (Tyyg=499 s for the present irradiation temperature. This
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value agrees very well with the one obtained from KMC 120 ——
simulations{I'y)g kmc = 505 S2, by calculating the vacancy 100

diffusion coefficient in an alloy irradiated at a very high bal- =

listic frequency,I’,=500. Inserting these values into H®) =~ 80-

leads to linear plots, but not with a slope unity. The origin of Ae

this failure resides in the fact that, near the transition, the [f 601

short-range order present in the alloy suppresses significantly £ 404

the thermally activated migration of the vacancy, through >

higher activation energies and correlated jumpsIA&T ) = 297

represents a measure of the relative forcing intensity of the ° 9 I —
alloy, ignoring the effect of the SRO off’y,) results in an 0O 20 40 60 80 100 120
underestimation of the relative forcing intensity. Measure- r,

ments of vacancy diffusion coefficients in the disordered

phase near the transition reveal tkEf,) varies very slowly FIG. 6. cg(1—cg)(Tp+(Ty)/1(k*) vs T, for b=384 (system

with T,. The simplest correction is thus to assume that, fosize 64). k* is the superlattice diffraction peak fdrl, structure.
each cascade sitg (T'y,) takes a constant value that reflects (I'n is an average thermal atomic jump frequeisge the text for
the effect of SRO on the vacancy migration. Fe1, for ~ definition). Note thatl’, . is smaller tharl’y s
instance, an average value @,)p-1 xmc=277 St is mea-
sured for 70 s'<T',=<120 s. If we now use this value to quencies, the higliy, behavior predicts that the alloy should
build the plot suggested by E(), a linear regime is found, be unstable towards ordering, but complex atomic correla-
with a slope 1.02. For practical reasons, instead of relying ofions have prevented the stabilization of the LRO phase, sta-
the (I'y,) values measured through vacancy diffusion coeffi-bilizing instead a state with strong and persistent fluctuations
cients, which have error bars of several percent, wellgy ~ Of order. This picture is consistent with our direct observa-
be a fitting parameter so that the slope of the linear regime idons Of the dynamical stabilization of well-ordered domains
1. Forb=1, for instance, this modified procedure leads tothat do not coarsen, as seen in Fign)2 ,
(T)per =267 s! and a well-defined linear regime is ob- ThIS' above analy5|s of the KMC res;_ults_ is used Fo build a
tained, as seen in Fig. 5. The ordering instability baIIisticdyn‘r’lm'ca.ll phase diagra(see Fig. 8 This diagram displays
frequency in this case is determined to bg.=47.8 s. thre_e n0t|cea_\ble fe_at_ures. . .
Similarly to the equilibrium case, a downward curvature is (i) There is a minimum cascade size for. the patterning of
observed just abovEy ., and the behavior is typical of clas- ordgr to be possml_e. Th|s threshold value is arobmd.00.
sical first-order transitions. (i) The patternmg—dlsprder bound:_;\ry does not depend
We now turn to the case of large cascade size. The e strongly on the cascade size. It only shifts frby,=47.8 for

. R =1tol,s=17.9 forb=4002.
pected linear behavior is still observed for laiggvalues, as .. bs .
seen in Figs. 6 and 7. The behavior near the transition fre- (iii) The LRO-patterning boundary, for low-flux values,

quency, however, differs from the one observed for the thergpproaches a power-law behavior with an exponent..5.

mal case or fob=1. An upward curvature is clearly visible

upon approaching the transition, and the ordering instability IV. KMC RESULTS AND ANALYSIS FOR

frequency determined by the extrapolation of the linear fit, NONSTOICHIOMETRIC ALLOYS

I'ys is now greater than the transition frequenty,.. We

propose to define the state of patterning of order as the re- In Sec. Il we have shown that, when the cascade size
gime wherd, . <I'y<T, . The interpretation of the unusual exceeds a threshold value, patterns of chemical order can
inequality I', . <T'y 5 is that, in this interval of ballistic fre-

100
80

80
60
60

40+ 40

204 20

Co(1-C)(T,*+<T,,>) / 1(K)

Co(1-C (I, +<I,>) / 1K)

0 20 40 60 80 100 120

FIG. 7. cg(1-cg)(Tp+{T'y))/1(k*) vs T, for b=4002 (system

FIG. 5. cg(1-cg)(Tp+TyN)/1(k*) vs T, for b=1 (system size  size 64). k* is the superlattice diffraction peak fdrl, structure.

64%). k* is the superlattice diffraction peak farl, structure(T'y,) is (T'yy is an average thermal atomic jump frequeiisge the text for
an average thermal atomic jump frequency. definition). Note thatl'y . is smaller thary .
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L, FIG. 10. Maps of the square of the local degree of orgér)?

) ) (averaged over 30 fcc cejlsat steady state focg=0.12 with b
FIG. 8._Dynam|cal phase dlagra(ff:_0.0Q eV). The threshold =4002:(a) I',=0.05;(b) [,=0.1. System size is 188
for patterning of order i®~100. For a giverb, the cascade side

is obtained using NAI atomic density. ) .
9N Y For the same cascade size=4002, the patterning-

disorder boundary, determined by plottingg(1-cg)(I"
spontaneously form in a stoichiometric alloy, i.e., fog isorder boundary, determined by plotting(1-cg)(I',

=25%. Similar patterning should also be possible in nonsto+<rth>)“(k ) vs Iy (see Fig. 7 in Ref. 20 is located at

T —_ _1 . _ . -y
ichiometric alloys. In addition, nonstoichiometric alloys may Flbésc_elgt.l‘} S_’ngll'leN;Tee trl;;ci)npt?]téegl](ljrt]%stégntgtgenteﬁ(iﬁz
" ; > b= :
also undergo compositional patterning, as composition an(fbvs the KMC data remain above the linear regime for ballis-

chemical order are coupled by thermodynamics and. : - 1
kinetics#4 We consider here two compositions, with 23% and ic frequencies up td,~40 s~ We thus conclude that com-
positional patterning and patterning of order take place over

12%B atoms. The latter composition lies inside the equilib-T " i  ballistic i f es. Simil |
rium two-phase field aT=0.09 eV, while the former com- a Sd'm' ar Iran_ge ot ba |sbt|c_Jur3|c;brequenC|es. Imilar results
position lies within the single-phadel, field. In both cases, anFconc uﬁ'on we:je obtaine _2384' K Id be d

we anticipate that the excegsatoms will segregate at the ectgc; z':;r tﬁgsé?ae s%i,it%gge I,:ino g ?: RZ?UZE e(\a/ene-
antiphase boundaries, leading to inhomogeneities of th br a ballistic jump frgegqtﬁ)encyb:37 S_gl' i just.above the
composition field. Patterning of order is still analyzed with order-disorder transition boundarf, ;=36.0 SL. We con-

the generallzed fluctuatlon-_d_|SS|pat|on approach using Eqt:'lude that compositional patterning does not take place for
(3), while we study compositional patterning by monitoring b=5. Patterning of order was not observed either dgr

the structure factor centered arouki0: a peak for a non- =0.25, in agreement with the results reported in Sec. lll.

ZEero W"’“’? vector is the signature of CornpOSItIOnalSimiIar results and conclusion were reacheddgr 0.23 and
patterning? b=35

- A Aloywith ¢3=0.23 _ B. Alloy with cg=0.12
All the simulations for this alloy are run with a 128ys- ) . .
tem in order to increase thespace resolution for the analy- __Figure 10 shows maps of the chemical order parameter in
sis of the structure factor. For large cascade 4ize4002 in @ alloy with cg=0.12 under sustained irradiation with
Fig. 9, a distinctive peak is found near the Bragg peaklfor —4092, which corrt_asponds to a cascade size of '6.nm. This
values ranging between 2 and 50.sThis peak, which at- particular composition has been chosen because it is close to

tests to the presence of a characteristic length scale for confl€ compositions used in the experimental works of Nelson

position heterogeneities, disappears betwBgn50 st and €t al*> and Schmitzt al*® The map ofs?, rather thany, is
r,=60 st shown for more direct comparison with dark-field transmis-

sion electron microscopy images. Several finite-size ordered
0.10 ' ' domains are present, regardless of the initial state. The large
majority of these precipitates consists of a single variant. The
. —e—I=70 precipitate size is around 6—10 nm with=0.05 s?, and
N —v—T,=60 3-5 nm with ',=0.1 s1. Composition mapgnot shown
b
b
b

0.081 :‘\\.*’_. ooy :50 ] her_e indigate that'the o_rdered prec;i_pitates are significantly
Ao XYYy gy 70T 40N enriched inB species, with compositions close to 25%. For
37A N =A-bmA-Bep| —o—T =20 4 _ 1 .
0=0-0-0-0-g | I',=0.05 §*, the structure factor near the Bragg peak dis-
0.064 /I:I\D 0-0 4
N\

o

1(K)

/ o plays a clear maximum at smalvalues, which constitutes
8B00 g p-0og_g-n-cd an additional proof of compositional patterning. In this re-
gime, the resulting microstructure is thus comprised of
0'0400 05 10 15 B-rich ordered domains, embedded in a disordered matrix
' ' ' ' that is depleted iB species. Foi',=0.1 s, this maximum
in I(k) near the Bragg peak is not always observed in the
FIG. 9. Structure factot(k) spherically averaged around the configurations explored at steady state, indicating that, at this
Bragg peakk =0 at steady state farg=0.23 withb=4002(system I'y value, the system is close to the transition between the
size 128). patterning and the disordered states.

k

094104-7



J. YE AND P. BELLON PHYSICAL REVIEW B70, 094104(2004

V. DISCUSSION fluctuation-dissipation relation at an effective temperature. It

We first discuss the case of stoichiometric alloys. ForS interesting to note that the concept of an effective tempera-

dense and large cascades, KMC simulations indicate that if'® has been proposed in other driven systems, e.g., for

radiation can stabilize a steady-state microstructure com

jammed” granular systenf€:*® We note, however, that, in
prised of well-ordered domains of finite size. This patterningSase Of iradiation with finite relocation rangé the concept
of order is rationalized by following the annealing of the

of an effective temperature becomes questionableTas
disordered zone produced by one cascade in a long-ran

ould be a function of the wave vectdr. It is then more
ordered matrix. This annealing proceeds in two stages: fir

ppropriate to use the concept of effective interactions. We
the formation of new ordered domains in the initially disor- kave not tested wheth@y, which is here only considered at
dered zone, and second the elimination of these domains

=k*, is indeed independent d&f. We also note that other

migraton oftheir APB. I e chacterisic ime o cascadsy e pous 2118 ently the site ofpaterning of ocer
initiation is _bgt_ween the characteristic tlme_s _for these_ _twoorder parameter. These points are left for future work.
stages, the initially long-range ordered matrix is destabilized The main results of this work are best summarized in a
by the repeated introduction of new ordered domains, leadgynamical phase diagragsee Fig. 8 As the cascade size
ing to an equal proportion of all order variants, four in thejncreases, the domain of stability of the patterned state be-
case of theL 1, structure. Yet, on a local scale, the alloy is comes larger. This trend can be simply understood by con-
well ordered because the cascade frequency is not higéidering the effect of the cascade size on the characteristic
enough to destroy the chemical order. time scales of the two-stage reordering process. dnie

A key ingredient in the dynamical stabilization of patterns|arger than the size of a stable ordered nucleus, the cascade
of order is the formation of new ordered domains in thesize no longer plays a significant role in the first stage, and
disordered zone created by the cascade. If the cascade is tg® boundary between patterned and disordered states should
small or too dilute, the presence of the long-range ordere@de almost independent df. This expectation is in good
matrix prevents new domains from nucleating, thus makingagreement with our quantitative analysis. The boundary be-
it impossible to stabilize patterns of order. The kinetic pa-tween patterned and LRO states, however, should display a
rameters of an alloy may also influence this first stage, aglear b dependence, since, for a fixed volume of disorder
they dictate the path of the vacancy, and thus the kinetics dhitially introduced, the time for the annealing of antiphase
formation of stable ordered domains in a disordered matrixdomains increases with their size, in agreement with the clas-
In general, however, vacancy migration energy is smaller irsical Allen-Cahn kinetics. In the companion paper, we show
a disordered phase than in an ordered one, and this favors ta@alytically that, in the limit of large cascade sizes, the LRO-
transient formation of new domains. KMC simulations werepatterned state boundary should follow a power law with a
performed for the same alloy considered in this work, except3/2 exponent. This analytical result is in excellent agree-
using a different set of kinetic parameters, Whefézsgg ment with the present KMC results. The dynamical phase
and sf\),:sél\),. Two-stage annealing of disordered zones andliagram also indicates that there exists a minimum cascade
patterning of order were observed for that alloy as well.  size for patterning of order to become possible. This thresh-

It is somewhat remarkable that this two-stage reorderingld value, heréb~ 100, is not an absolute valyeer se and
has not yet been reported in the literature, to the best of out should depend significantly on several parameters. The ra-
knowledge. In fact, using KMC simulations where thermally tionalization offered here suggests in particular that the
activated jumps proceed by direct exchange of atoms, Abrathreshold size will increase when temperature increases, or
meit and Matsumurd explicitly reported that no new or- when the cascade density decreases.
dered domains formed upon annealing of cascade-induced In the limiting caseéb=1, no patterning is ever observed in
disordered zones in ahl, structure. We believe that this the simulations, and the order-disorder transition has become
difference must be due to the fact that the cascades modeledweak first-order one. We note that within the framework of
in that work were too dilute or too small. In the limiting case the Landau theory, th&1-L1, transition cannot be of second
where the disordered zones are very large and dense, ooeder, as the third Landau-Lifshitz requirement is not
should always observe the formation of antiphase domainsatisfied*®
regardless of the mechanism responsible for atom migration. We are not aware of any experimental observations of
Two additional relevant elements should be mentioned. Firsipatterning of order that would directly correspond to the
once a cascade has formed, vacancies are predominantyvC results presented here.Jdi and CwAu alloys would
found inside the cascade core, whereas interstitials are fourdzse good candidates for such studies, and various TEM tech-
at the periphery of the cascatfeSecond, according to the niques could be used to image the ordered domains. Follow-
MD simulations reviewed in the Introduction, the disordereding the analysis developed in this work, x-ray or neutron
zones produced by cascades, while lacking long-range ordetljffuse scattering experiments could be used for a quantita-
exhibit significant short-range order. These two effectsfive assessment of patterning of order, by recording the in-
which were not included in the present simulations, shouldensity of the structure factor at the superlattice positions at
favor the formation of new ordered domains. steady state for various irradiation fluxes or for various irra-

Direct visualization of the configurations only allows for a diation temperatures. In the present KMC simulations, the
gualitative assessment of the presence of patterns of ordefacancy concentration is fixed, independently of the ballistic
Here, we propose a gquantitative approach based on the anaigmp frequency. In analyzing experiments, however, one
sis of the spatial fluctuations of order, by evaluating awould have to take into account the enhancement of the ther-
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mally activated atomic mobility under irradiation by the su- effects are brought about by the thermodynamic coupling of
persaturation of point defects. the composition field and of the chemical order field. We
A generalization of the present results offers a simple rawere able to rationalize compositional patterning induced by
tionalization for puzzling experimental results reported forrelocation range by showing analytically that the forced mix-
the NiyjMo alloy under irradiation. NMo displays the re- ing introduces effective long-range repulsive interactions be-
markable property of possessing two competing orderetiveen species, which were competing with the physical
states with different symmetry, commonly referred to as theshort-range attractive interactions. At least from a qualitative
LRO and SRO states. Under irradiation with 1 MeV elec-perspective, we can here again invoke a similar concept for
trons, i.e., in the absence of displacement cascades, only opatterning of order. The present patterns of order share simi-
ordered phase is found at steady stdtender ion irradia- larities with long period structures and incommensurate
tion, however, there exists a temperature range where thghases, which are commonly reproduced by using competing
LRO and SRO states coexist dynamically at steady 8tate.interactions with different ranges. A formal mathematical
By extending the present KMC results to the,Mo alloy, it  treatment to derive these effective interactions in the case of
is expected that the disordered zones produced by displacpatterning of order, however, is currently lacking.
ment cascades during ion irradiation would first reorder ac- Several simplifications have been used in the present
cording to the SRO symmetry, as is observed during thermakMC simulations. First, interstitials have been ignored,
annealing of a completely disordered st#&&or intermedi- whereas they could contribute to disordering, through ran-
ate rate of introduction of cascades, one would then expectom recombinatiof? or to reordering, in particular at low
the stabilization of patterns of coexisting LRO and SROtemperatur&® Although these contributions would add com-
states. More experimental work is required, though, to deterplexity, it appears that they would not affect the main result
mine the spatial distribution of the two ordered states whenhat patterning of order becomes possible when cascades are
they coexist dynamically. large and dense. Second, vacancies are treated as conserva-
We now turn to nonstoichiometric alloys. Patterning of tive species, with a fixed vacancy concentration. The use of a
order, combined with segregation or wetting at APBs, leadsixed vacancy concentration is motivated by the fact that
to compositional patterning, even for alloy compositions in-point defects reach their steady-state concentration much
side the equilibriumL1, field (cg=23%). For dilute alloys faster than the chemical order. As we useagoviori imposed
(cg=12%), patterning of order leads to formation of small vacancy concentration, the time scale and the fluxes given in
ordered precipitates embedded in a disordered matrix. Thithe simulations cannot be directly compared to experimental
kind of microstructure is in fact very similar to the ones values. For comparison with these values, the time scale
reported by Nelsoret al#®> and by Schmitzet al#® in Ni-  should be rescaled by the actual point defect concentration
irradiated Ni—Al alloys with Al concentrations of 11.5% and under irradiation, which can be estimated using rate
12%, respectively. In these works, patterning of order couldequations-3” The absence of sources and sinks for point de-
potentially have been induced indirectly by a compositionalfects implies that there are no net chemical fluxes in our
patterning?’ This alternative explanation, however, is lesssimulation cells. It is well documented that these fluxes,
convincing since the maximum characteristic scale of theeombined with the irreversibility of the point defect elimina-
patterns would then be bounded byR.° which translates tion reaction, can induce compositional patterning, and, as a
into 3.6 nm for Ag—CP2 On the other hand, when patterning consequence, patterning of order in alloy systems with order-
of order is directly induced by cascade zone reordering, théng tendency® The microstructure of such patterns, how-
size of ordered domains is bounded by the cascade sizeyer, is directly linked to that of the sinks. For the moder-
which can extend up to 10 n#i.Additional experimental ately elevated temperatures considered here, the sink
work is required to characterize these microstructures at theeparation distance should thus be at least an order of mag-
nanoscale. nitude larger than the scale predicted in the present simula-
It is interesting to stress the similarities between thetions. The confirmation of the mechanism identified in this
present results and our previous work on the effect of thevork for patterning of order thus requires a combined analy-
forced atomic relocation range in displacementsis of the patterns of order and of the microstructure of the
cascadé:?627:53As mentioned in the Introduction, this range, irradiated material. Finally, stress effects were not considered
as it exceeds a critical value, can directly lead to composiin the simulations. As elastic interactions are long range, they
tional patterning, and indirectly to patterning of order whenare susceptible to alter the scale of patterns of order. One
one of the two phases involved in the decomposition displaysvay to minimize elastic interactions is to choose an alloy for
an ordering tendency. The effect of the cascade size identwhich the A1 andL1, phases are lattice matched, e.g., the
fied in the present work is complementary to that of thenimonic PE 16 superalloy.
relocation range, in the sense that it can directly induce pat- Finally, we propose that irradiation-induced patterning of
terning of order, and indirectly compositional patterning inorder could be used for the synthesis of functional nanocom-
nonstoichiometric alloys. In both cases, the relevant lengtlposites. In particular, the extension of the present results to
scale has to exceed a critical value for patterning to becomthe Fe—Pt and Co—Pt alloy systems suggests that nanocom-
possible. In both cases, stable steady-state patterns emengasites comprised oEl, and disordered phases could be
continuously from a disordered and homogeneous state, untibtained by processing alloys wit;=30% to 40% under
reaching a maximum scale, where the alloy undergo a dissarefully chosen irradiation conditions. These conditions
continuous dynamical transition to a phase that possess@guld be such that they retain thel, phase, which has a
long-range order. We also note that in both cases the indirettigh ordering energy in these systems, but would disorder
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the L1, phase. Nanocomposites bl, FePt or CoPt, which tions of order, by using a fluctuation-dissipation relationship
are hard magnetic phases, andAdf, a soft magnetic phase, evaluated at an effective temperature. While the present work
have been proposed as very good candidates for exchangeffers rationalization for some experimental results on
spring magnets, producing permanent magnets with erNi;Mo and Ni—Al alloys, systematic experiments are sug-

hanced energy products:>® gested to test the present predictions. It is also suggested that
irradiation-induced patterning of order could be used to syn-
VI. CONCLUSION thesize functional nhanocomposites, in particular, exchange-

o ) ) spring magnets.
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