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Self-diffusion and solute diffusion in alloys under irradiation: Influence of ballistic jumps
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We have studied the influence of ballistic jumps on thermal and total diffusion of solvent and solute atoms
in dilute fcc alloys under irradiation. For the diffusion components that result from vacancy migration, we
introduce generalized five-frequency models, and show that ballistic jumps produce decorrelation effects that
have a moderate impact on self-diffusion but that can enhance or suppress solute diffusion by several orders of
magnitude. These could lead to new irradiation-induced transformations, especially in the case of subthreshold
irradiation conditions. We also show that the mutual influence of thermal and ballistic jumps results in a
nonadditivity of partial diffusion coefficients: the total diffusion coefficient under irradiation may be less than
the sum of the thermal and ballistic diffusion coefficients. These predictions are confirmed by kinetic Monte
Carlo simulations. Finally, it is shown that the method introduced here can be extended to take into account the
effect of ballistic jumps on the diffusion of dumbbell interstitials in dilute alloys.
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I. INTRODUCTION

It is well documented that irradiation by energetic pa
ticles can modify the kinetic evolution of an alloy.1,2 The
physical origins of these modifications are known for met
lic alloys. On one hand, nuclear collisions between energ
particles and atoms of the target lead to a forced ato
mixing. For recoil energies higher than a displacem
threshold energy~typically 25 eV in metals! but less than a
few hundreds of eV, this forced mixing takes place in line
replacement collision sequences, while for higher recoil
ergies~typically above 1 keV in metals! most of this mixing
takes places in displacement cascades.3 For low to moderate
recoil energies, this forced mixing can be well modeled b
ballistic, i.e., random, diffusion process.4 On the other hand
nuclear collisions initiated by recoils above the threshold
ergy lead to the formation of stable Frenkel pairs. This
sults in a supersaturation of point defects, and hence in
acceleration of thermal diffusion. This supersaturation c
reach several orders of magnitude, particularly at low te
perature as rates for point defect recombination and ann
lation at sinks are suppressed.5 Note that for recoil energies
below the displacement threshold energy, while no new p
defect can be created, existing point defects can be force
jump from one lattice site to a neighboring one. Such s
threshold events can also contribute to noticeable evolut
of alloy microstructures under mild irradiation conditions.6–8

Again, this forced migration can be approximated by a b
listic process.

In many situations, ballistic mixing and thermally ac
vated diffusion compete since they tend to drive the al
microstructure in different directions. Indeed, on one ha
ballistic mixing tends to randomize atomic configuration
e.g., to promote the dissolution of precipitates and the di
dering of chemically ordered phases, while thermally a
vated diffusion, on the other hand, is driven by chemi
potential gradient and often results in the formation of p
cipitates and ordered phases. Irradiation parameters suc
the irradiation temperature, the flux, the mass, and the en
0163-1829/2002/65~14!/144107~9!/$20.00 65 1441
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of the projectile, as well as material parameters determ
whether thermal or ballistic processes are predominant
the latter case, irradiation-induced phase transformati
may be observed, while in the former case irradiatio
enhanced transformations may take place. These transfo
tions often lead to significant changes in the properties of
irradiated material. Both from a practical and a theoreti
viewpoint, it is therefore important to develop the modeli
of these alloys driven by competing dynamics.

To study quantitatively the competition between therm
and ballistic diffusion, Martin introduced a kinetic mod
with two dynamics in parallel.4 In this model the composi-
tion field of an alloy under irradiation evolves in time due
thermal diffusion, enhanced by point defect supersaturat
and due to ballistic diffusion, which results from nucle
collisions. This model has been successfully used and de
oped to rationalize order-disorder transformations9 and
dissolution-precipitation reactions10 or to analyze ion-beam
mixing experiments.11 This approach was also recently e
tended to include the finite range of atom relocations in
ergetic displacement cascade.12 Another extension of Mar-
tin’s approach has been developed to study dynamical ph
transitions in alloys subjected to intense shearing.13 In that
context, the tools initially derived by Martin to address pha
stability in alloys under irradiation have been shown to
useful to rationalize phase transformations forced by b
milling.14–16More generally, atomic systems with competin
dynamics have been widely used as prototypes to study
general behavior of nonequilibrium dynamical systems.17–19

The presence of several independent dynamics can e
be incorporated in kinetic modeling at the microscopic lev
the configurational transition rates appearing in a mic
scopic master equation are written as the sum of the rates
to each dynamics.2 While this approach lends itself very we
to atomistic kinetic Monte Carlo simulations, no general an
lytical results can be obtained at this microscopic level
predict the dynamical stability of microstates.18 Approximate
solutions, however, can be derived through continuum m
eling, as for instance shown by Martin.4 An important ingre-
©2002 The American Physical Society07-1
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dient of such continuum modeling is how the coexistence
several dynamics is taken into account. In fact, while
coupling between chemical and point defect fluxes in allo
under irradiation has received a lot of attention~see Ref. 2
and references therein!, no specific attention has been paid
the possible effect of ballistic jumps on thermal diffusion.
illustrate this point, let us concentrate on how diffusion in
dilute alloy would be written following Martin’s model. Fo
the sake of simplicity, we concentrate here on the part
point defect-assisted diffusion that results from vacancy
gration, but we will indicate how the proposed approach c
be extended to diffusion by dumbbell interstitials. As th
mally activated and ballistic migration events are assume
take place in parallel, the approach currently in use is
write the total tracer diffusion coefficient in an irradiate
alloy as

DX
irr5a2f thcv

irrvv
th1DX

bal, ~1!

where X is the tracer atom,a the lattice parameter of th
crystal, which is assumed to possess cubic symmetry h
f th a thermal correlation factor,cv

irr the vacancy concentratio
in the presence of irradiation,vv

th the X atom-vacancy ex-
change frequency, andDX

bal is the ballistic diffusion coeffi-
cient. As we will later discuss irradiation situations whe
only subthreshold collision events take place, let us no
that, by analogy with Eq.~1!, the total diffusion coefficient in
that case would read

DX
irr,sub5a2f thcvvv

th1DX
bal,sub, ~2!

where cv is the vacancy concentration at thermal equil
rium, andDbal,sub is the diffusion coefficient correspondin
to the atomic jumps forced by subthreshold collisions.

The central point addressed in this paper is to question
validity of Eqs.~1!,~2!. For the rare cases where each dyna
ics results in a random walk of tracer atoms, e.g., for int
stitial atoms migrating via a direct interstitial mechanism
is correct to add the thermal and ballistic diffusion coe
cients determinedin the absenceof the second dynamics, a
done in Eqs.~1!,~2!. This procedure is also correct in th
limiting case where both dynamics proceed by the sa
mechanism and lead to identical correlation factors. In ne
all practical situations, however, thermal and ballistic d
namics proceed by different mechanisms@as in Eq.~1!#, or
result in correlated walks with different correlation facto
This is particularly true when thermally activated diffusio
of solvent and solute atoms proceeds by vacancy migrat
as illustrated later in this work. In all these important prac
cal cases, we show here thatthe presenceof a second dy-
namics can significantly alter correlations during tracer at
migration by a first dynamics, leading to suppression or
hancement of the corresponding diffusion coefficients
several orders of magnitude. For these situations, a se
point that we address is to question whether the total di
sion coefficient can even be written as the sum of the ther
and the ballistic diffusion coefficients. Indeed, as the mig
tion path of a given atom is comprised of alternating therm
and ballistic segments, it is nota priori guaranteed that the
total mean-square displacement of this atom is the sum o
14410
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mean-square displacements due to thermal and ball
events taken separately. In this paper, for the sake of simp
ity, we study these two points when thermal diffusion pr
ceeds by vacancy migration, and we restrict our study to p
and dilute fcc alloys, for which elaborate diffusion mode
are available.20,21

The paper is organized as follows. First in Sec. II, w
introduce generalized five-frequency models and propose
pressions for thermal, ballistic, and total diffusion coef
cients in a dilute fcc binary alloy in the presence of therma
activated and ballistic dynamics. Then, in Sec. III we co
pare some of these diffusion coefficients with kinetic Mon
Carlo results. A few model alloys are selected to illustra
how thermal diffusion is modified by the presence of ballis
jumps. Finally, we discuss some practical consequences
the decomposition kinetics of an alloy during subthresh
irradiation, and we indicate how to extend the present
proach, derived for vacancy migration, to the case of dum
bell interstitial migration.

II. MODEL

The classical theory of atomic diffusion provides us w
analytical expressions for self-diffusion and solute diffusi
coefficients in an alloy at thermal equilibrium.20,21 After
briefly recalling these expressions for an fcc diluteA12cBc
alloy, we show how they can be extended to the case o
alloy where both thermal and ballistic jumps take place.

Thermal diffusion. In addition toA solvent atom-vacancy
exchange frequencyv0, there are four exchange frequenci
to be considered:20,21 the frequency ofB solute-vacancy ex-
changesv2, the frequency ofA atom-vacancy exchanges th
do not dissociate the solute-vacancy pairv1, the frequency
of an A atom-vacancy exchange that dissociates the sol
vacancy pairv3, and the frequency of anA atom-vacancy
exchange that associates the solute and the vacancyv4. In
this model, the thermal diffusion coefficient of an isolat
solute atomB is calculated to be

DB
th5DB

th~v0 ,v1 ,v2 ,v3 ,v4!5a2v2cv

v4

v3
f 2 , ~3!

wherecvv4 /v3 is the vacancy concentration at a neighbo
ing site, andf 2 is the correlation factor between success
solute-vacancy exchanges:

f 25
v11v33.5F~v4 /v0!

v11v21v33.5F~v4 /v0!
, ~4!

where

F~x!512
1

7

10x41180.5x31927x211341

2x4140.2x31254x21597x1435
~5!

for x5v4 /v0.
Formula ~3! gives also the thermal self-diffusion coeffi

cient of anA tracer atom when setting allv ’s equal tov0:

DA
th5DB

th~v0 ,v0 ,v0 ,v0 ,v0!5a2v0cv f 0 , ~6!
7-2
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SELF-DIFFUSION AND SOLUTE DIFFUSION IN . . . PHYSICAL REVIEW B65 144107
where the geometric correlation factorf 05@113.5F(1)#/
@213.5F(1)#50.7815.

Ballistic diffusion above displacement threshold. Follow-
ing Martin’s idea,4 the forced atomic jumps produced by r
coil energies above the displacement threshold energy,
below recoil energies producing displacement cascades
modeled by performing isolated random exchanges betw
solvent atom, solute atom, and vacancy.2 At these moderate
recoil energies, it is correct to assume that such exchan
take place between nearest neighbor sites only. The
quency of these jumps can be simply calculated by multip
ing the displacement rate per atom by the number of repla
ments produced by one displacement.4 Then, defining 2vb as
the ballistic atom exchange frequency per pair, the balli
diffusion coefficient of any tracer elementX (X 5 A or B)
reads

DX
bal5a2vb. ~7!

Ballistic diffusion below displacement threshold. An ex-
tension of the previous procedure is proposed for the for
atomic jumps produced by subthreshold collisions. In t
case only atoms that are nearest neighbors of a vacancy
jump. Furthermore, since the energy required to initiate s
a jump is of the order of 1 to a few eV, we will here assum
that the frequency of such an event is independent of
local atomic configuration. This simplification is justified fo
alloys with moderate heats of mixing because, in that ca
the configuration-dependent part of site energies are well
low 1 eV. Definingvb

sub as the vacancy ballistic jump fre
quency, the subthreshold ballistic diffusion coefficient of a
tracer elementX (X 5 A or B) now reads

DX
bal,sub5a2vb

subcv f 0 . ~8!

Thermal and above threshold ballistic diffusion. We now
want to derive an expression for the total diffusion coe
cient of anX tracer atom,DX

tot , when both thermal and bal
listic dynamics are active. The direct addition of the therm
coefficients from Eq.~3! or Eq.~6! to the ballistic coefficient
given by Eq.~7! does not provide accurate results. Inde
both the vacancy concentration around the tracer a
(cvv4 /v3) and the correlation factor (f 2) are modified by
the ballistic jumps performed by the vacancy. To account
these effects, we propose here to write the total diffus
coefficient as a sum of a modified thermal diffusion coe
cient and the ballistic diffusion coefficient:

DX
tot5D̂X

th1DX
bal. ~9!

The modified thermal diffusion coefficient,D̂X
th , is simply

obtained by adding the atom ballistic frequency, i.e., 2vb to
the thermal frequenciesv0 , v1 , v3 , v4 in Eq. ~3!, so as to
take into account the effects of the ballistic jumps on
correlations of the tracer atom thermal migration. No bal
tic term should be added tov2 since ballistic jumps betwee
the solute and the vacancy are already accounted for in
solute ballistic diffusion coefficient. This thermal diffusio
coefficient modified by the presence of ballistic jumps is th
given by
14410
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D̂X
th5

cv
irr

cv
DX

th~v̂0 ,v̂1 ,v̂2 ,v̂3 ,v̂4!,

with

v̂05v012vb , v̂15v112vb , v̂25v2 ,

v̂35v312vb , v̂45v412vb . ~10!

This new formulation can also be used for the self-diffusi
coefficient by setting all thermalv ’s to v0. For high ballistic
frequency, vb suppresses both the vacancy segrega
around the solute atomX @(v412vb)/(v312vb)→1# and
the correlation between consecutive solute jumps@ f̂ 2

5 f 2(v̂0 ,v̂1 ,v̂2 ,v̂3 ,v̂4)→1#. These effects are indeed ex
pected due to the random nature of the ballistic jumps.
low ballistic jump frequency we expect the new formula E
~10! to provide a rather accurate description of thermal d
fusion coefficients since it includes the effect of the ballis
events on the path that the vacancy performs between
consecutive exchanges with the tracer atom. A first limitat
of Eq. ~10!, however, is that it ignores the fact that the solu
can migrate through ballistic jumps between two therm
jumps. The second effect that is ignored is that ballistic
changes between the tracer and a solvent atom provide a
tional ways for dissociation or reassociation of the trac
vacancy pair. It is therefore not guaranteed that this n
expression will retain its accuracy for intermediate ballis
jump frequency. Note that the influence of the ballistic jum
on thermal diffusion is expected to be much more p
nounced for solute diffusion than for self-diffusion. Indee
in the latter case, the correlation factor will only increa
from f 050.7815 to 1 as the ballistic frequency goes fro
zero to infinity, whereas the solute correlation factor w
increase fromf 2, which can be very small in a trappin
situation, to 1. The probability to find the vacancy next to t
solute atom, however, may be reduced because of the ba
tic jumps. Depending upon the specifics of the alloy cons
ered, the ballistic jumps could therefore enhance or red
thermally activated diffusion. These effects will be illustrat
on a few model alloys in Sec. III. It should be stressed th
for comparison with experimental data, one should evalu
the steady-state vacancy concentration under irradiation
D̂X

th is directly proportional tocv
irr . This can be done by using

rate equation models.5

Thermal and subthreshold ballistic diffusion. Here again
ballistic jumps will modify both the correlation factors an
the probability to find the vacancy next to the tracer atomX.
Following the approach used in the preceding paragraph
improved expression for the thermal diffusion coefficient
the presence of subthreshold ballistic diffusion is propos

D̂X
th,sub5DX

th~v̂0 ,v̂1 ,v̂2 ,v̂3 ,v̂4!,

with

v̂05v01vb
sub, v̂15v11vb

sub, v̂25v2 ,

v̂35v31vb
sub, v̂45v41vb

sub. ~11!
7-3
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JEAN-MARC ROUSSEL AND PASCAL BELLON PHYSICAL REVIEW B65 144107
For the ballistic diffusion term, since all ballistic jump
proceed by migration of the vacancy, the correlation fac
for this migration, as well as the probability to find the v
cancy next to a tracer atom, are in fact perturbed by
thermal jumps. In order to propose an expression consis
with Eq. ~11!, we simply apply the same rules used in t
derivation of Eq.~11!, except that now the roles of the tw
dynamics are permuted. This improved expression for
ballistic diffusion coefficient can be rewritten as

D̂X
bal,sub5DX

th~v̂0 ,v̂1 ,v̂2 ,v̂3 ,v̂4!,

with

v̂05vb
sub1v0 , v̂15vb

sub1v1 , v̂25vb
sub,

v̂35vb
sub1v3 , v̂45vb

sub1v4 . ~12!

For this case of mixed thermal and subthreshold balli
diffusion, since all jumps take place by an atom-vacan
exchange mechanism, we can also directly use the clas
five-frequency formula to write the total diffusion coefficie
of a tracer atomX. All five jump frequencies are simply th
sum of a thermal frequency and of the ballistic frequen
This exact expression for the total diffusion coefficient c
be rewritten as

DX
tot,sub5DX

th~v̂0 ,v̂1 ,v̂2 ,v̂3 ,v̂4!,

with

v̂05v01vb
sub, v̂15v11vb

sub, v̂25v21vb
sub,

v̂35v31vb
sub, v̂45v41vb

sub. ~13!

Since we now have an exact expression for the total
fusion coefficient and two improved expressions for the th
mal and ballistic components, we can test whether the t
diffusion coefficient is indeed given by the sum of the part
diffusion coefficients. By inspection of Eqs.~11!,~12!,~13! it
is seen that the equality is in general not fulfilled. The d
ference comes from the fact that in the expression of
modified correlation factorsf̂ 2 the ‘‘second’’ jump frequency
reads (v21vb

sub) in the total diffusion coefficient, whereas
readsv2 andvb

sub in the thermal and ballistic diffusion co
efficients, respectively. As all frequencies are positive qu
tities, it is therefore predicted that the total ballistic diffusio
will be less than or equal to the sum of the thermal a
ballistic diffusion measured separately. Note that in the li
iting cases where one diffusion mechanism is strongly p
dominant, i.e., whenvb

sub is much smaller or much large
than v2, this difference disappears and the total diffusi
coefficient is indeed recovered as the sum of the partial
fusion coefficients. It is expected that the deviation from a
ditivity is maximum when the dynamics are operating at
same frequency. In the case of self-diffusion, since all th
mal jump frequencies are equal tov0, the maximum relative
deviation can be obtained analytically by settingv i5v0

5vb
sub in Eqs.~11!,~12!,~13!. Simple algebra yields
14410
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D̂A
th,sub1D̂A

bal,sub2DA
tot,sub

DA
tot,sub

5
12 f 0

11 f 0
50.1226. ~14!

While this difference of about 12% is small, larger effec
are again possible in the case of solute diffusion. The ph
cal origin of this reduction of the total diffusion coefficient
quite clear: when two consecutive jumps of the tracer at
occur by different dynamics in opposite directions the to
migration distance of the tracer atom is zero, while ea
jump taken separately can contribute to the partial migrat
distances, and therefore to the partial diffusion coefficients
should be remembered that the predicted deviation from
ditivity of partial diffusion coefficients relies on the use o
two approximated expressions, one for the thermal and
other for the ballistic diffusion coefficients, see Eq
~11!,~12!. It is therefore necessary to test these predictions
well as the other results we derived in this section, by Mo
Carlo simulations.

III. SIMULATION

The Monte Carlo simulations are performed on a rig
face-centered cubic crystal using periodic boundary con
tions. Only one vacancy is introduced in the crystal. Oth
sites are occupied byA atoms. For the solute diffusion cas
oneA atom is replaced by aB one. A crystal size of 512 site
is enough to calculate the quantities of interest. The vaca
concentration is thus fixed constant at 1.931023. For com-
parison with the analytical predictions, however, a correct
is sometimes necessary sincecv andcv

irr in all previous equa-
tions refer to concentrations in the matrix, whereas in
simulations it is the total vacancy concentration that is fix
We will explicitly discuss this correction when it become
significant. The simulations are performed following the pr
cedure we used to study phase evolution un
irradiation.12,22 Let us simply recall that activation energie
for vacancy-atom exchanges are described in the framew
of a kinetic Ising-like model where atom interactions a
restricted to pairwise energies between nearest-neighbo
oms. An important consequence of this simplification is th
there are only three independent frequencies in this mo
v0 , v1, and v2, sincev35v0 and v45v1. A residence-
time algorithm is used to construct a kinetic evolution of t
system through vacancy jumps and ballistic exchanges~see
Refs. 22,23 and references therein for a discussion on
algorithm!. To calculate the tracer diffusion coefficients, w
label every A or B atom and first compute the time
dependent diffusion coefficientDi(t)5d^R2(t)& i /6dt, where
R denotes the displacement of the atom and^& i stands for an
average over theA tagged atoms~no such average is per
formed for the solute diffusion since there is only oneB atom
in the simulation cell!. The tracer diffusion coefficientsDA

tot

or DB
tot are then recovered at large time. A tracer trajecto

obtained in the simulation, in general, contains segments
responding to thermal and ballistic jumps. The thermal a
ballistic diffusion coefficients are calculated by putting t
gether all thermal segments and all ballistic segments,
spectively. The corresponding diffusion coefficientsDX

th,MC,
7-4
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DX
bal,MC, andDX

tot,MC are then calculated and compared to t
analytical expressions proposed in Sec. II.

Thermal and above threshold ballistic diffusion. We first
focus on self-diffusion under irradiation. The following p
rameters are used for that purpose. The vacancy migra
energy is set to 0.8 eV and the vacancy attempt jump
quencyn is set to 1014 s21, giving anA2V exchange fre-
quency equal tov058.333103 s21 at a temperatureT
5400 K. According to our model in Sec. II, the correcte
thermal self-diffusion coefficient under irradiationD̂X

th is ob-

tained by replacing in Eq.~10! all v ’s by v0, i.e., D̂A
th

5a2v0cv f̂ 0 where the correlation factor now writesf̂ 0
5(v012vb)a/@v01(v012vb)a# with a5113.5F(1).
In Fig. 1, we plot D̂A

th , DA
bal, and DA

tot as function of the

ballistic frequencyvb , and f̂ 0 as a function of 2vb /v0, as
well as the Monte Carlo results. Clearly the agreemen
very good. In particular the corrected expression for
thermal diffusion coefficient predicts remarkably well th
decorrelation effect due to the ballistic jumps, even in
region vb'v0. Note that, with the current parameters, t
moderate increase in the thermal diffusion coefficient will
masked by the large increase of the ballistic diffusion co
ficient. Another important conclusion drawn from Fig. 1
that the total diffusion coefficient is accurately predicted
adding the thermal and the ballistic diffusion coefficien
The same conclusion holds also for solute diffusion for
alloys and irradiation conditions that we have tested in
case of above-threshold ballistic jumps.

We now investigate the case of solute diffusion. In co
parison to self-diffusion, we expect the influence of ballis
jumps to produce more significant modifications ofD̂B

th . In-

FIG. 1. TotalDA
tot (d), thermalD̂A

th (s), and ballisticDA
bal (h)

self-diffusion coefficients as a function of the above-threshold b
listic frequencyvb from MC simulations and analytical expressio
~lines! @see text#. Data are obtained forv058.333103 s21 at T
5400 K andcv51.931023. The inset shows the correlation facto

f̂ 0 as a function of 2vb /v0.
14410
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deed, the correlation factorf̂ 2 may now vary between 0 an
1, and the situation is complicated by the fact that vaca
segregation around the tracerB atom may also change due t
the presence of ballistic jumps. We first want to illustrate t
possible annihilation of correlations between success
solute-vacancy jumps. For this purpose we consider a mo
alloy ~model 1! presenting initially strong correlations, i.e.,
small value off 2. This condition can be fulfilled by choosin
a large solute-vacancy frequencyv2 with respect to allv ’s.
In this example, activation energies are set to 0.50 eV forv2,
0.80 eV forv0 and v3, and 0.77 eV forv1 and v4 ~these
parameters correspond to the model alloy studied in Ref.
and are typical of a Co impurity in a Cu matrix!. In absence
of irradiation the correlation factorf 2 is very low and equal
to '731024 while the ratev4 /v3 that gives the vacancy
segregation tendency around the solute atom is equal to
In Fig. 2 the resulting diffusion coefficients are shown as
function of the ballistic frequencyvb . Here again the agree
ment between the Monte Carlo simulations and our anal
cal expressions is very good. In this case, as expected
decorrelation effects are quite pronounced, resulting in
acceleration of thermal diffusion by almost three orders
magnitude. It is worth noticing that this large accelerati
results in fact from two opposite effects: the vacancy seg
gation around the solute atom decreases slightly asvb in-
creases@the factor (v412vb)/(v312vb) goes from 2.2 to
1#, but the detrapping of the vacancy is so large (f̂ 2 increases
from 731024 to 1! that it determines the overall evolutio
of the solute thermal diffusion coefficient.

Let us now consider a second model alloy~model 2! to
illustrate that the opposite situation can take place as w
We choose this model 2 alloy so that it presents a la

l-
FIG. 2. TotalDB

tot (d), thermalD̂B
th (s), and ballisticDB

bal (h)
solute diffusion coefficients as a function of the above-thresh
ballistic frequencyvb from MC simulations and analytical expres
sions~lines! @see text#. Data are obtained for the model 1 alloy

T5400 K andcv51.931023. The correlation factorf̂ 2, the factor
(v412vb)/(v312vb), and the product of these two quantities a
shown in the inset.
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vacancy segregation around the soluteB atom. Activation
energies are set to 0.60 eV forv2, 0.93 eV forv0 , v3, and
0.73 eV for v1 , v4, so thatv4 /v3'275 and f 2'0.02 at
T5400 K. In Fig. 3 the corresponding diffusion coefficien
are plotted as a function ofvb . With these parameters, th
difference of bond strength betweenA andB atoms results in
a large increase of the local vacancy concentrationcv

B around
a soluteB atom with respect to the bulk vacancy concent
tion cv . As mentioned above, ballistic jumps tend to redu
this difference of vacancy concentration since under irrad
tion cv

B5(v412vb)/(v312vb)cv .
To compare the Monte Carlo results to our analytical

pressions, a rescaling of the vacancy concentration is
required. Indeed, since the number of vacancy is fixed in
simulations ~and equal to 1!, and since the vacancy i
strongly segregating on the solute atom, the true matrix
cancy concentration is reduced. Using a conservation e
tion for the vacancy in the simulation cell, it is calculate
that the value ofcv in Eq. ~10! is reduced by a ratio 1
1cb@Z(v42v3)/(v312vb)21#, wherecb is the B solute
concentration andZ is the coordination number~512!. Note
that this correction is added only to address in a simple w
the limitations of the canonical ensemble used for the Mo
Carlo simulations. In Fig. 3, one can observe that for t
model 2 the agreement between analytical expressions
Monte Carlo results is again very good. For this mode
alloy, at lowvb the decrease of (v412vb)/(v312vb) oc-
curs before the increase off̂ 2. This leads to a marked de
crease ofD̂B

th , and produces even a small decrease ofDB
tot . In

this example we arrive at the surprising conclusion that

FIG. 3. TotalDB
tot (d), thermalD̂B

th (s), and ballisticDB
bal (h)

solute diffusion coefficients as a function of the above-thresh
ballistic frequencyvb from MC simulations and analytical expres
sions~lines! @see text#. Data are obtained for the model 2 alloy
T5400 K and cv51.931023/$11cb@Z(v42v3)/(v312vb)

21#%. The correlation factor f̂ 2, the factor (v412vb)/(v3

12vb), and the product of these two quantities are shown in
inset.
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ditional ballistic jumps may reduce the solute thermal a
total diffusion coefficients.

Thermal and subthreshold ballistic diffusion. In the case
of above-threshold ballistic jumps, the relative importance
thermal to ballistic diffusion coefficient is directly propo
tional to the vacancy concentration@see Eqs.~7!,~10!#. In the
case of subthreshold ballistic diffusion, however, both dif
sion coefficients are proportional to the vacancy concen
tion @see Eqs.~11!,~12!#. Furthermore, as both processes p
ceed by vacancy jumps, one may expect the mutual influe
of the two processes on the partial and total diffusion co
ficients to be more pronounced. The model 1 alloy int
duced in the previous subsection will be used to study th
points.

We first consider self-diffusion and solute diffusion in th
model 1 alloy. Figures 4 and 5 provide the results obtain
from the Monte Carlo~MC! simulations and from our ana
lytical expressions for self-diffusion and solute diffusion c
efficients, respectively. In both cases the overall agreeme
very good. For self-diffusion, the small decorrelation effe
predicted by the formulas are indeed reproduced in the
simulations. Asvb

sub increases the thermal diffusion increas
by a factor 1/0.7815, whereas the ballistic diffusion divid
by vb

sub decreases by a factor 0.7815. Furthermore, eve
the region wherev0'vb

sub, the approximated analytical ex
pressions for the partial diffusion coefficients are valida
by the MC results. As for the total diffusion coefficient, th
MC results are in excellent agreement with the formula@Eq.
~13!#, but this is not unexpected because the formula is ex
for that coefficient. Now for solute diffusion, while th
decorrelation effect on the ballistic diffusion coefficient
similar to that for self-diffusion, the increase in the therm
diffusion coefficient is more pronounced; it is in fact qui
similar to what was observed in the case of above-thresh

d

e

FIG. 4. Total DA
tot,sub (d), thermal D̂A

th,sub (s), and ballistic

D̂A
bal,sub (h) self-diffusion coefficients as a function of the su

threshold ballistic frequencyvb
sub from MC simulations and analyti-

cal expressions~lines! @see text#. Data are obtained for the model
alloy at T5400 K andcv51.931023.
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ballistic diffusion~Fig. 2!. Furthermore, this increase resu
in a similar increase of the total diffusion coefficient. As
consequence, these decorrelations could now be easily
tected experimentally by measuring the solute diffusion
efficient.

Let us now investigate the possible deviation from ad
tivity of the partial diffusion coefficients, using the da
shown in Figs. 4 and 5. For that purpose, we calculate
difference between the sum of the partial diffusion coe
cients and the total diffusion coefficient, and we normal
this difference by the total diffusion coefficient@as in Eq.
~14!#. The results obtained with the analytical expressio
and the MC simulations are plotted in Fig. 6. As discussed
Sec. II, the analytical expressions predict that the sum of
partial diffusion coefficients will overestimate the true to
diffusion coefficient. For both self-diffusion and solute d
fusion, the MC results confirm this prediction. In the se
diffusion case, the measured excess is in very good qua
tative agreement with the analytical curve, whereas in
solute case, the measured excess is about twice as lar
the one predicted, and reaches about 60%. This quantita
difference between the analytical expressions and the
results is not surprising since, as stressed in Sec. II, the
posed formulas for the partial diffusion coefficients igno
the solute-vacancy exchanges due to one dynamics in
calculation of the solute diffusion coefficient for the seco
dynamics.

IV. DISCUSSION

The two main questions addressed in the introduct
were first to evaluate the effects of ballistic jumps on therm
diffusion coefficients in an alloy under irradiation, and se
ond to determine whether it is correct to calculate the to
diffusion coefficient of a tracer atom by adding its therm

FIG. 5. Total DB
tot,sub (d), thermal D̂B

th,sub (s), and ballistic

D̂B
bal,sub (h) solute diffusion coefficients as a function of the su

threshold ballistic frequencyvb
sub from MC simulations and analyti-

cal expressions~lines! @see text#. Data are obtained for the model
alloy at T5400 K andcv51.931023.
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and ballistic contributions. As for the first point, Monte Car
simulations clearly establish that ballistic jumps can hav
large impact on thermal diffusion coefficients, especially
solute atoms that are strongly interacting with vacancies.
generalizing the classical five-frequency formula for solu
diffusion in an fcc alloy, we obtain analytical expressions f
these modified thermal diffusion coefficients that are in ve
good agreement with Monte Carlo simulations for all t
parameters used in this study. This can be understood
recognizing that the modified formulas Eqs.~10!,~11! take
into account the effects of the ballistic jumps on the path t
a vacancy performs between two consecutive exchanges
a tracer atom. These formulas, however, do not take
account that the tracer atom may exchange with the vaca
through ballistic jumps between two thermal exchanges. T
limitation should become more apparent when the two
namics operate at similar rates, because then the tracer
gration path consists of mixed thermal and ballistic jumps
is however observed that this limitation results in minim
deviations. The proposed modified analytical expressions
thermal diffusion in the presence of ballistic jumps are th
found to be useful for the whole range of ballistic jump fr
quency. In the case of subthreshold ballistic jumps, a sim
formula even provides an accurate description of the de
relation effects produced by thermal jumps on the ballis
diffusion coefficient. In view of this ensemble of results, it
also reasonable to propose that similar modified express
can be used for bcc crystals, starting from the classical fo
frequency formula that has been established for ther
diffusion.21

As an example of application of our analytical expre
sions, we now consider other alloy systems. For that p
pose, we use the results published by Adamset al.,24 which
give numerical values for all five thermal frequencies f
several alloy systems. Consider for instance the case of
diffusion of a Au impurity in Ni. As seen in Fig. 7, the Au

FIG. 6. Deviations from additivity of the partial diffusion coe

ficients DX5(D̂X
th,sub1D̂X

bal,sub2DX
tot,sub)/DX

tot,sub for X5A (s) and
X5B (d) using MC data and analytical expressions~lines! shown
in Figs. 4 and 5.
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JEAN-MARC ROUSSEL AND PASCAL BELLON PHYSICAL REVIEW B65 144107
thermal and total diffusion coefficients are enhanced by m
than one order of magnitude atT5800 K. The lower the
temperature, the larger this enhancement gets. A possible
periment to observe this increase would be to irradiate w
300 keV electrons a supersaturated solution of Au in
obtained by quenching the alloy from a temperature ab
the solvus temperature. The maximum energy that 300
electrons can transfer to Au and Ni atoms during elastic c
lisions is 4.3 eV and 14.4 eV, respectively. This energy
well below the displacement threshold energy and o
should thus be in the case where thermal and bel
threshold jumps will take place in parallel. Such an irrad
tion could even be performedin situ in a transmission elec
tron microscope. It is anticipated that at moderate irradiat
intensities the acceleration of thermal diffusion will lead
an acceleration of the decomposition of the supersatur
solid solution. However, as the irradiation flux increases, b
listic diffusion will become predominant leading to a stabi
zation of the solid solution. In order to address the poss
decomposition of such a solid solution, one would first ne
to know the cross sections for subthreshold migration of
cancy, so as to convert the electron flux into a subthresh
ballistic jump frequency. Second, one should also take
account the effect of solute concentration on correlation f
tors. While these tasks are beyond the scope of the pre
work, a possible approach to address the second point w
be to extend to the case of alloys under irradiation the
proach recently introduced by Nastar and co-workers25 to
derive analytical expressions of correlation factors in c
centrated alloys.

As for the second point addressed in this paper, the a
tivity of partial diffusion coefficients, Monte Carlo simula
tions indicate that this additivity is well followed in the cas

FIG. 7. Total and partial diffusion coefficients of a Au impuri
in Ni as a function of the subthreshold ballistic frequencyvb

sub. The
curves are plotted using Eqs.~11!, ~12!, and~13! for T5800 K and
cv54.57310212. Values of the thermal activation energies used
Ni~Au! are equal to 1.1 eV, 1.41 eV, 0.6 eV, 1.07 eV, and 0.77
respectively forv0 , v1 , v2 , v3, andv4.24 The attempt frequency
n is set to 1014 s21.
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where ballistic jumps take place everywhere in the crys
~above-threshold ballistic jumps!. However, in the case
where these forced jumps only involve vacancy-atom pa
~below-threshold ballistic jumps!, it is predicted analytically
and confirmed by MC simulations that the sum of the par
diffusion coefficients overestimates the true total diffusi
coefficient. This deviation from additivity primarily origi-
nates from the back and forth jumps that the tracer perfo
using different dynamics for the forward and backwa
jumps. Because of the fundamental nature of this phen
enon, it appears that there is no simple way to correct
partial diffusion coefficients if one were to use one co
tinuum kinetic equation with additive dynamics. It is b
lieved that, in that case, kinetic descriptions that include
evolution of pair and multiple-body correlation function
could provide a more accurate description of these all
with competing dynamics.26,10,25

We now turn to a discussion of the effects of ballis
jumps on interstitial migration. Indeed, in most cases, int
stitial defects migrate through correlated walks, and by
tension of our present results for vacancy migration, it
anticipated that ballistic jumps will perturb these corre
tions, and therefore will affect interstitial diffusion. In meta
lic alloys, interstitial defects often adopt a dumbbell config
ration. In fcc alloys, these dumbbell interstitials a
dissociated alonĝ100& directions and they migrate to one o
the eight available neighbor sites by jumps that combin
90° rotation and a translation.21 For dilute alloys, Bocquet27

and Chaturvedi and Allnatt28 have derived expressions fo
solute diffusion via dumbbell interstitial migration. These e
pressions have a structure analogous to the expression
tained for vacancy diffusion@Eqs. ~3!,~4!#. For instance, in
the absence of dumbbell rotation, the solute diffusion coe
cient can be written as27

DB,i
th 5

4

3
s2v2

i ci

v4
i

v3
i

vBSI

vBIS
f 2

i , ~15!

wheres is the jump distance,ci is the total interstitial con-
centration,v4

i andv3
i are the rates of association and diss

ciation of a solute atom with a self-interstitial dumbbell, r
spectively;vBSI is the frequency at which a solute atomB
initially on a substitutional site~S! is transformed into a
mixed dumbbell (I ), and vBIS is the frequency for the re
verse process. The product ofci by the two fractions of jump
frequencies in Eq.~15! corresponds in fact to the equilibrium
concentration of mixed dumbbells.v2

i is an effective rate of
solute interstitial transport given by (v2

i )215(vBII)
21

1(vBIS)21, where vBII is the jump frequency of mixed
dumbbell from one site to a neighboring site. Finally,f 2

i is a
correlation factor given by

f 2
i 5

v3
i 5Fi~v4

i /v0
i !

v2
i vBSI /vBIS1v3

i 5Fi~v4
i /v0

i !
, ~16!

where Fi is a function of the sole ratiov4
i /v0

i . Note that
v1

i 50 due to geometrical constraints on the migration p
of the dumbbell~see Ref. 27 for details on the above expre

r
,
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sions!. Despite the more complex nature of Eq.~15! com-
pared to Eq.~3!, the analogy between the two equations
lows us to propose an expression for the interstitial sol
diffusion coefficient in the presenceof ballistic jumps by
simply adding the interstitial ballistic jump frequency,vb

i , to
v0

i , v3
i , v4

i , vBSI , and vBIS . Similarly to the vacancy
migration case, it is expected that ballistic jumps c
strongly enhance or suppress solute interstitial migration
pending upon alloy parameters. More work is required to t
the expression proposed for interstitial migration and to
vestigate these decorrelation effects.

Finally, for a realistic description of solute and solve
diffusion in alloys undergoing above-threshold irradiatio
modified thermal and ballistic diffusion coefficients for v
cancy and interstitial migration should be combined. As
defect concentrations enter these expressions, it appea
the present authors that a proper self-consistent approac
quires that these modified diffusion coefficients should a
be used in the calculations of point defect concentrati
These points are left for future work.

V. CONCLUSION

It is shown that, in an alloy under irradiation, sel
diffusion and solute diffusion via vacancy migration can
strongly modified by the presence of ballistic jumps. Inde
these ballistic jumps can change the correlations that t
place during the thermally activated migration of solvent a
solute atoms. As a result, thermal self-diffusion increa
e

b
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slightly, while thermal solute tracer diffusion can be su
pressed or enhanced by several orders of magnitude. By
eralizing the classical five-frequency model for diffusion
dilute fcc alloys, we proposed formulas that take into a
count these decorrelations. Monte Carlo simulations are
formed and used to validate these analytical expressi
From a practical point of view, enhancements of therm
diffusivity by several orders of magnitude could lead to s
able accelerations of the kinetics of phase transformation
particular at low irradiation temperatures. In the case wh
the ballistic jumps take place only between atoms and vac
cies ~subthreshold ballistic jumps!, it is furthermore estab-
lished analytically and confirmed with Monte Carlo simul
tions that the sum of the thermal and ballistic diffusi
coefficients exceeds the true total diffusion coefficient. T
deviation from diffusion coefficient additivity, which is quit
pronounced for solute diffusion, points to a fundamen
limitation of continuum kinetic models with additive diffu
sional contributions. Finally, it is shown that the present
proach to take into account the effect of ballistic jumps
solvent and solute diffusion can be extended to the cas
dumbbell interstitial migration.
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