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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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[. INTRODUCTION of the projectile, as well as material parameters determine
whether thermal or ballistic processes are predominant. In
It is well documented that irradiation by energetic par-the latter case, irradiation-induced phase transformations
ticles can modify the kinetic evolution of an allby.The may be observed, while in the former case irradiation-
physical origins of these modifications are known for metal-enhanced transformations may take place. These transforma-
lic alloys. On one hand, nuclear collisions between energetitions often lead to significant changes in the properties of the
particles and atoms of the target lead to a forced atomi@radiated material. Both from a practical and a theoretical
mixing. For recoil energies higher than a displacemenwiewpoint, it is therefore important to develop the modeling
threshold energytypically 25 eV in metalsbut less than a of these alloys driven by competing dynamics.
few hundreds of eV, this forced mixing takes place in linear To study quantitatively the competition between thermal
replacement collision sequences, while for higher recoil enand ballistic diffusion, Martin introduced a kinetic model
ergies(typically above 1 keV in metalsmost of this mixing  with two dynamics in parallél.In this model the composi-
takes places in displacement cascatieer low to moderate tion field of an alloy under irradiation evolves in time due to
recoil energies, this forced mixing can be well modeled by ahermal diffusion, enhanced by point defect supersaturation,
ballistic, i.e., random, diffusion proce$©n the other hand, and due to ballistic diffusion, which results from nuclear
nuclear collisions initiated by recoils above the threshold encollisions. This model has been successfully used and devel-
ergy lead to the formation of stable Frenkel pairs. This re-oped to rationalize order-disorder transformatforend
sults in a supersaturation of point defects, and hence in adissolution-precipitation reactiotfsor to analyze ion-beam
acceleration of thermal diffusion. This supersaturation carmixing experiments! This approach was also recently ex-
reach several orders of magnitude, particularly at low temtended to include the finite range of atom relocations in en-
perature as rates for point defect recombination and annihiergetic displacement cascalfeAnother extension of Mar-
lation at sinks are suppressedlote that for recoil energies tin’s approach has been developed to study dynamical phase
below the displacement threshold energy, while no new pointransitions in alloys subjected to intense sheatitn that
defect can be created, existing point defects can be forced twntext, the tools initially derived by Martin to address phase
jump from one lattice site to a neighboring one. Such substability in alloys under irradiation have been shown to be
threshold events can also contribute to noticeable evolutiongseful to rationalize phase transformations forced by ball
of alloy microstructures under mild irradiation conditidhg.  milling.2*~'®More generally, atomic systems with competing
Again, this forced migration can be approximated by a bal-dynamics have been widely used as prototypes to study the
listic process. general behavior of nonequilibrium dynamical systéfs®
In many situations, ballistic mixing and thermally acti- The presence of several independent dynamics can easily
vated diffusion compete since they tend to drive the alloybe incorporated in kinetic modeling at the microscopic level:
microstructure in different directions. Indeed, on one handhe configurational transition rates appearing in a micro-
ballistic mixing tends to randomize atomic configurations,scopic master equation are written as the sum of the rates due
e.g., to promote the dissolution of precipitates and the disorto each dynamicéWhile this approach lends itself very well
dering of chemically ordered phases, while thermally acti-to atomistic kinetic Monte Carlo simulations, no general ana-
vated diffusion, on the other hand, is driven by chemicallytical results can be obtained at this microscopic level to
potential gradient and often results in the formation of pre-predict the dynamical stability of microstat¥sApproximate
cipitates and ordered phases. Irradiation parameters such sslutions, however, can be derived through continuum mod-
the irradiation temperature, the flux, the mass, and the energsling, as for instance shown by MartlAn important ingre-
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dient of such continuum modeling is how the coexistence ofnean-square displacements due to thermal and ballistic
several dynamics is taken into account. In fact, while theevents taken separately. In this paper, for the sake of simplic-
coupling between chemical and point defect fluxes in alloysty, we study these two points when thermal diffusion pro-
under irradiation has received a lot of attentiGee Ref. 2 ceeds by vacancy migration, and we restrict our study to pure
and references thergimo specific attention has been paid to and dilute fcc alloys, for which elaborate diffusion models
the possible effect of ballistic jumps on thermal diffusion. Toare availabl&®?!

illustrate this point, let us concentrate on how diffusion in a The paper is organized as follows. First in Sec. Il, we
dilute alloy would be written following Martin’s model. For introduce generalized five-frequency models and propose ex-
the sake of simplicity, we concentrate here on the part opressions for thermal, ballistic, and total diffusion coeffi-
point defect-assisted diffusion that results from vacancy micients in a dilute fcc binary alloy in the presence of thermally
gration, but we will indicate how the proposed approach caractivated and ballistic dynamics. Then, in Sec. Ill we com-
be extended to diffusion by dumbbell interstitials. As ther-pare some of these diffusion coefficients with kinetic Monte
mally activated and ballistic migration events are assumed t€arlo results. A few model alloys are selected to illustrate
take place in parallel, the approach currently in use is tdow thermal diffusion is modified by the presence of ballistic
write the total tracer diffusion coefficient in an irradiated jumps. Finally, we discuss some practical consequences for

alloy as the decomposition kinetics of an alloy during subthreshold
‘ et it th —~bal irradiation, and we indicate how to extend the present ap-
DY =a*f"c) w,"+ Dy¥, ) proach, derived for vacancy migration, to the case of dumb-

where X is the tracer atoma the lattice parameter of the bell intersitial migration.

crystal, which is assumed to possess cubic symmetry here,

f a thermal correlation factoc!" the vacancy concentration

in the presence of irradiationy,’ the X atom-vacancy ex-  The classical theory of atomic diffusion provides us with
change frequency, and¥ is the ballistic diffusion coeffi- analytical expressions for self-diffusion and solute diffusion
cient. As we will later discuss irradiation situations wherecoefficients in an alloy at thermal equilibriutfi?* After
only subthreshold collision events take place, let us noticeyriefly recalling these expressions for an fcc dildtg B,

that, by analogy with Eq1), the total diffusion coefficientin alloy, we show how they can be extended to the case of an

Il. MODEL

that case would read alloy where both thermal and ballistic jumps take place.
i sub_ - 2¢th.  th | ~bal.sub Thermal diffusionIn addition toA solvent atom-vacancy
Dx " =afc,w, + Dy, (2)  exchange frequencyy, there are four exchange frequencies

to be considered®?! the frequency oB solute-vacancy ex-
changeswv,, the frequency oA atom-vacancy exchanges that
do not dissociate the solute-vacancy pair, the frequency

where c, is the vacancy concentration at thermal equilib-
rium, andDP3SWjs the diffusion coefficient corresponding

to the atomic jumps forced by subthreshold collisions. £ an A at h that di iates th lut
The central point addressed in this paper is to question th@ an A atom-vacancy exchange that dissociates the solute-
vacancy pairws, and the frequency of aA atom-vacancy

validity of Egs.(1),(2). For the rare cases where each dynam-

ics results in a random walk of tracer atoms, e.g., for inter-eXChange that associates the solute and the vacapcin

stitial atoms migrating via a direct interstitial mechanism, it this model, the thermal diffusion coefficient of an isolated
is correct to add the thermal and ballistic diffusion coeffi- SClUte atomB is calculated to be

cients determineth the absencef the second dynamics, as

done in Eqgs.(1),(2). This procedure is also correct in the D= Dg‘(a)o,wl,wz,wg,w4)=a2wzcvﬂfz7 (3)
limiting case where both dynamics proceed by the same w3

mechani_sm and Iegd to identical correlation factors._ln_nearl)évherec w4l ws is the vacancy concentration at a neighbor-
2!1 n?ircasc?)crglc ésétgat;uyogisf,f e?gxer\gzréhtgr?irs%asl ie:]n(é ql?(allgl]s'tlgr dy_ing site, andf, is the corre!ation factor between successive
result in correlated walks with different correlation factors.SOIme'VacalnCy exchanges:

This is particularly true when thermally activated diffusion

of solvent and solute atoms proceeds by vacancy migration, f,= ,
as illustrated later in this work. In all these important practi- w1t 0t 033.5 (w4/ wo)

cal cases, we show here thhe presencef a second dy- where

namics can significantly alter correlations during tracer atom

migration by a first dynamics, leading to suppression or en- 4 3 2
hancement of the corresponding diffusion coefficients by F(x):l—l 10+ 180.5¢+ 92/ + 1341 5)
several orders of magnitude. For these situations, a second 7 2x*+40.2¢+ 254x%+ 597 + 435

point that we address is to question whether the total diffu-

sion coefficient can even be written as the sum of the thermdPf X=w4/wo. - _
and the ballistic diffusion coefficients. Indeed, as the migra- Formula(3) gives also the thermal self-diffusion coeffi-
tion path of a given atom is comprised of alternating thermafient of anA tracer atom when setting all’s equal towo:
and ballistic segments, it is nat priori guaranteed that the o ~th 5

total mean-square displacement of this atom is the sum of the Da=Dg(wg,wg,wq,wq,w0) =awC, fo, (6)

(1)l+ (1)33.5:((1)4/0)0)

4
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where the geometric correlation factbg=[1+3.5(1)]/ R ire o
[2+3.5F(1)]=0.7815. D‘Xf‘zc—“Dg?(wo,wl,wz,wg,w4),
Ballistic diffusion above displacement threshadtllow- v
ing Martin’s idea? the forced atomic jumps produced by re- with
coil energies above the displacement threshold energy, but R R R
below recoil energies producing displacement cascades, are wo=wot 2wy, wi1=wi1t2w,, w,=o0y,
modeled by performing isolated random exchanges between
solvent atom, solute atom, and vacaf@t these moderate W3= w320, ©s=ws+20p. (10

recoil energies, it is correct to assume that such exchangelsh_ ; lati Is0 b d for th if-diffusi
take place between nearest neighbor sites only. The fre- IS new formuiation can aiso be used for the sefi-difusion

quency of these jumps can be simply calculated by multip|y_coefficient by setting all thermad’s to wy. For high ballistic _
wp suppresses both the vacancy segregation

ing the displacement rate per atom by the number of remacé[equency,
ments produced by one displacem®fihen, defining », as ~ 2round the solute ato [ (w,+2wp)/ (w3 +2wp)—1] and
the ballistic atom exchange frequency per pair, the ballisti¢he correlation between consecutive solute jumfs

diffusion coefficient of any tracer elemekt(X = AorB)  =f,(wg,»;,0,,w3,04)—1]. These effects are indeed ex-
reads pected due to the random nature of the ballistic jumps. At
bal o low ballistic jump frequency we expect the new formula Eg.

Dx =awp,. (7 (10) to provide a rather accurate description of thermal dif-

fusion coefficients since it includes the effect of the ballistic
vents on the path that the vacancy performs between two
onsecutive exchanges with the tracer atom. A first limitation
f Eq. (10), however, is that it ignores the fact that the solute

Ballistic diffusion below displacement threshokh ex-
tension of the previous procedure is proposed for the force
atomic jumps produced by subthreshold collisions. In thatO

case anIy ﬁtoms that. are nhearest nelghbo_rs(;)f avacancy cagp, migrate through ballistic jumps between two thermal
J‘:nl]f’n iusrtofetrrigocr)?c’jesrm(;‘elttg :?:Vr\%\r/e\?vlgrii"tﬁégt':; usrl:]gﬂ.lmps. The second effect that is ignored is that ballistic ex-
jump ' changes between the tracer and a solvent atom provide addi-

that the fr_equen(_:y of .SUCh an event Is |_nde_pe_ndgr_1t of thﬁonal ways for dissociation or reassociation of the tracer-
local atomic configuration. This simplification is justified for

i sub iotin i
low 1 eV. Definingw, ™ as the vacancy ballistic jump fre- o thermal diffusion is expected to be much more pro-
quency, the subthreshold ballistic diffusion coefficient of anynqunced for solute diffusion than for self-diffusion. Indeed,
tracer elemenX (X = A or B) now reads in the latter case, the correlation factor will only increase
pbalsut 52, sub. ) from f;=0.7815 to 1 as the ballistic frequency goes from
X b 0’0 zero to infinity, whereas the solute correlation factor will

Thermal and above threshold ballistic diffusioie now increase fromf,, which can be very small in a trapping

want to derive an expression for the total diffusion coeffi- Situation, to 1. The probability to find the vacancy next to the

cient of anX tracer atomD;gt when both thermal and bal- solute atom, however, may be reduced because of the ballis-

listic dynamics are active. The direct addition of the thermalfi€ lUmps. Depending upon the specifics of the alloy consid-

coefficients from Eq(3) or Eq.(6) to the ballistic coefficient €ed, the ballistic jumps could therefore enhance or reduce
given by Eq.(7) does not provide accurate results. Indeed,therma”y activated diffusion. These effects will be illustrated

both the vacancy concentration around the tracer atorf" @ few model alloys in Sec. lil. It should be stressed that,
(c,ws/w3) and the correlation factorf§) are modified by for comparison with experimental data, one should evaluate

the ballistic jumps performed by the vacancy. To account foﬁhte .stec.aldy—state vacancy coi[:cent.ratmn under |rrad|at|9n, as
these effects, we propose here to write the total diffusiorPx is directly proportional ta,”. This can be done by using

coefficient as a sum of a modified thermal diffusion coeffi-rate equation modefs.

cient and the ballistic diffusion coefficient: Thermal and subthreshold ballistic diffusioHere again
ballistic jumps will modify both the correlation factors and
DRY'=DM+ DR (9)  the probability to find the vacancy next to the tracer abém

R Following the approach used in the preceding paragraph, an
The modified thermal diffusion coefficienDY, is simply  improved expression for the thermal diffusion coefficient in
obtained by adding the atom ballistic frequency, i.es,20  the presence of subthreshold ballistic diffusion is proposed:
the thermal frequenciesy, w;, ws, w, in EqQ. (3), so as to
take into account the effects of the ballistic jumps on the DI SU= DM 6oy, w1, @5, w3, @4),
correlations of the tracer atom thermal migration. No ballis- .
tic term should be added 1, since ballistic jumps between with
the solute and the vacancy are already accounted for in the - sub A sub A
solute ballistic diffusion coefficient. This thermal diffusion @o=wot @, Tt ey, W= wy,

coefficient modified by the presence of ballistic jumps is thus - b~ b
given by w3= w3t oy, w;=wst oy (11)
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For the ballistic diffusion term, since all ballistic jumps Dth.sub, Abalsub_ ytotsub 4
proceed by migration of the vacancy, the correlation factor A /?Ot < Ao fo =0.1226. (14
for this migration, as well as the probability to find the va- Da~ 1+1o

cancy next to a tracer atom, are in fact perturbed by the
thermal jumps. In order to propose an expression consistent While this difference of about 12% is small, larger effects
with Eq. (11), we simply apply the same rules used in theare again possible in the case of solute diffusion. The physi-
derivation of Eq.(11), except that now the roles of the two cal origin of this reduction of the total diffusion coefficient is
dynamics are permuted. This improved expression for theuite clear: when two consecutive jumps of the tracer atom
ballistic diffusion coefficient can be rewritten as occur by different dynamics in opposite directions the total
migration distance of the tracer atom is zero, while each
Dhaksu= DM 60 @1, @5, w3,04), jump taken separately can contribute to the partial migration
distances, and therefore to the partial diffusion coefficients. It
should be remembered that the predicted deviation from ad-
- sub - sub - sub ditivity of partial diffusion coefficients relies on the use of
W=y Ty, 0=, T, 0=, two approximated expressions, one for the thermal and the
other for the ballistic diffusion coefficients, see Egs.
03= i w3, 0= 03+ w,. (120  (11),(12. It is therefore necessary to test these predictions, as

well as the other results we derived in this section, by Monte
For this case of mixed thermal and subthreshold ballisticCarlo simulations.

diffusion, since all jumps take place by an atom-vacancy

exchange mechanism, we can also directly use the classical
five-frequency formula to write the total diffusion coefficient

of a tracer atonX. All five jump frequencies are simply the ~ The Monte Carlo simulations are performed on a rigid

sum of a thermal frequency and of the ballistic frequencyface-centered cubic crystal using periodic boundary condi-
This exact expression for the total diffusion coefficient cantions. Only one vacancy is introduced in the crystal. Other

with

Ill. SIMULATION

be rewritten as sites are occupied b4 atoms. For the solute diffusion case,
oteuh i A~ oneA atom is replaced by B one. A crystal size of 512 sites
DX =D (wg, w1, w,,w3,04), is enough to calculate the quantities of interest. The vacancy

concentration is thus fixed constant at>t 20 3. For com-
parison with the analytical predictions, however, a correction
is sometimes necessary singeandc;' in all previous equa-
tions refer to concentrations in the matrix, whereas in the
- b~ sub simulations it is the total vacancy concentration that is fixed.
W3T w3t 0y, ©3= 04T op 13 we wil explicitly discuss this correction when it becomes

) . _significant. The simulations are performed following the pro-
Since we now have an exact expression for the total difequre we used to study phase evolution under

fusion coefficient and two improved expressions for the theryradiation222 Let us simply recall that activation energies
mal and ballistic components, we can test whether the t0tgh, yacancy-atom exchanges are described in the framework
diffusion coefficient is indeed given by the sum of the partialof 5 kinetic Ising-like model where atom interactions are
diffusion coefficients. By inspection of Eq&l1),(12),(13) it yegiricted to pairwise energies between nearest-neighbor at-
is seen that the equality is in general not fulfilled. The dif-oms An important consequence of this simplification is that
ference comes from the fact that in the expression of thenere are only three independent frequencies in this model,
modified correlation factor, the “second” jump frequency  w,, w;, and w,, since w;=wy and w,= w;. A residence-
reads (,+ wﬁ“k) in the total diffusion coefficient, whereas it time algorithm is used to construct a kinetic evolution of the
readsw, and wﬁ”b in the thermal and ballistic diffusion co- system through vacancy jumps and ballistic exchariges
efficients, respectively. As all frequencies are positive quanRefs. 22,23 and references therein for a discussion on this
tities, it is therefore predicted that the total ballistic diffusion algorithm. To calculate the tracer diffusion coefficients, we
will be less than or equal to the sum of the thermal andabel every A or B atom and first compute the time-
ballistic diffusion measured separately. Note that in the lim-dependent diffusion coefficiem;(t) = §(R%(t));/65t, where

iting cases where one diffusion mechanism is strongly preR denotes the displacement of the atom gpdstands for an
dominant, i.e., WherwﬁUb is much smaller or much larger average over thé\ tagged atomgno such average is per-
than w,, this difference disappears and the total diffusionformed for the solute diffusion since there is only dhatom
coefficient is indeed recovered as the sum of the partial difin the simulation cejl The tracer diffusion coefficient® "
fusion coefficients. It is expected that the deviation from ad-or D§" are then recovered at large time. A tracer trajectory
ditivity is maximum when the dynamics are operating at theobtained in the simulation, in general, contains segments cor-
same frequency. In the case of self-diffusion, since all therresponding to thermal and ballistic jumps. The thermal and
mal jump frequencies are equaldg, the maximum relative  ballistic diffusion coefficients are calculated by putting to-
deviation can be obtained analytically by setting=w,  gether all thermal segments and all ballistic segments, re-
= wi™in Egs.(11),(12),(13). Simple algebra yields spectively. The corresponding diffusion coefficiemtM¢,

with

wo= wot wﬁur), w=wit wf,”b, W= Wyt wﬁur),
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FIG. 1. TotalD¥" (@), thermalD¥ (O), and ballisticD5?' () FIG. 2. TotalDy" (@), thermalDy' (O), and ballisticDp ()

self-diffusion coefficients as a function of the above-threshold bal-solute diffusion coefficients as a function of the above-threshold

listic frequencywy, from MC simulations and analytical expressions ballistic frequencyw, from MC simulations and analytical expres-

(lines) [see text Data are obtained fom,=8.33x10° st at T sions(lines) [see text Data are obtained for the model 1 alloy at

=400 K andc,=1.9x10" 3. The inset shows the correlation factor T=400 K andc,=1.9x10"2. The correlation factof,, the factor

fo as a function of 2,/ w,. (ws4+2wp)/ (w3+2wy), and the product of these two quantities are
shown in the inset.

bal,MC tot,MC
DX DX

~, and are then calculated and compared 10 theeeq the correlation factds may now vary between 0 and
analytical expressions proposed in Sec. II. _ 1, and the situation is complicated by the fact that vacancy

Thermal and above threshold ballistic diffusioive first segregation around the trad&@atom may also change due to
focus on self-diffusion under irradiation. The following pa- the presence of ballistic jumps. We first want to illustrate the
rameters are used for that purpose. The vacancy migratioossible annihilation of correlations between successive
energy is set to 0.8 eV and the vacancy attempt jump fresolute-vacancy jumps. For this purpose we consider a model
quencyv is set to 16* s, giving anA—V exchange fre- alloy (model 1 presenting initially strong correlations, i.e., a
quency equal tow,=8.33x10° s! at a temperaturél  small value off,. This condition can be fulfilled by choosing
=400 K. According to our model in Sec. Il, the corrected a large solute-vacancy frequenay with respect to alw’s.
thermal self-diffusion coefficient under irradiatiéi! is ob-  In this example, activation energies are set to 0.50 e\bfor
tained by replacing in Eq(10) all w's by wg, i.e., 62‘ 0.80 eV forwy and w3, and 0.77 eV forw,; and w4 (_these
. - . o parameters correspond to the model alloy studied in Ref. 22,
=@ wC,fy where the correlation factor now writel 54 5re typical of a Co impurity in a Cu matritn absence
=(wo+2wy,) a/[woir(wOJr 2wp) ] with a=1+3.57(1). of irradiation the correlation factdf, is very low and equal
In Fig. 1, we plotDy, D/kifl, and D" as function of the g ~7x 1074 while the ratew,/ws that gives the vacancy
ballistic frequencyw,, andf, as a function of 2,/w,, as  segregation tendency around the solute atom is equal to 2.2.
well as the Monte Carlo results. Clearly the agreement idn Fig. 2 the resulting diffusion coefficients are shown as a
very good. In particular the corrected expression for thefunction of the ballistic frequency, . Here again the agree-
thermal diffusion coefficient predicts remarkably well the ment between the Monte Carlo simulations and our analyti-
decorrelation effect due to the ballistic jumps, even in thecal expressions is very good. In this case, as expected, the
region w,~ wg. Note that, with the current parameters, thedecorrelation effects are quite pronounced, resulting in an
moderate increase in the thermal diffusion coefficient will beacceleration of thermal diffusion by almost three orders of
masked by the large increase of the ballistic diffusion coefmagnitude. It is worth noticing that this large acceleration
ficient. Another important conclusion drawn from Fig. 1 is results in fact from two opposite effects: the vacancy segre-
that the total diffusion coefficient is accurately predicted bygation around the solute atom decreases slightly»gsn-
adding the thermal and the ballistic diffusion coefficients.creasegthe factor @w,+2wy)/(w3+2wp) goes from 2.2 to
The same conclusion holds also for solute diffusion for a”l], but the detrapping of the Vacancy iS e} |ar©§i0creases
alloys and irradiation conditions that we have tested in th&rom 7x 1074 to 1) that it determines the overall evolution
case of above-threshold ballistic jumps. of the solute thermal diffusion coefficient.

We now investigate the case of solute diffusion. In com- | et ys now consider a second model alieyodel 2 to
parison to self-diffusion, we expect the influence of ballisticjjystrate that the opposite situation can take place as well.
jumps to produce more significant modificationsl]ﬁ. In-  We choose this model 2 alloy so that it presents a large
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FIG. 3. TotalD¥" (@), thermalDY (O), and ballisticD5' () FIG. 4. Total D" (@), thermal D1s** (O), and ballistic

solute diffusion coefficients as a function of the above-thresholdba.swb (7 self-diffusion coefficients as a function of the sub-
ballistic frequencywy, from MC simulations and analytical expres- threshold ballistic frequencyi""from MC simulations and analyti-
sions lines) [see tex|. Data are obtained for the model 2 alloy at ¢4 expressiongines) [see text Data are obtained for the model 1
T=400 K and ¢,=1.9x10 */{1+Cy[Z(ws— wg)/(w3+2wp)  alioy at T=400 K andc,=1.9x 102,

—1]}. The correlation factorf,, the factor @;+2wy)/(ws3

+2wp), and the product of these two quantities are shown in theyitional ballistic jumps may reduce the solute thermal and
inset. total diffusion coefficients.

Thermal and subthreshold ballistic diffusiolm the case
vacancy Segregation around the sol&etom. Activation of above-threshold ballistic jumps, the relative importance of
energies are set to 0.60 eV fop, 0.93 eV forwg, wz, and  thermal to ballistic diffusion coefficient is directly propor-
0.73 eV forwy, w,, o thatw,/ws;~275 andf,~0.02 at tional to the vacancy concentratipsee Eqs(7),(10)]. In the
T=400 K. In Fig. 3 the corresponding diffusion coefficients case of sqb_threshold balllstlc_: diffusion, however, both diffu-
are plotted as a function ab, . With these parameters, the sion coefficients are proportional to the vacancy concentra-
difference of bond strength betwedrandB atoms results in tion [see Eqs(11),(12)]. Furthermore, as both processes pro-

a large increase of the local vacanc concentratﬁ)around ceed by vacancy jumps, one may expect the mutual influence
g . Y of the two processes on the partial and total diffusion coef-
a soluteB atom with respect to the bulk vacancy concentra-giants to be more pronounced. The model 1 alloy intro-

tion ¢, . As mentioned above, ballistic jumps tend to reduceyyced in the previous subsection will be used to study these
this difference of vacancy concentration since under '”ad'apoints.
tion ¢, = (ws+2wp)/(w5+2wp)C, . . We first consider self-diffusion and solute diffusion in this
To compare the Monte Carlo results to our analytical exmodel 1 alloy. Figures 4 and 5 provide the results obtained
pressions, a rescaling of the vacancy concentration is nOfom the Monte CarldMC) simulations and from our ana-
required. Indeed, since the number of vacancy is fixed in th@tical expressions for self-diffusion and solute diffusion co-
simulations (and equal to ]I and since the vacancy is efficients, respectively. In both cases the overall agreement is
strongly segregating on the solute atom, the true matrix vagery good. For self-diffusion, the small decorrelation effects

cancy concentration is reduced. Using a conservation equgredicted by the formulas are indeed reproduced in the MC

tion for the vacancy in the simulation cell, it is calculated simyjations. Asvi*increases the thermal diffusion increases

that the value ofc, in Eq. (10) is reduced by a ratio 1y 4 factor 1/0.7815, whereas the ballistic diffusion divided
+Cpl Z(w4— w3)/ (wg+ 2wp) — 1], wherec,, is the B solute b gacreases by a factor 0.7815. Furthermore, even in
concentration and is the coordination number=12). Note region whereo,~ w*®, the approximated analytical ex-

:Eztlitrr]]"nli?a(t:%rrr]zcc?fot?}(Iechi((j)?]?cgln Igntsoe;%?éejge'g ]% rs’{?epllag\r/]&t%ressions for the partial diffusion coefficients are validated
y the MC results. As for the total diffusion coefficient, the

Carlo simulations. In Fig. 3, one can observe that for th?\/&!C results are in excellent agreement with the fornfig.

mggz chr]li ?g;i?trsn?:tab:\r,]vevzr: anigé'c?:lofﬁﬁzgsaggzl a 3)], but this is not unexpected because the formula is exact
9 Y9 : or that coefficient. Now for solute diffusion, while the

alloy, at low wy, the decrease Offs + 2wp)/(ws+2wp) OC-  jocqrrelation effect on the ballistic diffusion coefficient is
curs before the increase 6f. This leads to a marked de- gimilar to that for self-diffusion, the increase in the thermal
crease oD, and produces even a small decreas@‘f. In diffusion coefficient is more pronounced; it is in fact quite
this example we arrive at the surprising conclusion that adsimilar to what was observed in the case of above-threshold
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FIG. 6. Deviations from additivity of the partial diffusion coef-
ficients Ay = (DY+**> D34 DRV /DR for X=A (O) and
X=B (@) using MC data and analytical expressidlises) shown
in Figs. 4 and 5.

FIG. 5. Total DI"s'* (@), thermal DS (O), and ballistic
Dbalsw (7) solute diffusion coefficients as a function of the sub-
threshold ballistic frequencgof,“bfrom MC simulations and analyti-
cal expressionflines) [see text Data are obtained for the model 1
alloy atT=400 K andc,=1.9x10 3,

and ballistic contributions. As for the first point, Monte Carlo
ballistic diffusion (Fig. 2. Furthermore, this increase results Simulations clearly establish that ballistic jumps can have a
in a similar increase of the total diffusion coefficient. As alarge impact on thermal diffusion coefficients, especially for
consequence, these decorrelations could now be easily dgolute atoms that are strongly interacting with vacancies. By
tected experimentally by measuring the solute diffusion cogeneralizing the classical five-frequency formula for solute
efficient. diffusion in an fcc alloy, we obtain analytical expressions for

Let us now investigate the possible deviation from addi.these modified thermal diffusion coefficients that are in very
tivity of the partial diffusion coefficients, using the data good agreement with Monte Carlo simulations for all the
shown in Figs. 4 and 5. For that purpose, we calculate th@arameters used in this study. This can be understood by
difference between the sum of the partial diffusion coeffi-recognizing that the modified formulas Eq40),(11) take
cients and the total diffusion coefficient, and we normalizeinto account the effects of the ballistic jumps on the path that
this difference by the total diffusion coefficiefas in Eq. @ vacancy performs between two consecutive exchanges with
(14)]. The results obtained with the analytical expressiong tracer atom. These formulas, however, do not take into
and the MC simulations are plotted in Fig. 6. As discussed irccount that the tracer atom may exchange with the vacancy
Sec. Il, the analytical expressions predict that the sum of théhrough ballistic jumps between two thermal exchanges. This
partial diffusion coefficients will overestimate the true total limitation should become more apparent when the two dy-
diffusion coefficient. For both self-diffusion and solute dif- namics operate at similar rates, because then the tracer mi-
fusion, the MC results confirm this prediction. In the self- gration path consists of mixed thermal and ballistic jumps. It
diffusion case, the measured excess is in very good quanﬁS however observed that this limitation results in minimal
tative agreement with the analytical curve, whereas in thé&leviations. The proposed modified analytical expressions for
solute case, the measured excess is about twice as large thgrmal diffusion in the presence of ballistic jumps are thus
the one predicted, and reaches about 60%. This quantitatifeund to be useful for the whole range of ballistic jump fre-
difference between the analytical expressions and the M@uency. In the case of subthreshold ballistic jumps, a similar
results is not surprising since, as stressed in Sec. II, the préormula even provides an accurate description of the decor-
posed formulas for the partial diffusion coefficients ignorerelation effects produced by thermal jumps on the ballistic
the So|ute-vacancy exchanges due to one dynamics in tHgﬁUSiOﬂ coefficient. In view of this ensemble of results, it is
calculation of the solute diffusion coefficient for the secondalso reasonable to propose that similar modified expressions
dynamics. can be used for bcc crystals, starting from the classical four-

frequency formula that has been established for thermal
diffusion?*
IV. DISCUSSION . .
As an example of application of our analytical expres-

The two main questions addressed in the introductiorsions, we now consider other alloy systems. For that pur-
were first to evaluate the effects of ballistic jumps on thermapose, we use the results published by Adanal,?* which
diffusion coefficients in an alloy under irradiation, and sec-give numerical values for all five thermal frequencies for
ond to determine whether it is correct to calculate the totakeveral alloy systems. Consider for instance the case of the
diffusion coefficient of a tracer atom by adding its thermaldiffusion of a Au impurity in Ni. As seen in Fig. 7, the Au
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1019 where ballistic jumps take place everywhere in the crystal
(above-threshold ballistic jumps However, in the case
where these forced jumps only involve vacancy-atom pairs
(below-threshold ballistic jumpsit is predicted analytically

and confirmed by MC simulations that the sum of the partial

__ 1072 diffusion coefficients overestimates the true total diffusion
T% coefficient. This deviation from additivity primarily origi-
NE nates from the back and forth jumps that the tracer performs
oy using different dynamics for the forward and backward
;’5‘ jumps. Because of the fundamental nature of this phenom-

102 enon, it appears that there is no simple way to correct the
partial diffusion coefficients if one were to use one con-
tinuum kinetic equation with additive dynamics. It is be-
lieved that, in that case, kinetic descriptions that include the
evolution of pair and multiple-body correlation functions
' ' could provide a more accurate description of these alloys
10° 1010 10%2 with competing dynamic&>1%:2°
W[5 1] peung ay ST o
We now turn to a discussion of the effects of ballistic
FIG. 7. Total and partial diffusion coefficients of a Au impurity JUMPS on interstitial migration. Indeed, in most cases, inter-
in Ni as a function of the subthreshold ballistic frequengy®. The ~ Stitial defects migrate through correlated walks, and by ex-
curves are plotted using E¢d.1), (12), and(13) for T=800 K and  tension of our present results for vacancy migration, it is
¢,=4.57x 10712 Values of the thermal activation energies used foranticipated that ballistic jumps will perturb these correla-
Ni(Au) are equal to 1.1 eV, 1.41 eV, 0.6 eV, 1.07 eV, and 0.77 eVtions, and therefore will affect interstitial diffusion. In metal-
respectively forwg, w1, w», ws, andw,.2* The attempt frequency lic alloys, interstitial defects often adopt a dumbbell configu-
vis setto 16* s71. ration. In fcc alloys, these dumbbell interstitials are
dissociated along100) directions and they migrate to one of

thermal and total diffusion coefficients are enhanced by morée eight available neighbor sites by jumps that combine a
than one order of magnitude at=800 K. The lower the 90° rotation and a translatidi.For dilute alloys, Bon_:quéf
temperature, the larger this enhancement gets. A possible e0d Chaturvedi and Allndt have derived expressions for
periment to observe this increase would be to irradiate Wit@olute_ diffusion via dumbbell interstitial migration. Thesg ex-
300 keV electrons a supersaturated solution of Au in NijPressions have a structure analogous to the expression ob-
obtained by quenching the alloy from a temperature abovéined for vacancy diffusiofhEgs. (3),(4)]. For instance, in
the solvus temperature. The maximum energy that 300 ke\t)?e absence of _dumbbell rotation, the solute diffusion coeffi-
electrons can transfer to Au and Ni atoms during elastic colSi€nt can be written &s

lisions is 4.3 eV and 14.4 eV, respectively. This energy is
well below the displacement threshold energy and one
should thus be in the case where thermal and below-
threshold jumps will take place in parallel. Such an irradia-
tion could even be performeid situ in a transmission elec- wheres is the jump distances; is the total interstitial con-
tron microscope. It is anticipated that at moderate irradiatiort;entration,wi4 and wi3 are the rates of association and disso-
intensities the acceleration of thermal diffusion will lead to ciation of a solute atom with a self-interstitial dumbbell, re-
an acceleration of the decomposition of the supersaturateshectively;wgs, is the frequency at which a solute atdn
solid solution. However, as the irradiation flux increases, balinitially on a substitutional sitgS) is transformed into a
listic diffusion will become predominant leading to a stabili- mixed dumbbell (), and wgs is the frequency for the re-
zation of the solid solution. In order to address the pOSSib'Q/erse process. The product@fby the two fractions ofjump
decomposition of such a solid solution, one would first needrequencies in Eq(15) corresponds in fact to the equilibrium

to know the cross sections for subthreshold migration of varoncentration of mixed dumbbells, is an effective rate of
cancy, so as to convert the electron flux into a subthresholdgyte interstitial transport given bywé)flz(wB”)fl
ballistic jump frequency. Second, one should also take int0+(wB|S)71 where wg, is the jump frequency of mixed
account the effect of solute concentration on correlation faca mbbell f;om one site to a neighboring site Finaflg/is a
tors. While these tasks are beyond the scope of the prese%grrelation factor given by ’ ’
work, a possible approach to address the second point wou
be to extend to the case of alloys under irradiation the ap- i -
proach recently introduced by Nastar and co-worKets fi— w3SFi(wyf w) (16)
derive analytical expressions of correlation factors in con- 2 whwps/ wgis+ 0s5F (0l wh)’
centrated alloys. o

As for the second point addressed in this paper, the addwhereF; is a function of the sole ratia,/w;. Note that
tivity of partial diffusion coefficients, Monte Carlo simula- »)=0 due to geometrical constraints on the migration path

tions indicate that this additivity is well followed in the case of the dumbbel(see Ref. 27 for details on the above expres-

—22 I \
10 104 108

i
DEh’i:—SzwiZCi—.Tfi ) (15)
w
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siong. Despite the more complex nature of EG5 com-  slightly, while thermal solute tracer diffusion can be sup-
pared to Eq(3), the analogy between the two equations al-pressed or enhanced by several orders of magnitude. By gen-
lows us to propose an expression for the interstitial soluteeralizing the classical five-frequency model for diffusion in
diffusion coefficientin the presenceof ballistic jumps by dilute fcc alloys, we proposed formulas that take into ac-
simply adding the interstitial ballistic jump frequenay,, to  count these decorrelations. Monte Carlo simulations are per-
wy, w3, wy, wgs, and wgs. Similarly to the vacancy formed and used to validate these analytical expressions.
migration case, it is expected that ballistic jumps canFrom a practical point of view, enhancements of thermal
strongly enhance or suppress solute interstitial migration dediffusivity by several orders of magnitude could lead to siz-
pending upon alloy parameters. More work is required to tes@ble accelerations of the kinetics of phase transformations, in
the expression proposed for interstitial migration and to inarticular at low irradiation temperatures. In the case where
vestigate these decorrelation effects. the ballistic jumps take place only between atoms and vacan-
Finally, for a realistic description of solute and solvent cies (subthreshold ballistic jumpsit is furthermore estab-
diffusion in alloys undergoing above-threshold irradiation,lished analytically and confirmed with Monte Carlo simula-
modified thermal and ballistic diffusion coefficients for va- tions that the sum of the thermal and ballistic diffusion
cancy and interstitial migration should be combined. As thecoefficients exceeds the true total diffusion coefficient. This
defect concentrations enter these expressions, it appears dgviation from diffusion coefficient additivity, which is quite
the present authors that a proper self-consistent approach reronounced for solute diffusion, points to a fundamental
quires that these modified diffusion coefficients should alsdimitation of continuum kinetic models with additive diffu-
be used in the calculations of point defect concentrationsional contributions. Finally, it is shown that the present ap-
These points are left for future work. proach to take into account the effect of ballistic jumps on
solvent and solute diffusion can be extended to the case of

dumbbell interstitial migration.
V. CONCLUSION

It is shown that, in an alloy under irradiation, self-
diffusion and solute diffusion via vacancy migration can be
strongly modified by the presence of ballistic jumps. Indeed, Helpful discussions with Professor R. S. Averback and Dr.
these ballistic jumps can change the correlations that tak®l. Athenes are gratefully acknowledged. This work was sup-
place during the thermally activated migration of solvent andported by the National Science Foundation, Grant No. DMR-
solute atoms. As a result, thermal self-diffusion increase9733582.

ACKNOWLEDGMENTS

*Mailing address: Laboratoire TECSEN, CNRS UMR 6122, Uni- 13p Bellon and R.S. Averback, Phys. Rev. L&d, 1819(1995.
versited’Aix-Marseille 11, Facultedes Sciences et Techniques de *P, Pochet, E. Tominez, L. Chaffron, and G. Martin, Phys. Rev. B

Saint-Jeome, Case 151, 13397 Marseille Cedex 20, France
1K.C. Russel, Prog. Mater. S@8, 229(1984).
2G. Martin and P. Bellon, Solid State Phyg0, 189 (1996.

52, 4006(1995.
15T, Klassen, U. Herr, and R.S. Averback, Acta Maté5, 2921
(1997).

3For a recent review see R.S. Averback and T. Diaz de la Rubialég Ma, J.-H. He, and P.J. Schilling, Phys. Re\6B 5542(1995.

Solid State Phys51, 281(1998.

4G. Martin, Phys. Rev. BBO, 1424(1984.

°R. Sizman, J. Nucl. Mate69-7Q 386 (1978.

5H. Wollenberger, invacancies and Interstitials in Metalgdited
by A. Seeger, D. Schumacher, W. Schilling, and J. Digldrth-
Holland, Amsterdam, 1970p. 215.

"P. Regnier, Ann. Chim(Pari9 9, 49 (1984).

8G.M. Bond, I.M. Robertson, F.M. Zeides, and H.K. Birnbaum,

Philos. Mag. A55, 669 (1987).

°p. Bellon and G. Martin, Phys. Rev. 8, 2570(1988); 39, 2403
(1989; F. Haider, P. Bellon, and G. Martiribid. 42, 8274
(1990; E. Salomons, P. Bellon, F. Soisson, and G. Maiitiig.
45, 4582(1992.

0k, Soisson, P. Bellon, and G. Martin, Phys. Rev4& 11 332
(1992; L.C. Wei, and R.S. Averback, J. Appl. Phy81, 613
(1997; R.A. Enrique and P. Bellon, Phys. Rev. @, 14 649
(1999.

1A, Traverse, M.-G. Le Boite, and G. Martin, Europhys. L&t.

633 (1989.
2R A. Enrique and P. Bellon, Phys. Rev. LeB4, 2885 (2000:
Phys. Rev. B53, 134111(2001).

173.L. Lebowitz and P.G. Bergmann, Ann. Ph¢i.Y.) 1, 1 (1957.

18p | . Garrido and J. Marro, Phys. Rev. Led2, 1929(1989.

9For a review see B. Schmittmann and R.K.P. ZiaPhmase Tran-
sitions and Critical Phenomenaedited by C. Domb and J.L.
Lebowitz (Academic Press, New York, 1995/0l. 17, p. 1.

203 R. ManningDiffusion Kinetics for Atoms in Crystal®an Nos-
trand, Princeton, 1968

2IA. R. Allnatt and A. B. Lidiard Atomic Transport in SolidéCam-
bridge University Press, Cambridge, England, 1993

22p_Bellon, Phys. Rev. LetB1, 4176(1998.

23M. Athénes, P. Bellon, and G. Martin, Philos. Mag. 7, 565
(1997.

243 B. Adams, S.M. Foiles, and W.G. Wolfer, J. Mater. Ris102
(1989.

25\M. Nastar, V.Yu. Dobretsov, and G. Martin, Philos. Mag 88,
155 (2000.

26R. Kikuchi, Prog. Theor. PhyS5, 1 (1966.

273.-L. Bocquet, Res. Meci22, 1 (1987).

28D.K. Chaturvedi and A.R. Allnatt, Philos. Mag. &5, 1169
(1992.

144107-9



