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A kinetic model has been designed to study substitutional solute segregation during irradiation in face-

centered-cubic metals. The model includes a (100) split interstitial binding to impurities to second-neighbor

distances, vacancy binding to impurities to first-neighbor distances, and the possibility of migration of the

bound complexes. Also taken into account are the efFects of vacancy and interstitial diffusional encounters

with impurities and spatially independent reaction terms. The resultant rate equations have been solved

numerically for a thin-foil geometry as a function of time for different temperatures, defect-production rates,

internal sink concentrations, foil thicknesses, defect-impurity binding energies, and initial impurity

concentrations. Using parameters appropriate for Zn in Ag, significant solute segregation is found in the

temperature range from 0.2 T to 0.6 T (T is the melting point). The temperature for maximum segregation

is appreciably higher for heavy-ion bombardment or high-voltage-electron-microscope irradiation rates than

for fast-reactor irradiation rates. It is also found that interstitials make a major contribution in the transport

of solute during irradiation. The present calculations are intended to indicate the general pattern of
segregation behavior and would be useful in areas of high-voltage electron microscopy, void formation,

radiation-enhanced diffusion, and advanced materials development for nuclear-reactor applications.

I. INTRODUCTION

Recent transmission-electron- microscopy and
Auger-spectroscopy studies of a number of metals
and alloys irradiated by energetic particles have
shown that interactions of radiation-induced de-
fects with impurities and alloying elements pro-
duce significant segregation and/or the formation
of second phases at grain boundaries, void sur-
faces, or external boundaries of the solids. '~
This radiation-induced segregation is of technical
interest because it can affect several important
surface and bulk phenomena such as preferential
sputtering, blistering, diffusion of gases in the
bombarded surface, void swelling, ductility, and
creep by grain-boundary sliding. A broad study of
kinetic segregation under irradiation may there-
fore provide useful input for the development of
advanced materials for both liquid-metal fast-
breeder reactor and controlled-thermonuclear re-
actor applications.

A kinetic model for the solute-segregation
phenomenon was first suggested by Anthony. ' ' He
considered two mechanisms, which may oppose
or supplement each other in inducing segregation,
preferential flow of solute atoms in the opposite
direction to the vacancy flow and "dragging" of
solute atoms in the vacancy-migration direction
as a result of a strong binding between vacancies
and solute atoms. Recently, a more general mod-
el, which takes into account the effects of both
radiation-induced vacancies and interstitials, has
been proposed by Okamoto and Wiedersich. ~ Their
calculations were, however, so simplified that it
is impossible to study the transient effects as well
as the dependence of solute segregation on the tem-
perature and defect-production rate.

The present model and calculations have been
designed for the case of annealing during irradia-
tion of a face-centered-cubic (fcc) metal with sub-
stitutional impurities in solution. Interstitial-im-
purity and vacancy-impurity interactions are in-
cluded as well as the possibility of migration of
the bound complexes.

Many of the details of vacancy migration in the
presence of impurities and the migration of the
impurities have been worked out (see Howard and
Lidiard, 9 Manning, " and LeClaire" for reviews).
Although some of the relevant parameters are
known, uncertainties still exist in applying these
models to the present situation. The correspond-
ing case of self-interstitials and impurities has
not been treated. The development of equations
similar to the vacancy case would be an extremely
complex problem and would result in a model with
numerous unknown and interrelated parameters.
Even if such a model were developed, it would be
difficult to obtain an insight into the resultant
physical effects. The present development is ba-
sically a phenomenological model in which an at-
tempt has been made to limit the parameters to
approximations related to several physical con-
cepts. It is the intent of the present work to de-
termine the general solute segregation behavior
by changing these physical inputs.

II. THEORY

A. Model

It is assumed in the present theoretical treat-
ment that the self-interstitial in an fcc crystal is in
the form of a (100) dumbbell, migrates by a near-
est-neighbor 90' rotation step, as illustrated in
Fig. 1, but does not rotate at a given lattice site.
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The (100) dumbell interstitial is assumed to mi.-
grate via orthogonal jumps into nearest-neighbor
positions on the (100) planes common to the dumb-
bell axis. '~ The vacancy is assumed to have the
form of an atom missing from a lattice site and to
migrate by a nearest-neighbor jump.

Interstitial-impurity binding is assumed either
when the impurity is at one end of the dumbbell or
when the dumbbell is at first- or second-neighbor
lattice sites to the impurity. The relevant atomic
configurations are shown in Fig. 2, where the sol-
id circle is the impurity. For an impurity-solvent
dumbbell, the first dissociation step will result in
a "11"symmetry. Then the "21"and "22" con-
figurations can be obtained from this "11"config-
uration. Binding by the "21"and "22" configura-
tions is called a type-a interstitial-impurity com-
plex. Binding with "12"symmetry leads to a type-
b interstitial-impurity complex, which can only
migrate around the impurity and thus cannot lead
to impurity migration. The vacancy is assumed
to be bound to an impurity when it is at a nearest-
neighbor separation distance to the impurity.

For impurity migration, three atomistic effects
are considered: (1) capture, (2) caging, and (3)
looping.

1. Capture

The capture volume for interstitials by impur-
ities is taken as 190 (0 is the atomic volume) with
—,
' and 4 of this volume associated with type-a and
type-b complexes, respectively (190=0 for the
impurity +120 for first-neighbor sites +6A for
second-neighbor sites). The capture volume for
vacancies by impurities is taken as 130.

2. Caging

The caging effect arises from the easy migra-
tion of the impurity to symmetrically equivalent
sites within a bound configuration. The basic
type-a interstitial-impurity cage is shown in Fig.
3. The six dumbbells are symmetrically equiva-
lent, and it is assumed that jumping between these
configurations occurs more readily than partial
dissociation or detrapping. Then eventually, the
complex loses its initial identity, and detrapping
is equally probable from any of the six sites. The
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FIG. 2. Bound configurations of (100) slit intersti-
tial-impurity complex.
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average migration distance of the impurity within
the cage is (a/6) x(2v 2 +1), almost twice the a/
2W2 for a solvent-lattice-site encounter. The
former value is the probability for a dumbbell to
be found at any of the six symmetrically equiva-
lent positions in the cage (-') times the sum of
possible jump distances per caging event (4n/
v 2 +0+u). The latter estimate is the probability
(a) for a dumbbell to jump in one direction times
the sum of jump distances (0+a/&2). The values
of the average migration distances are probably
overestimated because a migration of the dumb-
bell center (neglecting the relaxation) is consid-
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FIG. 3. Type-a interstitial-impurity cage.
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ered in the calculations. However, the ratio of
these values, which is used in the determination
of a, and o„(Sec. II B) may still be accurate.
Type-b interstitial-impurity caging is also present
but has no significant consequence. Vacancy-
impurity caging is simply easy back-and-forth
exchange between the vacancy and the impurity
that does not change the impurity-migration dis-
tance.

Looping

The looping effect, which gives rise to migra-
tion of the cages discussed above, essentially
arises from a caging-type mechanism. If a type-a
complex partially dissociates through a "11"-"21"
-"11"sequence, it returns to the same basic cage
from whence it originated. But if it follows a "11"
- "22"—"11"sequence, a probability of —,

' exists
that the center of the cage is displaced by a lattice
constant a. Vacancy looping occurs when a vacan-
cy jumps from one nearest-neighbor site to an im-
purity and then to another site. If caging is in ef-
fect, the net migration distance of the cage center
due to such a jump is —,

' the nearest-neighbor spac-
ing.

Capture affects the rate at which interstitial or
vacancy-impurity encounters occur. Caging gives
the effective impurity migration step per encounter,
and looping yields the mechanism by which com-
plexes migrate as an entity, i.e, , without dissoci-
ating. The appropriate coefficients in the kinetic
equations are dominated by the activation energies
for various processes, for which little is known.
Thus, the fine details of the Bardeen-Herring cor-
relation are ignored.
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with the D s the appropriate diffusion coefficients,

where the v's denote the vibration frequency fac-
tors, and H" and H are the energies of migration
and binding, respectively. Their values are given
in Table I.

In addition, the following diffusion currents are
included:

B. Rate equations

The following reactions are included in the pres-
ent formulation:

D 3a2v e HI &T2 Mj
I

M

v v

(18)

(Ie)

KO K1Irradiation —CI + Cv, C, + Cv—0

K2
CI+Ci —CIia t

K2

E4
Cv+Ci Cvi t

E4

K6
Cv+ CIia —Ci

K3
CI+Ci =CILIA t

K3

EgCI+ Cvi -= Ci t

E7
C. +CIia—«

CI+CI's CIs t Cv+C s Cvs t

with C„Cv, and Ci the concentrations of free in-
terstitials, vacancies, and impurities, respective-
ly; CI«, C„» and Cv, the concentrations of type-a
and type-b interstitial-impurity and vacancy-im-
purity complexes, respectively; and CI, and Cvs
the effective sink concentrations for interstitials
and vacancies, respectively. The rate constants
are taken as

DIia =21a "Iia e Iia

D =La2v e-Hvi/kTM

vi 12 vi

(2o)

Dria and Dvi have activation energies associated
with looping, i.e. , the migration energy of the
complexes without dissociation. The current J,
is a consequence of the interstitial and vacancy
currents, and oIC,. is the ratio of the jump distance
of an impurity to the jump distance of a solvent
atom per encounter with an interstitial (the caging
effect) times the probability of creating a type-a
interstitial impurity complex per free interstitial
jump. This probability is the concentration of im-
purities times a factor associated with the capture
radius. And finally, this factor is taken as the
ratio of the cross-sectional area of the capture
volume for a type-a complex to that for a normal
lattice atom. A similar definition is used for O„C,.
For strong binding, or=10 and cr„=6, whereas for
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no interaction or repulsion, ar =0 and 0'„=2. Also, for no interaction or repulsion, the preexponential fac-
tor for D«, is reduced by a factor of ~ to ~a v«, . The approximation has been made that all interstitial
vibration frequency factors are the same.

Putting all the above terms together yields the following set of rate equations:

eCr
Bt

= (1+»rrC»)DP' Cr + rr»Dr&CrV C» +Ko K»CrC„—KsCrC, +KsCr»e KsC-rC, + KsCr»e —KsCrC„» KeCrCre

"=(1+»r„C»)DP' C„+o'„D&C„&C» +Ko —K»CrC„K»C—„C»+K»C„» —KeC„Cr», —KsC„Cr»e Ke(C„—C„)C„,i

eg r i I= orC, DrV Cr+(rrDrVCrVC] —O„C,D V C„-p &„VC VC] —KgCrC)+K2Cr/ g K3CrC)+K3Cr]~ -K4C„C)

+ K4C„]+KqCrC„g + KqC„Cr), +KVC„Cry', (22)

Bt
=Dr) V Cr], +KpCrC) —KICr), —KSC„Crg, ,

t=KSCrC, —KSCr&a K&C„Cr~o ~

ac„
VDvlV Cvt+K4CvCf K4Cvt K5CICvt &

T~LE I. Standard parameters used in the calculations.

Name of parameter

Vibration frequency factor for interstitial

Vibration frequency factor for type-a
interstitial-impurity complex

Vibration frequency factor for vacancy

Vibration frequency factor for vacancy-
impurity complex

Migration energy of interstitial

Migration energy of type-a interstitial-
impurity complex

Binding energy of type-a interstitial-
impurity complex

Binding energy of type-b interstitial-
impurity complex

Formation energy of vacancy

Migration en.ergy of vacancy

Migration energy of vacancy-impurity complex

Binding energy of vacancy-impurity complex

Defect-production rate

Foil thickn. ess

Internal sink density

Initial impurity concentration

Notation

"v

KAtr

Krg

B
KIia

B
Kr)~

H~
V

KvN

KvB

Ko

Py

C',

Value

10 sec

10~4 sec '

103 sec~

2. 9&10'3 sec '

0. 10 eV

0.22 eV

0.20 eV

0. 12 eV

1.00 eV

0. 84 eV

0. 88 eV

0. 05 eV

10 dpa/eec

10' A.

103

Reference

Present calculations

Present calculations

present calculations

15

17

present calculations

Present calculations

Present calculations

18

18

15

19

~When a lower migration energy for vacancy H~=0. 76 eV (Ref. 20) was used, solute segregation
AC)/C) increased only slightly, by -3% for T= 300'C and I- = 1000 A due to dominant interstitial
contribution.

The data in Ref. 15 can be analyzed to give H (co&)-H (av3) =0.008 eV and H (ufo) -H~(w4)
=0.022 eV. With the assumption H =H (se3)-H (se4), H (ae&)=H (ceo)+H —0. 014 eV. H+(so&) is
the present H+&, H (ceo) is H+, and H is H&.



4368 ROBERT A. JOHNSON AND NGHI Q ~ LAM 13

27TQ

ln(R(/R p)0
(24)

with C„"the equilibrium concentration of vacancies.
The present phenomenological approach was

developed to permit straightforward variation of
the primary physical effects that give rise to solute
segregation under irradiation conditions. Small
correlation effects, which will change from case to
case and will be no larger than the unknown varia-
tions in the frequency factors, have been neglected.
Given the uncertainty in the physical parameters
of the model, especially since the activation ener-
gies occur in exponentials, neglect of the small
correlation effects would not alter the results.
The neglect of clustering is more serious. How-

ever, clustering must be neglected because these
reactions (e. g. , C„+C„(, C„,+C, , and C„+C„)re-
quire the introduction of additional parameters
about which even less is known. Thus, the results
of the calculations with this model should indicate
overall trends and should clarify the effects of
variation of basic physical parameters relative to
solute segregation under irradiation conditions.
However, these results will not offer much insight
into cluster nucleation and growth. Additional ef-
fects that are not treated in the present model in-
volve variations in migration energies with envi-
ronment and the possibility of metallurgical trans-
formations which, for example, could effectively
remove solute atoms from solution and yield solute
sinks. Also, although a sink-bias parameter can
be introduced, one constant effective sink concen-
tration is used.

For the present calculations, the following addi-
tional approximations are made: The sink concen-
trations are taken as

p g2/3

with p„ the dislocation density and 0 the atomic
volume. Then the factors c(I and a„ in Eqs. (11)
and (12) are given by (Damask and Dienes(P)

C. Discussion

A comparison of the present approach to the
more detailed theory for vacancy migration with

impurities present' can be made. For example,
Howard and Lidiard" give, for the total vacancy
and impurity currents,

J t = &C—„(L„+2L,„+L(;)
kT
C

and

&C;—[L„(1+2)C;—L„I,„]-kT f
i

J'; = VC „(—L ( + L;;) ——V C;L;;,kT kT

(26)

(27}

where Cv and C, are the concentrations of free va-
cancies and impurities, respectively, and the I.
coefficients are complex algebraic terms involving

Cv; and various jump probabilities for a vacancy
near an impurity. These equations are then cast
in a form involving VC„and VC.. with C„=Cv+C„&
and C', =C;+Cv;, using the mass-balance or local-
equilibrium relation Cv; =KC„C;. Using the mass-
balance relation, the present model can also be
cast in the form

J't = — &C„[L„-—L~~,(1+Z)C(+ 3L„+2L(;]
kT

V

and

~Ca(~Lac( +2')C( —
a(

—L((]
Vl

(28)

kT kT
ZI = &C„(L„+2L—;;) — &C„(L(( .

V Vt

(29)

J] = C&+VDVV C„—D„,.V'C

if the correspondence is made for

5ksogo3

6Wp(W( + Wp + p Wp}

(3O)

After considerable rearrangement, J,' is equivalent
to the present form

and

2+I 3~Iv &

&v Wp(W( + p Wp)

12 W p(W(+ Wp+ p Wp)
(32)

where R„=(1/((pp)'(P, Rp is the dislocation core ra-
dius, and ZI is the interstitial bias parameter.

A linear approximation is made for the inter-
stitial energies H» =H~z, Hz&

——H22, Hrg —H» ——H»B B B B B B B

—H2» and Hr«» =H»„3» the migration energy ofB N hf

the dumbbell in successive jumps away from the
mpurity. Then Hr;~ = 5 Hr;„ for binding

+ 5Hr~a and for rePulsion Hria HI 5Hria' In addi-B

tion, if no experimental data are available for va-
cancy-impurity complexes, one can take H„";=H„"
for binding and H„";=H„"-Hv; for repulsion.

For the explicit case of Zn in Ag, Rothman and
Peterson" have obtained values for these parame-
ters from diffusion studies. The term zg~ is analo-
gous to the looping jump frequency of the vacancy
in the present model. %hen the Rothman-Peterson
data were used in Eq. (32), the L(„( were found to
be 0.89 smaller at 747 'C and 0.77 smaller at
880 C than calculated with the present approach.
The coefficient o„obtained by Howard and Lidiard
is 4.40 at 747'C and 3.94 at 880'C. In the pres-
ent model, strong vacancy-impurity interaction
yields cr„=6, and no interaction yields av =2. Since



13 SOLUTE SEGREGATION IN METALS UNDER IRRADIATION 4369

Zn in Ag is intermediate between these extremes,
O„has been taken as 4. Thus, although the present
model does not include the small temperature de-
pendence of the more detailed theory, it is essen-
tially equivalent. The agreement here is fortuitous-
ly close, and its extension to vacancy-impurity
cases where detailed data are not available and to
interstitial-impurity cases is justified.

More recently, Anthony has investigated solute
segregation after quenching, using the standard
Howard-Lidiard equations. " However, he neglects
the term in the impurity current that arises from
the gradient of the impurity concentration, which,
in the irradiation problem, plays an important role.
Also, Anthony assumes that the impurity concen-
tration is much greater than the vacancy concen-
tration. As a result, the ratio between the impurity
current and the vacancy current is independent of
vacancy concentration and vacancy current. Again,
these approximations are not valid for the radiation
case. The effect of the approximations could be
checked by means of the present model. It should
be noted that, even under steady-state conditions,
the mass-balance or local-equilibrium relation
cannot be treated in a straightforward manner when

diffusion currents or additional reactions are pres-
ent.

III. NUMERICAL CALCULATIONS

A. Calculation procedure

The calculations were performed for a thin-foil
geometry, as a function of time, for various pa-
rameters: temperature, defect production rate,
defect-solute binding energy, foil thickness, inter-
nal sink concentration, and solute concentration.

The ~EAR package of subroutines, developed at
Lawrence Livermore Laboratory, ' was used for
the numerical integration of the rate equations.
With the sophistication of the package, the program
could be run from zero time, starting with &I;=10 '

sec, to steady state (of the order of 10' sec at 0'C)
within a reasonable computing time of - 3 min.
Therefore, all transient effects could be studied in
detail. The calculations were made for only one-
half of the foil because of the symmetry of the con-
centration profiles. In the actual computation, this
half of the foil was divided into 22 sections, corre-
sponding to a mesh of 24 lines; lines 1 and 23 cor-
respond to the surface and the center of the foil,
respectively. Line 24 is used to set the symmetry
condition at the center. The sections near the sur-
face were taken to be small to account for stiff
concentration gradients in the surface region and

were larger near the center of the foil.
The starting values (at t = 0) used in the present

calculations are

and

CI —Clip = CIib —0

"=e "&F
V V

C„;=K4C„"C,/(K4+K4C„"),

C; =Ci —C0

where C,. is the total initial concentration of im-
purity atoms free and bound to vacancies.

The boundary conditions are the following for
the surface (at x =0):

BC/ BCIi a BCIi b BCv

B] Bt Bt Bt

and

BC„,. K,C„"BC;
Bt K4 Bt

BC BC'
1

KC

where sC', /st, the rate of change in the total (both
free and bound) solute-atom concentration at the
surface, is calculated from the physical condition
that the total number of solute atoms is constant in
the foil; and for the foil center (x = L/2)

BCg BCI;, BCIib BCg BC i BCi
B~ Bx B~ B~ B~ B~

The standard parameters, given in Table I, ap-
propriate for Zn as solute in Ag, were used when
the solute segregation was calculated as a function
of temperature for two defect-production rates
K0=10 ' and 10 displacements per atom per sec-
ond (dPa/sec). Then, with T = 300 C and K, = 10 '
dpa/sec, the defect-solute binding energy, internal
sink concentration, foil thickness, and initial solute
concentration were successively changed to study
their effects on segregation.

B. Results and discussion

1. Effect of temperature

The concentrations of point defects (C'„and Cz),
solute atoms (C';), and defect-solute complexes
(CI;„CI,~, and C'„,) at the center of the foil are
shown in Figs. 4-6, as a function of irradiation
time, for KO= 10 3 dpa/sec at three temperatures
0, 200, and 500'C. The solute concentration built
up at the surface (C;) is also included to indicate
the segregation effect. The standard parameters
used are given in Table I. In all three cases, so-
lute segregation to the surface can be seen after
-0. 1 sec of irradiation time. At O'C (Fig. 4) so-
lute segregation reaches a maximum at I;= 10 sec
(see also the point marked with an asterisk in Fig.
8), decreases slowly, and finally attains steady
state at t= 10' sec. The concentrations of vacan-
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cies and vacancy-solute complexes (C'„and C'„,) in-
crease to steady-state values, whereas the con-
centrations of interstitials and interstitial-solute
complexes (Cz, Cz«, and Cz„}increase first and

then decrease until steady state is reached. In ad-
dition, the total flux of interstitials to the foil surface
is several orders of magnitude larger than the total
vacancy flux for t& 10 ~ sec (Fig. 7}. Then the flux
Jl' begins to decrease and J'„ increases until they
become equal at t = 10' sec, at which time solute
segregation decreases toward a steady-state value.

At higher temperatures, above 100'C, the seg-
regation increases continuously toward a maximum
steady-state value (Figs. 5 and 6). The flux of in-
terstitials to the surface is much larger than the
vacancy flux for a short time (Fig. 7), but the
fluxes become equal for t&10 ' sec.

Steady-state solute segregation at the surface,
&C,/C;=(C'; —C;)/Co, is plotted as a function of
temperature in Fig. 8. The numbers on the curve are
the times required to attain steady state at a par-
ticular KO=10 ~ dpa/sec. The segregation occurs
within the temperature range from 0.2T to 0.6T,
with a maximum around 300'C, under heavy-ion or
high-voltage electron-microscope irradiation con-
ditions (Ko= 10 s dpa/sec). The segregation is
drastically reduced at higher temperatures (T
&400'C}, where defect-solute binding is weak and

Cs
I

0
Io

I I

T= 200 C S-Ci

Co -5
10

CP
O

= CC
V
C

Cvt

.~ -i0
Io

O
~gee

U
lO

-i0
IQ

t

0
Io

t {sec)

1

-5
IO Io

FIG. 5. Concentrations of point defects, defect-solute
complexes, and solute atoms at the center of a foil ir-
radiated at 200'C as a function of irradiation time. Sur-
face concentration of solute is also plotted to show the
segregation effect.

the diffusion of solute atoms from the surface due
to a large solute concentration gradient becomes
important. At low temperatures (T &100'C), the
mutual recombination of vacancies and interstitials

Ca
0 ~

o
IO

E
O -l5—IO

-20
I

C

O
~ — -5

Io

CJ

~ IO—
Q
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T=SOO C
I ~ I
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V
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/ Ii

-iO
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t

0
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5
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FIG. 4. Concentrations of point defects, defect-
solute complexes, and solute atoms at the center of a foil
irradiated at 0 C as a function of irradiation time. Sur-
face concentration of solute is also shown to indicate the
effect of segregation.

- IO
Io

I

IO

-5 0
Io Io

t(sec}
Io

FIG. 6. Concentrations of point defects, defect-solute
complexes, and solute atoms at the center of a foil ir-
radiated at 500'C as a function of irradiation time. So-
lute concentration at the surface is also shcnvn.
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becomes so dominant that long-range migration of
point defects and defect-solute complexes is con-
siderably reduced and solute segregation becomes
negligible. The temperature dependence of the
segregation found in the present calculations is
similar to the case of void swelling observed ex-
perimentally. ' Since impurity segregation is a
phenomenon of technical interest, systematic ex-
perimental studies of the temperature dependence
of segregation are highly recommended.

t {sec)
FIG. 7. Fluxes of interstitials and vacancies to the

foil surface as a function of irradiation time at different
temperatures.
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FIG. 9. Steady-state concentration. s of interstitials
and interstitial-solute complexes as a function of distance
from a foil surface.

2. Spatial dependence of concentrations

Steady-state concentrations of point defects, de-
fect-solute complexes, and solute atoms are plotted
in Figs. 9-11, as a function of distance from the
surface of a foil 1000 A thick, for temperatures of
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FIG. 8. Temperature dependence of steady-state solute
segregation.
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FIG. 10. Steady-state concentrations of vacancies and
vacancy-solute complexes as a function of distance from
a foil surface.
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low-defect-production-rate case. In fact, at a low
rate of defect production, point defects have a
greater chance of making long-range migration to
sinks or surfaces, which is essential to the
segregation of solute atoms. The Ko dependence
of the steady-state mutual recombination rate at
the center of the foil and the steady-state flux of
vacancies and interstitials, calculated as a func-
tion of temperature, show the same temperature
shift (of - 150 'C).

We emphasize, from the results obtained here,
that in interpreting radiation-enhanced impurity
diffusion data, one should keep the segregation ef-
fect in mind because, within the range of tempera-
ture and defect-production rate of interest to en-
hanced-diffusion experiments, impurity segrega-
tion to extended sinks may be significant.

IP I I I

IOO 200 300 400 500

D I STA N CE FROM SURFACE ( A )

FIG. 11. Steady-state concentration of solute atoms
as a function of distance from a foil surface.

3. Effect of defect-production rate

Two defect-production rates, Ko= 10 and 10
dpa/sec, corresponding to heavy-ion or high-volt-
age electron-microscope irradiation and fast-re-
actor irradiation rates, respectively, were used
in the present calculations. The Ko dependence of
solute segregation is illustrated in Fig. 12, as a
function of temperature for a foil 1000 A thick.
For a fixed temperature, the time required to at-
tain steady-state segregation is much longer for
Ko= 10 ' than for Ko= 10 ' dpa/sec. The segrega-
tion curve for Ko = 10 8 dpa/sec is shifted by
-150'C to lower temperatures, relative to the
curve for K0= 10 ~ dpa/sec. This temperature
shift can be associated with the ineffective mutual
recombination of vacancies and interstitials in the

300 and 500'C. Humps are observed on the steady-
state concentration profiles near the surface for
defect-solute complexes at temperatures below
-300'C. These humps are quite similar to those
found for vacancy clusters, ' which indicates that
treating the local equilibrium near a sink is not
straightforward, especially in the multireaction
case.

Figure 11 shows some typical segregation pro-
files calculated for T =100, 300, and 500'C. Seg-
regation is maximum at -300'C for Ko -—10 dpa/
sec. In addition, the effects of backward diffusion
due to a large solute-concentration gradient can
also be seen; this effect tends to reduce the segre-
gation at high temperatures.

IOO

75—

~~C 5o-
C;

0 dpa /sec

2 min

25—

IOO 200 300
T( C)

h ~l min

400 500

FIG. 12. Effect of defect-production rate on the tem-
perature dependence of solute segregation.

4. Effect of binding energies

The dependence of solute segregation on the in-
terstitial-solute and vacancy-solute binding ener-
gies has been studied for T =300'C, K0=10

' dpa/
sec, and L =1000 A. Several cases have been
considered; the results are listed in Table II. It
is found that the interstitial mechanism is domi-
nant in the transport of solute atoms in a solid
under irradiation. Solute enrichment at the sur-
face is observed with (a) Hz~„=Hf, = 0, (b) Hsz„& 0
and H„, &0, and (c) Hz„& 0 and Hs, &0, whereas
solute depletion occurs when (a) Hz~„~ 0 and Hs,
&0, and (b) Hz&, &0 and H„,&0. The significance
of these results is discussed in Sec. IIIBS.

The effect of defect-solute binding energies is
also shown in Fig. 13, where one of the binding
energies is kept constant, at an appropriate value,
and the other changes. With H„, held at 0.05 eV,
solute segregation increases rapidly as HI„ in-
creases. However, with Hz„kept at 0.2 eV, seg-
regation is reduced by increasing H„, because of
less efficient interstitial contribution. In fact,
when vacancy-solute binding energy is high, more
solute atoms are bound to vacancies, and therefore
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TABLE II. Effect of defect-solute binding energies
on segregation.

0
10

Hrfa (e~)

0.20
0.20
0.20
0. 20
0.10
0. 00
0.00
0.00
0. 00
0. 00

—0.10
—0.10

—0. 05
0.00
0.05
0.10
0. 05

—0. 05
P. 00
0. 05
0.20
0.40

—0. 05
0. 05

137.0
92. 9
66. 7
54. 6
38.3

—0. 68
P. 48
0.45

—0.56
—P. 53
—0. 96
—0. 25

Remarks

Enrichment
Enrichment
Enrichment
Enrichment
Enrichment
Depletion
Slight enrichment"
Slight enrichment
Depletion
Depletion
Depletion
Depletion

the number of free solute atoms migrating to the
surface via the dominant interstitial mechanism is
smaller.

~With the definition of b,C&/Co& given in Sec. III B1, one
should keep in mind that AC&/Co& = —1.0 means a complete
depletion of solute atoms at the surface.

See discussion in Sec. III 88.

-I
IO

C0
O0L 2

IO
CP

E
O

O
I

lo

L = 0.02 PL

L = 0. 10
L =0.50
L. =0.80
L = 1.00

ATION

2xlO sec

4xIO sec

250 sec

5. Effect of foil thickness

Since the thickness of the foil affects both the
concentrations of mobile defects and the buildup
time to steady state, its effect on solute segrega-
tion has been studied for T=300'C, K0=10 dpa/
sec, C, =O, and C& =10 . The concentration of
solute is plotted versus the distance from a foil
surface in Fig. 14 for different foil thicknesses.
The depth of the solute-enriched zone (where C,
&10 ') increases as the foil thickness increases
and approaches a constant value of -170 A for foils
thicker than 8000 A. The time required to attain
a steady-state segregation is also given in Fig. 14;
the thicker the foil the longer the buildup time to
steady-state, as anticipated from the calculation of

IO"
0

I I I

200 400
DISTANCE FROM SURFACE ($)

I

600

FIG. 14. Solute concentration as a function of distance
from surface for different foil thicknesses.

equivalent internal sink efficiency of the surfaces. ~6

The buildup time is, however, the same for foils
thicker than 8000 A. Thus, an 8000-A-thick foil
may be a good approximation of a semi-infinite
medium in the study of solute segregation at300'C.

6. Effect of internal sink density

Steady-state concentrations of solute atoms at
the foil surface are given in Table III for various
dislocation densities in foils 1000 A and 1 p. m thick
at 300'C. Solute segregation is insensitive to dis-
location densities less than the equivalent internal

100-
I I

8
Hyj005eV

75—

I I I

e
TABLE III. Effect of internal sink density on segrega-

tion.
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FIG. 13. Effect of defect-solute binding energies on
solute segregation at 300 C.
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0.1
0.1
0.1
1, 0
1, 0
1.0
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0
10'
1011
1015

0
108
10"
10i2

1.0
1, 0
1.0
1.1
1.0
1.0
1.0
1.1

66. 7
66. 7
64. 8
63. 6

401.2

401.1
104.9
91.7
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sink efficiency of surfaces, p~=w /La cm ~. In
addition, the interstitial bias also produces a small
effect on segregation; for example, a bias param-
eter Zz -—1.10 reduces the surface solute concen-
tration by-13/o for p~=103 cm and L=1 pm.

7. Effect of initial solute concentration

Two initial solute concentrations, C; =10 and

10, were considered in the present calculations.
A comparison of EC, /C&~ is made in Table IV for
various temperatures with Ko = 10 3 dpa/sec and
L =1000 A. The values of &C,./C, are slightly
smaller for C; =10 than for C, =10 . However,
the temperature dependence of solute segregation
is unchanged; maximum segregation is still ob-
served around 300 'C.

8. Accuracy of calculations

TABLE IV. Effect of initial solute concentration on
segregation.

Temperature
T (.c)
100

200

300

400

Initial solute
concentration C&

10
103
10-'
10 3

10 ~

10 3

10 5

10+

gC]
C)

35.8
38.2
56. 0
61.6
60. 9
66.7
44. 0
42. 5

The accuracy of the present calculations is af-
fected by both mathematical and physical approxi-
mations (in addition to the assumptions discussed
relative to the development of the model). The

D

distance-mesh size is b,x = 10 A. near the surface of
foils of thickness ~ 1000 A. Even with this small
size, the slope of the concentration curves can
change sufficiently from point to point, which in-
troduces an error in the calculations of the slopes
and curvatures at these points. In addition to this
strictly mathematical error, these rapidly chang-
ing conditions also introduce a physical ambiguity
into the model relative to the use of continuum
concentrations to describe an atomistic situation.
For instance, the probability of a vacancy en-
countering a solute atom actually depends on the
concentration of solute atoms in the direction the
vacancy is jumping, not at its present location.
The assumption in going from atomistic consider-
ations to continuum equations, that the concentra-
tion gradients change slowly relative to the jump
distance, is not too accurate in the present case.

An additional factor that can introduce errors in-
volves the approximation that the foil thickness re-
mains constant. This essentially gives rise to a

situation involving nonconservation of the number
of atoms. As vacancy concentrations build up rela-
tive to interstitial concentrations, more intersti-
tials than vacancies arrive at the surface, and
some swelling of the sample occurs. The approxi-
mation used here yields a slight segregation effect;
an interstitial disappears when it reaches the sur-
face, whereas a solute atom is retained there.

The flux of vacancies and interstitials to the sur-
face, for a sink bias parameter of Z = 1.0, should
be equal at steady state. As a consequence of the
sources of error discussed above, the fluxes are
found to be approximately but not exactly equal.
The effect of this discrepancy is negligible when

segregation effects are large, but it can be signifi-
cant when the segregation is small. For example,
no segregation should occur when Hz„=H„, =0.
The slight enrichment listed in Table II for this
case is therefore not physically significant. The
values listed indicate that the small segregation
effects are minor and also show the relative effects
for these cases (the errors discussed here should
enter the different calculations in approximately
the same way). The magnitude of this error is
negligible on the scale of segregation plotted in
Fig. 12.

IV. CONCLUSIONS

Solute segregation in an fcc metal foil under ir-
radiation has been modeled and studied as a func-
tion of irradiation temperature, defect-production
rate, defect-solute binding energy, foil thickness,
internal sink density, and initial solute concentra-
tion. Using parameters appropriate for Zn in Ag,
significant solute segregation is found in the tem-
perature range from 0.2T to 0.6T . Maximum
segregation is observed around 0.45T for a de-
fect-production rate of 10 ' dpa/sec. However, the
temperature for maximum segregation is apprecia-
bly lower for fast-reactor irradiation rates than for
heavy-ion bombardment or high-voltage electron-
microscope irradiation rates.

Solute migration to a foil surface by the intersti-
tial mechanism is dominant in the segregation pro-
cess. With an interstitial-solute binding energy of
0.2 eV, solute segregation is found to decrease as
the vacancy-solute binding energy increases. This
can be interpreted in terms of a decrease in the
number of unbound solute atoms that can partici-
pate in the interstitial dragging process.

The internal sink concentration only affects the
solute segregation to the surface if, for a given
foil thickness, it is higher than the equivalent in-
ternal sink efficiency of the surfaces. The initial
solute concentration does not appreciably affect the
quantity dC, /C~o, which is a measure of surface
segregation.
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The present calculations show that solute segre-
gation may be so significant at temperatures below-0.5T that all the radiation-enhanced impurity-
diffusion data must be interpreted with great care.
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