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Recombination efficiency of vacancies and self-interstitials in a concentrated Again alloy
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A novel approach was devised for the determination of the recombination efficiency of vacancies and self-

interstitials. It is based on the performance of anelasticity experiments to measure the rate at which directional order
is established in ordering alloys. This method applies specifically to concentrated substitutional alloys. It is shown
that it enables us to explore a wide temperature region above stage III, a domain in which data are scarce.
Application to a Ag-30 at. % Zn solid solution is presented. Experiments were conducted during electron irradiation
at a constant flux rate or after flux was suppressed. The recombination reaction constants were measured at a series
of temperatures ranging between 200 and 3SO K. The inferred capture radius is about six interatomic distances at
the highest temperature examined, 340 K. Its variation with temperature is analyzed and discussed.

I. INTRODUCTION

For a long time, the interaction between vacan-
cies and self-interstitials has been described by a
phenomenological reaction radius, r„, with the
following meaning:

Whenever a mobile particle comes closer to its
reaction partner than x„, the annihilation reac-
tion is assumed to take place instantaneously.

For larger separations, no interaction is con-
sidered and the motion of the migrating defect is
treated as free isotropic continuum diffusion.

Recent refinements' ' include the drift term due

to the existence of long-range interaction poten-
tials mainly of elastic origin. It was shown that
the concept of a reactionradius could be retained
but in this scheme the recombination radius cor-
responds to the distance at which the potential en-
ergy equals the thermal energy of the diffusing de-
fect. It becomes thereby temperature dependent.
Thus, effects of temperature, as well as defect pa-
rameters and elastic properties of the matrix have
to be taken into account in any analysis of the re-
combination behavior.

On the other hand the characteristics of the
spontaneous recombination volume have been de-
termined experimentally in a number of pure
metals and dilute alloys, mostly with the help of
electrical resistivity measurements, but the bulk
of the investigation was performed at irradiation
temperatures located below stage III. The pre-
sent work was initiated to complement the avail-
able information by extending the measuring range
to higher temperatures. A novel approach was
used, based on the realization of anelasticity mea-
surements, to follow the rate at which directional
order is established in an ordering alloy and de-
rive the recombination rate of point defects in
conditions of permanent irradiation or after sud-
den suppression of flux.

This method is well suited to temperatures above
stage III and enables us to explore a wide tem-
perature region. In addition, it applies specifical-
ly to concentrated binary alloys for which only
little data exist. Application to an Ag-30 at. P~

Zn alloy exposed to electron irradiation is pre-
sented in the following discussion. The recom-
bination radius could be measured at a series of
temperatures ranging between 200 and 340 K, that
is, from about 0.2 to 0. 35 melting temperature
in K.

II. PRESENT AND FORMER APPROACHES TO THE
RECOMBINATION VOLUME

The several experimental approaches to the re-
combination volume which can be used all involve
the knowledge of other physical parameters as will
be discussed in this section.

(1) At temperatures for which the created de-
fects have no significant mobility, that is, below
stage I, the determination of the spontaneous re-
combination volume is based on the study of the
saturation behavior of defect production. Namely,
at increasing defect concentrations, the existence
of the recombination volumes associated withthe
Frenkel pairs causes a progressively decreased
effective production rate. However, another ef-
fect is superimposed which results in the same
trend. It originates in the occurrence of sub-
threshold energy transfers to atoms in the neigh-
borhood of a preexisting stable Frenkel pair, which
can induce its recombination. Then, the produc-
tion rate of Frenkel pairs is given by

—=o'g(1-v c) —o.Pc .dc 2

dt

c is their instantaneous atomic concentration at a
flux rate Q. v„ is the recombination volume, in

units of atomic volumes, and the 0's are the ap-

2860 198.1 The American Physical Society



RECOMBINATION EFFICIENCY OF UACANCIES AND. . . 2861

propriate cross sections for atomic displacements
and induced recombination, respectively.

Essentially, resistivity measurements have been
used to monitor the considered production rate of
point defects. This type of work was conducted
in several metals. ' ' Nevertheless the two con-
tributions, static recombination and induced re-
combination, could be separated in a few cases
only in which they were found to be of about equal
importance for the saturation behavior. ' Now it
is to be noted that the analysis of the resistivity
damage curves yields only the product of the spon-
taneous recombination volume and the resistivity
increment per unit defect concentration, p~. Thus
the choice for p~ is crucialandis adefinite source
of uncertainty in the determination of r„. Incident-
ly, the relevant recombination volume in the pre-
sent case when both created species have no sig-
nificant mobility is somewhat different in nature
from the "capture" radius which is determined in
conditions when one of the reaction partners is
mobile as envisaged in the following.

(2) Recovery studies in the course of stage I
bring direct information about the capture radius. '
After close pair recombination is completed in
substages I» I» and I~, all the remaining inter-
stitials migrate randomly through the lattice.
However, by applying the diffusion theory of a
three-dimensionally migrating interstitial, it is
shown that a substantial fraction of them return
to the recombination volume of their own vacancy
giving rise to a substage I~. The corresponding
probability for interstitials deposited at a distance
x~ of their native vacancy is r„/x&. ' TOhus the
measurement of the fractional resistivity anneal-
ing in substage I~ yields the r„/r~ value averaged
over all nonclose Frenkel pairs. At sufficiently
low defect concentrations, stages I~ and I~ are
well separated, and (r„/r~) can be determined
with good accuracy. However, the uncertainty in

r& is a serious limitation to the accurate deriva-
tion of z„. In addition, application of the method
is inherently restricted to a narrow temperature
range.

(3) Another valuable approach to the recombina-
tion characteristics is the measure of the defect
production rate at temperature above stage I but
below stage III, that is, when the vacancies are
still immobile. In this case, an interstitial which
has been displayedfrom its own vacancy to a dis-
tance r~ larger than r„can either return cor-
relatedly to the recombination volume of its native
vacancy as mentioned above or react with other
lattice defects, which results in its annihilation
with another vacancy or its trapping on an impur-
ity atom. Consequently, the number of surviving
Frenkel defects, vacancies, and trapped-inter-

stitials is given at any instant during an irradia-
tion in a flux Q by" "

Bc (I r ~ r,c,
sf= -~,

'- ., )~ .„.„'+.'...
where 0 is the displacement cross section for
randomly migrating interstitials. c, and r, are
the concentration and the capture radius of the
impurity traps, respectively.

Again, as in the preceding cases, electrical
resistivity measurements are usually used to
monitor the damage rate. By integration of ex-
pression (2), one is led to

I+(a&pl ' 1 &p

E 4& ) o (f~

According to this expression, the temperature
dependence of r /r& and x„/r, can be obtained by

measuring damage rates as a function of the ir-
radiation-induced resistivity increase for differ-
ent irradiation temperatures. Further, (r„/r~)
can be evaluated if p~ and c are known. How-
ever, as underlined by Lennartz et al. ,' this de-
termination is not accurate in the case of high-
purity meta, ls since the (8&p/8$) ' against &p data
obey Eq. (3) only at low defect concentrations.
To avoid this difficulty dilute alloys were pre-
fered, since it was verified experimentally that
Eq. (3) was then obeyed in a wide range of con-
centrations and temperatures. However, the
probability of correlated recovery is smaller in
the alloy than in the host material as a result of
the capture of part of the diffusing interstitials
by the solute atoms. ' '" By considering this ef-
fect and combining data analysis for pure metal
and doped specimens, the recombination radii
x„can be obtained separately from the displace-
ment distance r~." In copper, for instance, the
capture radius at a vacancy z„could be determined
between 50 and 10V K.

In concentrated alloys kinetics of the radiation-
induced atomic redistribution can be followed also
by use of electrical resistivity. This type of ex-
periment was performed, for instance, in Cu-Ni
alloys to monitor the decomposition kinetics as-
sociated with the interstitialcy diffusion. " Com-
parison of the model calculation to the data give
the recombination radius of the vacancy. It is to be
noted that the temperature dependence of the re-
combination radius of the vacancy found in this
case is much stronger than predicted by theory'
or found in pure copper"; namely, it indicates
an interaction energy inversely proportional to
the distance between interstitial and vacancy.

4. The present experiments were conducted in
conditions of permanent irradiation at tempera-
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tures above stage III. Then the mobilities of both
vacancies and self-interstitials have to be taken
into account. The dynamic concentrations of point
defects which are formed are adequately described
by the two following equations" ":

Bc„" = 0gEQ'—Zc((c„+c~~)(v) + v„) —pcyv„,
(4)

Bc,.
c~(c~+cta)("»+ ~) p &"~ ~

the asymptotic level,

c„,= [cay/Z(v„+ v, )]'", (10)

a characteristic time t*, which corresponds to
a fraction (e —1)/(e+ 1)= 0.462 of the asymptotic
concentration. It is given by

t *= [4VEQZ(v„+ v))]

The ratio of these three parameters, two by two,
gives

They express the balance between the rate of pro-
duction and the rate of elimination of vacancies
and self-interstitials, respectively. Creation is
due to flux P, with efficiency equal to the product
of the displacement cross section o~ and the num-
ber r of uncorrelated Frenkel pairs emitted by
primary knock on. Annihilation occurs both by
mutual recombination characterized by a recom-
bination efficiency Z and by elimination at fixed
sinks having a density p. c,„is the concentra-
tion of thermal vacancies. As a matter of fact the
recombination efficiency Z is directly connected
to the spontaneous recombination radius r„. The
appropriate relation is readily obtained by solving
the diffusion equations in spherical coordinates
for a system made of two defect species in equal
number in zero flux. ' " 'The final expression is

Bc Bc 2m~2 r
Bt, Bt 3

(6)

where A. is the distance between first neighbors.
Hence, as will be detailed below,

2pW r t6
3

In conditions when sinks can be neglected and

the two defect species are produced in equal num-

bers, the balance equations restrict to one single
expression

—= &TE f —Zc (v„+ v ~ ) .Bc

Bt

An implicit assumption is to neglect the concen-
tration of thermal vacancies against the concen-
tration of radiation defects. Integration of Eq.
(7) leads to

Bc

Bt
c )'=1 4 —(t*)'

as&
0

1
=Z(v,. + v„) .2t*c„, (12)

Hence

1—= Z(v + v~)t+
1

c ' ' co)' (14)

Thus an analysis of the decay of the defect popu-
lations after suppression of flux enables another
determination of the Z parameter, independently
of its measurement during irradiation.

In either case, the desired information about
the dynamic defect concentrations involved can be
gained —in ordering alloys —by the measurement
of the rate at which directional order is estab-
lishe~s a result of an applied stress (Zener
relaxation). This rate is related to the instan-
taneous concentrations, c, and the mean rates,
v&, at which atom-defect interchanges occur by"

=~ A,c)v)

where the n's are efficiency factors and

Another possible experimental approach to Z is
provided by the consideration of the elimination
kinetics of the defect supersaturation, which oc-
curs when the irradiation is stopped. A bimolecu-
lar reaction takes place, with two species con-
tinuously in equal number, which gives rise to a
second-order kinetics. The relevant equation, as
derived from Eq. (7), is written

—= -Zc'(v + v. ) .9 t (13)

)xya
c =c, =

~

tanh[oeAZ(v„+ v,.)t]'~'.
Zv +v.

v&
—

v0& exp—
kT

(16)

Consequently, as already indicated, "the buildup

profile, until a quasistationary concentration is
reached, is defined by three parameters:

the initial slope,

Effective jump rates, v, are distinguished from
defect mobilities, v, to take into account the fact
that not all atom jumps are equally efficient in

producing directional order. "" Transposition
of expressions (9), (10}, and (11) to the ordering
rate leads to the following formulas:

Bc = (TEQ qBt 0 Bt
= (n„v„*+n, v*, }oeQ, . '
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&„',= (u„v„*+o., v*, )[(ref/Z(v„+ v, }]' ',
while t* is kept unchanged. Comparison of the
three parameters yields a coherency relation:

BT 7-1
qst

0

(18)

(19)

Now the ratios of these parameters, two by two,
bring us to define a new parameter, R, such that

(7-' )'=1 4 (t'}2
'dt es t ()t

1
2t*~ '

qst

Z(v„+ v, }

q,v„*+n,.v,*.
(20}

7'(t )=R t + i(0) . (22}

In summary, anelasticity studies of the ordering
rate in appropriate alloys open access to three
independent measurements of the recombination
factor R. Derivation of the spontaneous recom-
bination radius is then obtained by simple use of
expression (6). It appears from the examination of
expressions (20) and (21) that accurate informa-
tion about the mobility parameters and ordering
efficiencies in the material considered is required
for a proper determination of r„ to be made. From
prior quenching and irradiation work, ""this
requirement seems to be adequately satisfied in

a series of concentrated Ag-Zn solid solutions.
Further, it was shown that the dislocation sink
density in alloys of this system could be reduced
to an extremely low level such that equations for
pure recombination apply validly. Owing to these
highly favorable conditions, this alloy system was
selected for the present investigation of the re-
combination efficiency to be made.

III. EXPERIMENTAL CONMTIONS

The material was an Ag-30 at. % Zn alloy pre-
pared by melting in a quartz tube under vacuum
the required amounts of 6 N Cominco Ag and 6 N 5

Zn supplied by the Laboratoire d' Electronique
et de Technologie de 1'Informatique du Centre
d' Etudes Nucleaires de Grenoble. The speci-
mens were strips 250 p, m x2 mm x 10 mm ob-
tained by cold rolling. They were given a five-
day anneal at 700'C under vacuum followed by a

Similarly, the decay kinetics after flux is sup-
pressed is governed by the same parameter, since
Eq. (14) leads to

(21)
n„v„*+n, v~

that is,

slow cooling. This treatment was to produce prop-
er homogenization, together with a large grain
size and a low dislocation density.

'The experimental procedure has been reported
elsewhere. " At appropriate times in the irradia-
tion schedule, a change in the state of stress is
applied to the specimen which is initially in elastic
equilibrium and the resulting strain is measured
as a function of time. The anelastic strain relaxa-
tion is then analyzed by methods described in the
literature. "

The in-flux study was done with the measuring
device, an inverted torsion pendulum with neg-
ligible inertia, working j.n line with a Van de

Graaf accelerator, in a constant flux for beam
intensities in the range 1 x 10' to 4 x 10"
e cm 'sec '. 1he corresponding defect production
rates are extremely small. They are ranging
between 6x 10 "and 3x 10 "displacement per
atom per second. Irradiation temperatures were
between -70 and +140'C. The induced defect con-
centrations were of the order of 10 ' to 10 "at. '.

IV. RESULTS

1he whole study has been conducted in conditions
of predominant recombination as was verified
earlier. "" A typical buildup profile on applica-
tion of flux is shown in Fig. 1.

A. Flux dependence of the buildup parameters

The recombination factor R was obtained first
by following the buildup profile for the rate curve
on application of flux. The three parameters
which characterize the evolution of the relaxation
rate until a quasistationary maximum is reached
were derived. This study was conducted at 20'C
in a wide range of instantaneous fluxes, which
covers three decades. The corresponding experi-
mental values for the initial slope of the rate
curve, the characteristic buildup time, and the
relaxation rate at the quasistatronary maximum
are given in Table I.

The associated quantities (87' '/St)„(2t ~) ', and

(v,,',)', which appear in expression (20), have been
reported in Fig. 2. The respective data points
fit well the straight lines traced with a slope equal
to unity. This connotes that all three parameters
vary proportionally to flux in agreement with the-
ory. An interesting point is that the intermediate
straight line is equidistant from the extreme ones
in conformity with the coherency relation, Eq.
(20). Further, the affinity ratio necessary to
shift one line into coincidence to the next is found
to be 18. According to relation (20); this is a
measure of R. In fact only two of the three above-
mentioned approaches to R are independent de-
terminations of this parameter.
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FIG. 1. Typical buildup profile in a Ag-30 at. % Zn alloy exposed to electron irradiation in a constant flux of 4 x 1p

e cm 2sec (Ref. 20). Both the fractional anelastic relaxation (right scale) and the derived evolution of the relaxation
rate are given as a function of the irradiation time at a temperature of 20 C. The representation of these curves has

been restricted to times up to 2200 sec. For longer irradiation periods only the asymptotic value is indicated. It

should be reached after about 107 sec.

B. Temperature dependence of the buildup parameters

The same analytical parameters have been stud-
ied as a function of temperature (Table II). Fig-
ure 3 is an Arrhenius plot for the corresponding
quantities which enter in expression (20). It can
be seen that, within the limits of the intermediate
and high irradiation temperatures, the data points
are well aligned along three parallel straight
lines. The physical meaning of the observed
common slope is one-half the activation energy
for the faster moving radiation-created defect in

the alloy. " The two extreme lines are equidis-
tant from the central one as predicted by rela-
tion (20). Again a common value of 18 is found
for the affinity ratio from one line to the next;
that is exactly the same as derived above from
the flux dependence study at 20'C. Thus in the
considered temperature range the recombination
efficiency is temperature independent as a first
approximation.

This conclusion holds only for temperature high-
er than about —10'C. At lower temperatures sig-
nificant deviations to linearity occur for the char-

TABLE I. Determination of the parameters which define the relaxation rate versus irradiation time curve for
different instantaneous electron fluxes at a constant temperature of 20 C. The fifth column is to verify that the co-
herency relation required for the pure recombination case is correctly satisfied. The three last columns on the right
indicate the values which are derived for the recombination factor R. Averages for each column are respectively 19,
17, and 18 yielding an overall. average of 18.

Flux rate

@(e cm 'sec ')
BT ' -2(sec }

0
f* (sec) +q t (sec )

Analytical parameters Coherency
97. '

Bf p
1

qsf

Recombination factor R
bv- ' 1

0

(~ ~)' ~f ot

1

qst

4x10
1.2 x 10&2

4x 10«
1.2 x 10"

4x10
] 2xjpio

4xlp
1.2 x 10

3.6x10 5

8.4xlp &

3.4xlp 6

9.5xlp 7

3 Sxlp
7.6 x 10
4.5x 10
8.3xlp 9

20
45
65

130
200
420
590

1270

1.5X10 3

7.px10 4

4.2 x 10 4

2.4xlp 4

1.4xlp 4

6.7x10 5

4.0xlp 5

2 Ox10

1.0
1.1
1.0
1.0
1.1
1.0
1.3
1.1

16
17
19
16
19
17
28
21

17
15
17
16
16
19
16
19

17
16
18
16
16
18
21
20
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FIG. 2. Flux dependence of the initial slope, charac-
teristic time, and quasistationary relaxation rate at a
constant temperature of 20'C. The straight lines have
been traced with a slope equal to unity.

acteristic time and the quasistationary relaxation
rate. They reflect a marked increase of the ef-
fective recombination efficiency when temperature
is decreased. This point will be discussed in
some detail in the following section.

FIG. 3. Temperature dependence of the initial slope,
characteristic time, and quasistationary relaxation
rate. The flux rate was 4x10 e cm sec . &, o, and
& are uncorrected data points. The meaning of the
crosses is discussed in the text.

C. Elimination kinetics of the defect supersaturation
on suppression of flux

Figure 4 illustrates the pattern of the relaxation
evolution which was observed when flux was sup-

TABLE II. Experimental values of the parameters which describe the relaxation rate
versus irradiation time curve for different temperatures in a constant flux of 4x10~~
e cm 2sec . The last four columns indicate the inferred recombination factor R.

Temperature

('c) (sec) (sec )

Analytical parameters
e~'

~t o

(sec 2)

1
2t *rq,t Average

Coherency Recombination factor R
sv. ' a7 ' 12t*

~t o t 0
-|

70
60
50
40
30
20

0
-10
-20
-30
-40
-50
-60
-70

8.7x10 5 13
5.0 xlo 19
3.0x10 5 21
1.6 x10 5 31
8.6x10 & 41
3.4 x10 65
7.4x10 ' 130
3.0xlo ~ 195
1.1 x 10" 300
4.0 x 10" 530
1.1x 10 855
3.2 x 10 1520
7.6xlo «2655
2.0x10 & 4290

2.2 xlo 3

1,7xlo 3

1.2 x 10
g.2x10 4

6.4xlo 4

4,2x10
2,0 x10
1.2 x 10-4
6.6x1O '
4 Ox10
1.8 x 10 &

g.3x10 &

4.4x10 6

1,8 xlo

1.0
1.1
1.0
1.1
1.1
1.1
1.0
1.0
1.0
1.1
1.0
1.0
0.9
1.0

18
17
21
19
21
19
18
21
25
25
34
37
39
62

17
14
19
16
17
17
20
22
25
22
31
34
47
68

17
16
20
18.
19
18
19
21
25
24
32
35
43
65

18
18
18
18
18
18
18
21
25
23
32
35
43
65
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FIG 4 Evolution of the relaxation time v after suppression of flux in the quasistationary regime Flux was first
applied during a period long enough to reach the quasistationary regime, namely, 250 sec. Irradiation was then

stopped, to follow the decay of the enhanced relaxation rate.
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1.5

1.4

o
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pressed once the quasistationary state was
reached. In conformity with expression (21), the
characteristic relaxation time, 7, increases lin-
early with the time elapsed after the irradiation
was stopped.

This type of study has been conducted at several
temperatures. Figure 5 shows a series of curves
traced at temperatures between -60 and +80'C.
It can be seen that all curves exhibit a straight

variation over a large portion of the evolution of
Further, at least between 0 and 80 C, the

slope of the straight lines does not depend on tem-
perature to a first approximation. This agrees
with the model predictions for the case when defect
elimination is predominantly recombination, ex-
pression (21) (withthe assumption that n„= o, and
v*= v). For the case when defects would get elim-
inated on fixed sinks, it can be readily shownthat
this slope would increase proportionally to v&.

Thi. s would lead to a marked temperature depen-
dence which is definitely not observed experimen-
tally. However, a temperature dependence ap-
pears but only in the lower temperature region.
It cannot originate in this cause. First, at lower
temperatures, owing to increased defect concen-
tration, conditions for pure recombination are
much more easily satisfied. Second, the observed
variation is an increase for decreasing tempera-
tures instead of a decrease. The possible physi-
cal reasons for this variation will be discussed
below.

0.1 0.2 0.4 0.5

1/Z (OI

.0

FIG. 5. Influence of temperature on the variation law
of the relaxation time as a function of the time elapsed
after suppression of flux. The experimental sequence
precluding this evolution has been presented in Fig. 4.
All measurements have been conducted after irradia-
tions at a flux rate of 4x10 8 cm sec

DISCUSSION

A. Analysis and interpretation of the recombination
parameters studied

2~~2 v„+ v,.
v ~ vw + ~ v+

V V

(23)

As readily derived by combination of expressions
(6) and (20) or (21), the spontaneous recombination
radius z„ is connected to the measured recombina-
tion factor 8 by
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in units of interatomic distances. Figure 6 is to
sum up all the z„values deduced from this relation
assuming a„=n„v„*=v„, and v~&

—v, It can be
seen that the three independent approaches to R
yield values in satisfactory agreement. Further,
all three curves exhibit in common a marked tem-
perature dependence.

To better approximate r„, the n and v param-
eters must be known. In previous work the rele-
vant n parameters have been determined to be
both of the order of, but less than, unity. " The
effective jump rates v* are themselves slightly
smaller thanthe defect mobilities v (see Appendix}.
Consequently the calculated z„values reported in
Fig. 6 are by excess. Thus, it can be concluded
that, in the temperature range above O'C, the cap-
ture radius is about (or possibly a little smaller
than) six interatomic distances. This is the com-
monly accepted order nf magnitude for a metal
lattice.

However, it is to be noted that the recombina-
tion parameters which were derived from the pre-
sent experiments are appropriate and valid for
macroscopic descriptions of the recombination
process only, while for a more detailed insight
at a microscopic scale a mathematical treatment
is needed. In fact several approaches have been
proposed to evaluate the reaction kinetics rele-
vant to the mutual annihilation of vacancies and
self-interstitials in a metal lattice and infer the
interaction range and capture radius for these
species, namely, continuum approaches based
on use of rate or diffusion equations"" on one

24

hand and Monte Carlo methods, on the other
hand. ' ' In the latter cases, statistical fluctua-
tions in the defect distributions are taken into ac-
count as well as the detailed atomistic features
for the recombination volume. The common re-
sult to all these treatments is that they yield
second-order kinetics in the limit of low defect
concentrations. Waite's theoretical description
model of the diffusional point-defect flow into
randomly distributed spherical sinks of radius
x gives the following equation featuring the time
evolution of the concentration of the mobile defects
for a random initial distribution:

(24}

In this expression n is the average number of
jumps for the mobile defects before elimination.
For large n this expression yields the already
mentioned linear relation between the recombina-
tion efficiency and the "capture" radius r„, ex-
pression (6}. Clearly inthis scheme the capture
radius is a phenomenological parameter which is
not evaluated by the model calculation. By con-
trast, reaction constants can in principle be de-
termined directly with Monte Carlo simulations
using microscopic interaction criteria. An in-
teresting example is provided by Fastenau's treat-
ment of a cloud random walk. " Indicatively the
effective recombination radius appears to be about
1.5 interatomic distances for a cloud of 32 sub-
stitutional sites in an fcc lattice. Unfortunately,
this type of calculation is restricted to capture
entities of small size due to computer limitations.

B. The temperature dependence of the
recombination radius

l2

0 I

-IOO -50 0 50 IO0 I50
Temperature( C)

FIG. 6. Temperature dependence of the recombination
radius x„. Three independent measurements were per-
formed, based on & recovery studies after suppression
of flux; o comparison of the buildup parameters, initial
slope, and characteristic time, on application of flux;
o comparison of the initial ordering rate on application
of flux and the quasistationary rate. The results are
expressed in units of interatomic distances. The dashed
curve is to illustrate the T dependence predicted by
theory. Curves a and b are for the case when the acti-
vation energies for directional ordering and for vacancy
migration differ by 0.02 and 0.04 eV, respectively.

As already indicated, the interaction distance
between an interstitial and a vacancy is expected
to be temperature dependent and to be progressive-
ly decreased when temperature is increased. '
'This temperature dependence is not easily esti-
mated since it implies the choice of a realistic
potential and the solution of the general diffusion
equations in the presence of a drift term associat-
ed with the existence of a long-range interaction
potential. Calculations of this type indicate that
the interaction radius can be written"

where Q and n are constants. The value generally
proposed for n is three. It connotes an interac-
tion of elastic origin.

By contrast, a much stronger temperature de-
pendence is revealed in Fig. 6 for the Ag-30 at. %
Zn alloy investigated presently. For a proper
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interpretation to be made, a detailed analysis of
the factors which might influence this result is
required. First, Eq. (23) is to be examined. At
the low temperatures for which R is rapidly in-
creasing, the defect mobil. ities v,. and v„are mar-
kedly differentiated. What is more, the existing
data indicate unambiguously that v,. «v„,""such
that expression (23) is restricted to

2pW v„
3 "n„v„* (26)

Then it appears that the observed variation of R
with temperature, Fig. 6, can be due to a differ-
ence in the activation energies for directional
ordering and for vacancy migration. However,
as indicated in the Appendix, this difference, if
any, is smaller than 0.04 eV. Its possible in-
cidence on the R(T) law is featured in Fig. 6. It
can be seen that no satisfactory fit to the experi-
mental profile can be obtained. A difference
smaller than 0.02 eV is compatible with the data
but in a range restricted to temperatures higher
than -20'C. It can in no way explain the drastic
increase observed on the low-temperature side.

Interpretation of the results can be tentatively
provided by consideration of the possible forma-
tion, under particular temperature conditions, of
a different defect species (referred to hereafter
by f), with mobility higher than the one for single
vacancies. Then the recombination factor R would
be proportional to

(V„+ V~)/(HyVy + QyVy ) ~

with v&» v„and v&» v„*. Furthermore, if these
defects have low efficiency in promoting order-
ing, that is, if n&= 0, B would tend to large values.
Such a situation potentially exists at temperatures
when crowdions are stable. However, in this
scheme, the experimentally observed effect would
imply the conversion temperature for these de-
fects to be about 200 K. An alternate explanation
is that divacancies are formed as a result of the
vacancy concentrations being increased rapidly
when temperature is lowered. Unfortunately,
information is lacking about the mobility of di-
vacancies and their eventual contribution to order-
ing in AgZn and other concentrated alloys as well.
Specific quench studies are required for this sort
of interpretation to be confirmed.

To close, it is recalled that a similar behavior has
been observed by Poerschke and Wollenberger" in a
Cu-59 at. % ¹ alloy, in which the capture radius
r„showed a drastic increase at temperatures
around 150 K as indicated in Fig. 7. The tem-
perature dependence observed in this case would
indicate an interaction energy inversely propor-
tional to r, the separation distance between inter-
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FIG. 7. Temperature dependence of the recombination
radius y„observed in an Cu-59 at. % Ni [after Poerschke
and Wollenberger (Ref. 6)].

stitial and vacancy, instead of the I/r' variation
predicted for an elastic interaction.

VI. SUMMARY

The reaction constants for the interaction between
vacancies and self-interstitials could be deter-
mined in an Ag-30 at. 0/„Zn alloy directly during
irradiation with fast electrons at high tempera-
tures, that is, in conditions of a dynamic regime
when both created defect species migrate freely.
The recombination efficiency which was measured
yielded a value of about six interatomic distances
for the spontaneous capture radius in the tempera-
ture range between 270 and 370 K. The same re-
sult was derived from an independent determina-
tion based on analysis of the decay of the defect
populations on suppression of flux. Clearly, the
capture radius in the concentrated alloys studied
is comparable to the ones generally found in pure
or doped metals.

Similar experiments were conducted at lower
temperatures, down to 200 K. They indicated a
rapid enhancement of the recombination efficiency,
but this effect might be due to the occurrence of
complex reactions between point defects resulting
in the formation of highly mobile multiple vacan-
cies. More work is needed to examine further
this effect and its possible incidence on the effec-
tive recombination parameters for the elemental
defects.

To sum up, anelasticity experiments conducted
in conditions of permanent irradiation enable de-
tailed analysis of the capture radius between va-
cancies and self-interstitials in concentrated al-
loys. The interesting feature of this new approach
to recombination reactions is that it can be ap-
plied to a wide temperature region above stage III
of irradiated metals; thus it appears to comple-
ment previous studies of the recombination volume
in metallic materials.
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APPENDIX: DIRECTIONAL ORDERING RATE IN
RELATION TO VACANCY JUMP FREQUENCY

Under nonequilibrium conditions, the vacancy
mobility influences the directional ordering rate
at two levels. First it controls the vacancy life-
time and hence the instaneous defect concentra-
tion after a given thermal or irradiation sequence.
In this respect, although the vacancy is able to
make exchange jumps alternately with the two types
of constituent atoms in the binary alloy, it is un-
necessary to distinguish between the two types of
jumps. Consequently the vacancy mobility v„, in
the sense of the mean diffusional rate towards
sinks and of the relevant lifetime is adequately
defined by the usual expression

v =Z p~exp xp

where Z, is the coordination number, vDthe Debye
frequency, and E„"the vacancy migration energy.
On the contrary not all atom jumps are equally
efficient in promoting directional order. In par-
ticular a vacancy which would be systematically
exchanged with atoms of one single type would not
contribute to the ordering process. To take this
physical fact into account, a weighed frequency v*

can be used as defined by

2 (1 1i, =k] +-
EvA "BJ

where k is a constant, and v„and v~ are the jump
frequencies for the A and 9 atoms, respectively.
The activation energy E* associated to mobil-
ity v* is simply

Thus i' and E* are parameters which enable a
phenomenological description of the ordering kine-
tics. Now if the vacancies only are considered,
their mobility v, is simply the sum v~+ v~.
Hence

9 t1 1i
(

Clearly if v~ is different from v~, the lifetime
is determined by the faster jump, while the order-
ing rate is controlled rather by the slower jump.
The frequencies v~ and v~ are connected to the dif-
fusion coefficients D*„and D~ for the corresponding
radioactive tracers in the alloy by '

p 2 p 2

D~= " ~ and D~=
Cz Cz

Some data about the above parameters are avail-
able is concentrated a-AgZn solid solutions. For
the 30 at %Z.n composition, diffusion experiments
in the range 500 to 700'C yielded D*„,
=0.29exp(-1. 56 eV/kT) and DE, =0.46exp(-1. 53
eV/kT) cm'sec '." Thus the measured activa-
tion energies for the two constituent elements are
very close, which suggests that E„"and E„* differ
but slightly. This was confirmed by anelasticity
measurements in the quenched state, in which E,*
and E„"were determined to be 0.54 + 0.02 and
0.52+0.04 eV, respectively. ""It is to be noted
that a similar behavior was observed in an AgZn
alloy of neighbor composition, Ag-24 at. o/0 Zn,
in which the corresponding values were found to
be 0.56 +0.02 and 0.51 eV (with lower accuracy),
respectively. " Thus it can be concluded that in
the concentrated alloys under consideration the
difference in the activation energies for direc-
tional ordering and for vacancy migration, if any,
is very small.
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