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A detailed analysis of the enhanced Zener ordering rate in a Ag-30-at.%-Zn alloy has been carried out
using elastic after-effect measurements for three conditions: (i) quasistationary state in a fast-electron flux,
(ii) stationary state in a fast-electron flux, and (iii) upon suppression of the flux when steady-state regime
prevailed. From a comparison of these results, the behavior of self-interstitial atoms has been investigated.
The range 0.2-0.4 of the melting-point temperature was studied and in this range the jump frequency for
the self-interstitials is 3 X 10'%exp [—0.94 (eV)/kT] which is slower than that of the vacancies. Both self-
interstitials and vacancies contribute to the ordering process and the extent of their contributions is
discussed. It was found that dislocations were 10 times more efficient as sinks for interstitials than as sinks
for vacancies. Some possible reasons for these unusual characteristics are put forward and discussed.

I. INTRODUCTION

In the preceding paper! (hereafter I), a study of
the enhanced rate at which directional order is
established in a Ag~30-at.%-Zn alloy during 2.5-
MeV electron irradiation led to the conclusion that
the single vacancy in this alloy has a higher mo-
bility than the self-interstitial. The purpose of
the present paper is to analyze in more detail the
fundamental characteristics of the self-interstitial,
especially its absolute mobility, its interaction
with dislocation sinks, and its ability to promote
short-range ordering.

II. IRRADIATION RESULTS: COMPARISON OF
‘QUASISTATIONARY AND STATIONARY RATES

Among other advantages, the in-flux measure-
ments of elastic after-effect enable access, during
a single irradiation run, to both the quasistationary
and the stationary radiation-enhanced rates suc-
cessively. In a flux of 4X10 e~ /em?sec, the
following numerical values were obtained[I, Figs.

(5) and (6)]:

Tal(sec™!) = 9480 exp[-0.47 (eV)/kT], 1)
Toa(sec™)=217.9 exp[—0.28 (eV)/kT], 2)

For the sake of comparison, in zero flux the ther-
mal relaxation rate is

Tl (sec™!)=2.5X10" exp[-1.37 (eV)/RT]. (3)

Direct comparison of the quasistationary and
stationary rates is of great interest. In fact, it
gives valuable information about the relative mo-
bilities of vacancies and self-interstitials, as can
be seen by consideration of the expressions which
describe the quasistationary and stationary order-
ing rates (I), i.e.,

TS-‘I = [aiui'((pv Vv /piyi)l/z + 0y Vﬁ(pi”i/pvyv)l/z]
x[oeg/Z (v; +v, )2, 4)

T;s} = (ai VE+ay V;"[“ ¢‘/Z (Vi +Vy )]1/2 . (5)

In these expressions, 0€ ¢ is the production rate
of freely migrating defects due to flux ¢ with effi-
ciency equal to the product of the displacement
cross section 0 and the number € of uncorrelated
Frenkel pairs emitted by a primary knock-on. Z
characterizes the spontaneous recombination of
vacancies and seli-interstitials, while p, and p, are
the respective sink densities for these defects.
The ordering rate is described by efficiency fac-
tors a and ordering jump frequencies v*. The
v’s are simply the defect mobilities. The only ap-
proximations are (i) the thermal vacancy concen-
tration can be neglected compared with the con-
centration of vacancies created by irradiation,
and (ii) defect losses at fixed sinks are not signifi-
cant, )

Then, without any further approximation, the
ratio of the stationary to the quasistationary rates
is

T;tl = a‘Vi“(pv Yy /piyi)’/z + 0y VJ‘(PgVi/Po Vv)llz
Tqst V¥ + 0, VE

. ®)

Two particular conditions are of special interest:
(i) The low-temperature range, in which the mo-
bilities of vacancies and self-interstitials are very
different. In this case, for nonzero ¢; and v, >V,
the above ratio reduces to

3 /15k =l /P wi /v )12 (M
(ii) The temperature region in which 774 approaches

Ta!, which implies p, ¥, =p;V;, Then two very dis-
tinct cases can occur, depending on the value of
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p;/p,. First, assuming that dislocations are al-
most neutral sinks, the mobilities ¥, and v; for

the two species tend to the same value (i.e., 73!
=Tgd4) and then cross, leading to an inversion of
mobilities at higher temperatures, Since the quasi-
stationary and the stationary rates are systema-
tically controlled by the faster and the slower-
moving species, respectively, this inversion should
result in an inversion of the activation energies and
thus, a distortion of every one of the relevant
curves. Alternatively, if dislocation sinks have a
much higher efficiency for self-interstitials, the
low-temperature relation v, > v; is valid above the
crossing point of the quasistationary and stationary
curves, so that the deviation from linearity should
be postponed to higher temperatures,

Thus, the ratio p;/p, is expected to influence
significantly the temperature dependence of either
curve, A parametric study is shown in Fig. 1 for
the stationary curve. Also, the data points for
both the quasistationary and the stationary condi-
tions are presented. The quasistationary curve
could not be extended to temperatures higher than
80 °C, as the time to reach the quasistationary con-
dition is then too short. The stationary data were
gained up to 140 °C, which means that the zone ex-
plored covers the region in which the curves cross,
i.e., about 100 °C, Maximum accuracy is obtained
for these temperatures because of the possible ob-
servation of the full-relaxation curves in a con-
venient period of time and therefore confidence in
the numerical values of the parameters in this re-
gion is high, From the comparison of the theoreti-
cal and the experimental profiles in Fig. 1, the
most probable value of p; /p, appears to be about
10. From this ratio, it can be inferred that the
relative mobility of self-interstitials and vacancies
is given by

v;/Vy, =1.2X10% exp[-0.38(e V) /#T]. (8)

Alternatively, using Ey =0.56 eV and v, =2.5X10%"
(from I),

v; =3X 108 exp[-0,94(eV)/kT]. ©®)

This means in particular that the attempt frequency
factor for self-interstitial migration is larger by
four orders of magnitude than that of the vacancy.
The numerical value of p;/p, will be discussed fur-
ther in relation to other experimental results pre-
sented below.

III. POST-IRRADIATION STUDIES

This section deals with the decay of the radiation
induced defect supersaturation on suppression of
the flux. More precisely, the flux was cut off once
the steady state was reached and the decay kinetics
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FIG. 1. Parametic study of the incidence of the ratio
p;/p, on the stationary relaxation rate. The numerical
values were: o€p=5x10"!! (displacements per atom)
sec 1; v,=2.5 X101 exp (—0.56(eV)/ET); v;=3 x101*
xexp(—0.94(eV)/kT), for p;=p,; Z=18 [16]. Calculation
was performed with use of the full-balance expressions
given by (6) and (7) in I. For the sake of comparison,
the experimental data points have been reported for both
the stationary and the quasistationary conditions.

were studied as a function of the annealing time.
This type of experiment was conducted after low
temperature irradiation, at 40 or 60°C. A typical
experimental run is shown in Fig. 2. The decay
curve for the relaxation rate is found to be com-
posed of an initial rapid decay and a subsequent
slow evolution. This profile is satisfactorily ac~
counted for by consideration of the general steady-
state condition p;c;v; =p,C, vy, which, for v, > v,
implies that the stationary concentration of self-
interstitials is much larger than the vacancy con-
centration, The initial period corresponds to the
elimination of the minority of the fast species, the
vacancy, either at sinks or by recombination,
Then, after an appropriate aging time, only the
interstitials remain in an almost unmodified con-
centration and subsequently anneal out. The elimi-
nation of these defects occurs solely by their an-
nihilation at fixed sinks. Thus, this recovery is
expected to obey first-order kinetics as verified in
Fig. 3. It is interesting to note that the sink density
of about 2X107° atom™ calculated from these data
for the self-interstitials yields a value of 2X1071°
atom™! for the vacancies, which is comparable to
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the density inferred from the quenching studies
[(5 to 7)X10™1 atom™!] reported in I

This type of experiment gives supplementary in-
formation about the effectiveness of the intersti-
tialcy mechanism in the alloy under consideration,
insofar as it enables the separation of the respec-
tive contributions of the two species to the ordering
rate. Extrapolation of the final part of the decay
curve to zero annealing time is a measure of the
specific contribution of the self-interstitials in the
stationary regime. The relevant numerical value
at 40 °C is about one-tenth of the total rate.

Considering Eq. (4), this ratio can be written

L - o VE(Py Vv/PiVi)l/z
Tt o VE(Po Vo /Py Vi) 210, VE(Py vy /Py vy V2

(10)

Since v¥ is not very different from v,, as was
stated in I, and p; =10p,,

a;/a, =V /V¥. (1)

Hence, if v¥=~v; then o4 =a,, Conversely, if V§

< v; then o; > a,. The physical meaning of the o’s
suggests that o; lies between 0 and a value which
should not be much larger than @,?'® Thus, the
most probable pair of relations is

@;=a, and ¥y, 12)

The significance of this result is that an interstitial
jump is about equivalent to a vacancy jump in pro-
ducing directional order.

Consider now the initial portion of the decay.
The steady-state conditions are such that the con-
centrations of vacancies and self-interstitials, as
given by expressions (6) and (7) in I and numerical

t(sec.)

values in the formulas (24) of I and (9) of this
paper, are, respectively, 6,5X107!° and 7,8 X107°
atom™, while the sink density for vacancies is
7X107 atom™! (I). Thus, since the concentration
of self-interstitials is larger by at least two or-
ders of magnitude than the effective sink density
(for Z =1), it can be assumed that the mobile va-
cancies are annihilated primarily by encounter with
relatively immobile self-interstitials, The concen-
tration of the latter defect is altered only by 8%.
Consequently, as a first approximation, ¢; can be
considered to be constant and the vacancy elimina-
tion kinetics should obey the first-order equation
dc

=2 = =Zc,c, Y,

at (13)

with a characteristic time (Z¢;¥,)"'. From the
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FIG. 3. Analysis of the final portion of the relax-
ation-rate decay. Conditions were the same as in Fig.
2, except that the irradiation temperature was 60 °C
and the annealing temperature 80 °C. A good fit to
first-order kinetics is observed.



above numerical values at 40 °C, this time is
readily estimated to be 20 sec.

Figure 4 is a magnification of the initial part of
a decay curve of the type presented in Fig. 2. This
semilog diagram shows that the relaxation rate
follows an exponential decay, from the moment the
flux is suppressed. The measured characteristic
time is 21 sec., which provides a satisfactory
check of the self-consistency of all the numerical
values involved.

IV. DISCUSSION

A. Efficiency of dislocations as sinks for point defects

Two rather unusual features were found in the
Ag-30-at.%-Zn studied. On one hand, the average
effective sink density is extremely small, It
amounts, in carefully annealed specimens, to lev-
els of about 1071 atom™, On the other hand, it is
shown in the present paper that a marked difference
exists in the effective sink efficiency for vacancies
and self-interstitials.,

As a matter of fact, the elimination of point de-
fects on dislocations involves complex mechanisms,
Schematically, three successive steps can be de-
fined: volume diffusion to the dislocation line, ab-

sorption by the dislocation core, and finally, either

diffusion until a jog is reached, which results in
the annihilation of the point defect by jog climb, or
reemission. Most calculations for the dislocation
sink density p are based on the solution of the dif-
fusion equations for a regular array of hollow
cylindrical sinks, with radii about equal to the
radius 7. of the dislocation core., This scheme
leads to the widely used formula*
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P =2"6a2/1n(lrs/,rc) ’ (14) .

with 7726 =1, 0 is the dislocation density and a is
the lattice parameter, In this treatment a disloca~
tion line is supposed to be a perfect collector. A
more realistic model has been suggested by Bal-
luffi,® in which possible defect reemission is taken
into account. The calculation for edge dislocations
indicates that jogs can be described as ellipsoidal
sinks, at the surface of which the defect concentra-
tion is in equilibrium with the jog. The minor axis
of this ellipsoid is the capture radius, while its
major axis W is given by

W =v2 bexp(AE" + AEB /RT), (15)

b is the Burgers vector of the dislocation, AE¥
the difference in the volume and pipe migration en-
ergies, and AE® the defect-dislocation binding en-
ergy. Two cases can occur: (i) If the separation
between jogs is lower than or equal to the ellipsoid
length, the disloeation behaves like a perfect sink.
Then the defect elimination is controlled by volume
diffusion. This scheme leads to the previous re-
sult for a dislocation as a perfect collector, (ii)
In the opposite case—insufficient pipe mobility,
low jog density, low binding energy, or presence
of a barrier to jog climb—the dislocations no
longer act as perfect collectors, and the model be-
comes more intricate. '
For many reasons, we are inclined to think that
the Ag-Zn alloy belongs to this second class. The
measured sink density of a few 107! atom™ for
vacancies leads to a dislocation density of 10* em™2,
using Eq. (14). This is an unrealistic value, which
simply indicates that the condition of jog climb
controlled by volume diffusion is not fulfilled. On
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the other hand, the Ag—30-at.%-Zn alloy has an
unusually low stacking-fault energy, about 3 ergs/
em?.® Consequently the dislocations are expected
to be strongly dissociated and the formation of
jogs difficult.””® Recent calculations of the energy
of dissociated jogs in a Cu—16-at.%-Al alloy,
which has a stacking-fault energy comparable to
that of Ag-Zn (5 ergs/cm?), have led to values of
about 58 eV.!"!! It is evident that the nucleation

of jogs on such widely extended dislocations is
difficult, Further, the diffusivity along an extended
dislocation is smaller than along a perfect one,!2'!3
As a consequence the description of dislocations

in Ag-Zn is as follows: (i) due to their marked dis-
sociation, jogs are scarce; (ii) pipe and volume
diffusivities are close to each other; (iii) since the
jogs are also strongly dissociated, absorption of
impinging defects is more difficult; (iv) as the dis-
sociation partially relaxes the lattice, the elastic
interaction energy is weaker and the defects are
less strongly bound to the stacking fault ribbon.

In these conditions, once a defect has reached
the dislocation line, a relatively long time passes
before it reaches an efficient sink. This fact, to-
gether with the weaker binding, suggests that the
defect has a higher probability to be reemitted.

" The sinks are then restricted to small volumes
around the jogs and their density, within a given
efficiency factor, is just the jog density. This ex~
plains the very small sink densities which were
found in the Ag-Zn alloy. The second point refers
to the different sink efficiencies of dislocations for
vacancies and self-interstitials. The accepted
scheme is that dislocations absorb the self-inter-
stitials with a higher efficiency, because of the
stronger elastic interactions between the disloca-
tion and self-interstitial compared with the dislo-
cation-vacancy interactions.'*'!s This situation is
generally described in terms of capture radii which
are supposed to differ by 5% to 10%. If expression
(14) is valid, this leads to a ratio p;/p, very close
to unity, Thus such a model cannot yield a factor
of 10, as found experimentally. Instead, high val-
ues can be obtained by considering the Balluffi
model,® in which elimination on a dislocation obeys
the equation

dc, 4w 5

'Et— = _ln(ZW/b) ;cdud ) (16)
where ¢; and v, are the relevant defect concentra-
tion and mobility. X is the distance between jogs.
Hence, the ratio of the effective sink densities'is
given by

pi/py=expl(AEY + AET) — (AEY + AED)|/RT . (17)

A difference of 0.08 eV in the activation energies
at a mean temperature of 100 °C for this study re-

sults in a factor of 10 in the sink concentrations,
thus providing a simple explanation for the marked
difference in sink densities observed.

(In this calculation, the jog spacing X was as-
sumed to be constant. In fact, it is a function of
the degree of supersaturation S [5] and the value
of S depends on the ratio of the actual concentra-
tion of a given point defect to its thermal equilib-
rium value. Thus, if the formation energy of the
interstitial is greater than the formation energy
of a vacancy, the supersaturation due to intersti-
tials will be greater than that due to vacancies
and the jog spacing on the dislocations will be
smaller; hence, the dislocations will behave as
better line sinks for interstitials than for vacan-
cies. This again could explain the differentiation
which was observed experimentally.)

B. Migration characteristics of the self-interstitials

The self-interstitial was found to be less mobile
than the vacancy. The two parameters which de-
fine its jump frequency, i.e., pre-exponential factor
3X1018* gec™! and activation energy 0.94 £0,02 eV
are both anomalously high. These high values sug-
gest impurity trapping. Below, this effect is con-
sidered in some detail and subsequently ruled out.
Then a possible retardation effect intrinsic to the
alloy is considered, '

1. Impurity trapping

The effects of a concentration of impurity trap-
ping sites for self-interstitials on the build-up of
the irradiation-produced defect concentrations
were studied, using obvious modifications of the
balance equations given in I, as follows:

dc
dtv =0€EQ = PyCyply —=Z Ci(Cy +Cy, ) (V; +Vy)

=Zcy(cy+Cmy 18)

dc;
d—t‘- =0€Q = PiCyV; =ZCi(Cy+C )(Vy + V)

—ZCy(Ce = Co)v; +C oV exp(EB/RT),  (19)

dc
‘a‘{c‘ =Z,¢,(C; = Cc)V; ~ € V; exp(~EP/kT)

=Zc(cy +Ctlg9)yv ’ (20)

where ¢; is the total trap concentration, ¢, is the
concentration of trapped interstitials, E?® is the
binding energy of the interstitial-impurity complex,
Z: is the effective volume for trapping, and Cu is
the vacancy concentration in thermodynamical
equilibrium, It was assumed that each impurity
can trap only one interstitial and that spontaneous
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recombination volume with vacancies is the same
for the trapped interstitial as for the free inter-
stitial.

These equations were integrated numerically and
the solutions were compared with the experimental
results for a range of possible binding energies
and interstitial migration energies. In fact, it
turned out that the calculated mobility profiles
versus temperature or time of irradiation could
be equally well obtained from the original set of
balance equations using an effective interstitial
mobility V; such that

7, =v,exp(-E{ /kT)/1 +Z ,c, exp(E®/RT)] . (21)

The calculation leads to a separation into two
classes. For binding energies lower than 0.35 eV,
the factor Z,c, exp(E®/RT) is of the order of unity
in the temperature range under investigation and
distortions appear in both the build-up and decay
irradiation profiles., This case can be excluded
since the experimental curves do not exhibit any
significant deviation from the estimated profiles
at low temperature. On the other hand, for binding
energies larger than 0.35 eV, the simulated curves
are similar in every respect for both the intrinsic
and the impurity case. The second term in the de-
nominator of expression (21) is then much larger
than unity, so that this expression simplifies to

T =v Z7lc;expl- EY +EP)/kT] . (22)

In this case the temperature dependence for the ef-
fective defect mobility obeys the Boltzmann law,
but with both pre-exponential factor and activation
energy increased in comparison with the ideal,
pure alloy. Thus, the unusually high migration en-
ergy found for the interstitial in this study can be
attributed to a combined binding energy and motion
energy. Moreover, the pre-exponential factor of
10'® sec™! canbe factored intoanormal pre-expo-
nential factor of approximately 10 sec™! and a
factor Z; 'c;! of about 10%, If Z, has about the
same magnitude as the recombination volume for
vacancies and interstitials, i.e., 18 (Ref. 16), then
the required trap concentration is of the order of
1075, This is not an unreasonable number con-
" sidering that the total impurity concentration in
the alloy studied was about 40 ppm, Also the large
implied binding energies are plausible, compared
with the high values which were measured in sev-
eral irradiated pure metals for undersized substi-
tutional impurities,!?"1°

However, a very recent study on a less-concen-
trated Ag-Zn alloy?® has shown that when the zinc
concentration is decreased from 30 to 24 at.%,
both the pre-exponential factor and the activation
energy are markedly decreased, from 10'® to 10'®
and from 0.94 to 0.82 eV, respectively. The value

of 10 is of special interest, It corresponds in the
impurity trapping model, to a product Z,c, which is
only 1072, and thus an impurity concentration of
about 107 atoms™. Such a high impurity concen-
tration can be ruled out for our specimens. As a
consequence, we have to consider an intrinsic -
mechanism specific to the alloy system.

2. Influence of the alloying on the interstitial properties

For a discussion of interstitial mobility in binary
alloys, there are two important questions to con-
sider: (i) What changes are produced in mobility
parameters by alloying? (ii) Does the interstitial
migration produce changes in short-range order
(interstitialcy mechanism)? With respect to the
first question, it has been shown that a strong
trapping is expected in dilute solid solutions when
the solute atom is smaller than the solvent atom,®
Such is the case for zinc atoms dissolved in silver,
In the particular case of the Ag-Zn system, sev-
eral experimental observations have indicated that
interstitials are indeed trapped by zinc atoms,
From a study of the electrical resistivity recovery
spectrum in dilute Ag-Zn alloys irradiated at low
temperature, Ivanov et al.?! concluded that the in-
teraction of the self-interstitials with zinc atoms
was attractive but small.,” However, a stronger
trapping effect exists in more concentrated (13.6
at,%-2Zn) alloys.?? This led Rothman and Lam??
to suggest the possibility that the self-interstitial
might be bound more tightly to a small cluster of
zinc atoms than to a single zinc atom, However, '
it is not clear how any of these ideas can be ex-
tended to highly concentrated alloys. Also it is
not clear how these ideas can explain the unusually
large pre-exponential factor that was measured.
Composition fluctuations and/or ordering modula-
tions can also be invoked, because of the proximity
of the phase boundary for the alloy composition
which was studied,

The situation is even more confusing with regard
to the question of the interstitialcy mechanism,
Here the basic principle is that the two types of
atoms must be approximately equally capable of
forming an interstitial. It has been stated without
further justification that the change in ordering
energy must be greater than the difference in for-
mation energies of the two types of interstitials,?'?5
However, it appears that the techniques for cal-
culating the formation energies of interstitials are
not sufficiently refined to be applied to concentrated
alloys with any confidence. Experimentally, there
is a scarcity of data on which to base a theory.
The interpretation of the existing data has been
controversial, especially in @ brass.?*'* The
present experiment is the first to give clear-cut
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evidence that the interstitialcy mechanism is
operative in a concentrated binary alloy with widely
different component elements. This observation

is taken as an indication that the interstitial con-
figuration is quite different in the alloy from that
in the pure metal.

V. CONCLUSION

The above analysis indicates that the marked re-
duction of the interstitial mobility from the high
migration rate generally observed in pure metals
is an intrinsic alloying effect in the Ag—30-at.%-
Zn alloy. It was found also that the interstitialey
mechanism was operative, although the component
elements in this alloy have very different atomic
sizes, Finally, a unique property of the alloy is
that dislocations act as much move efficient sinks

for self-interstitials than for vacancies. This is
attributed to widely dissociated dislocations, which
occur as a consequence of an exceptionally low
stacking-fault energy in the alloy.
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