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Aneiastic relaxation due to clustered self-interstitial atoms in Al
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Anelastic processes in Al single crystals present after low-temperature electron irradiation have been

investigated using both internal-friction and elastic-aftereffect techniques. Several stress-induced relaxation

processes have been observed, one due to the I~ close-pair defect, and six others attributed to small interstitial
clusters formed during long-range interstitial migration in recovery stage I. Details are presented concerning
the creation, stability, symmetry, and relaxation kinetics of the various defects responsible for the anelastic

processes. One of the processes exhibits all the characteristics expected for a configuration of the di-interstitial

proposed by Johnson. A model is discussed which suggests how a small interstitial cluster may undergo
reorientation without simultaneous migration of the defect center of mass.

I. INTRODUCTION

In the preceding paper, ' we discussed in detail
our observations of an anelastic relaxation effect
(called process A) due to the stress-induced re-
orientation of single self-interstitial atoms (SIA s)
in aluminum. The present paper continues the
description of anelastic relaxation phenomena
found in low-temperature electron-irradiated
aluminum single crystals. It will be shown that
several additional anelastic effects occur, one due
to I~ close-pair defects, and at least six others
caused by the stress-induced reorientation of
small interstitial clusters. These clusters are
formed during migration of the single SIA's in
annealing stage I. In stage II, the smaller
clusters disappear, and the average number
of SIA's per cluster increases. ' Understanding
of the clustering process is important, because it
is responsible for the retention of a considerable
portion of the irradiation-produced damage above
temperatures where defect mobility first occurs.

The ability of anelastic measurements to dis-
criminate betveen different types of clusters pre-
sent simultaneously in a sample is particularly
helpful in the study of interstitial clustering. Al-
though it is not possible on the basis of the present
measurements to identify uniquely the various
cluster configurations which are formed, it is
possible to observe the growth and decay of par-
ticular types, and to extract information about
their symmetry, stability, and relaxation kinetics.

An important difference exists between two of
the observed processes (A and B), which are at-
tributed to the initial two steps in the formation of
interstitial clusters during annealing, and all the
other effects which are observed. The reorienta-
tion jump in both processes A and B leads simul-
taneously to long-range defect migration, and
therefore to reactions with other defects in the
lattice. In contrast, additional processes were

found which exhibit no annealing at the peak tem-
perature, demonstrating that the stress-induced
reorientation of these defects does not lead to
long-range migration. Because of their stability,
it was possible to observe these processes with
internal-friction measurements, as well as with
the elastic-aftereffect (EAE) technique. Conse-
quently, it was possible to make very accurate
determinations of their activation energies and
preexponential time constants.

A detailed description of the EAE technique and
experimental arrangement is given elsewhere. "'
Tubelike 99.999% pure aluminum single-crystal
samples were used in an inverted torsion pendu-
lum. The torsion axes of the samples were orient-
ed within + 3' along a (100), (110), or (111)crys-
tallographic direction. Irradiations were per-
formed at 4.7 K with 3-MeV electrons generated
by the 7'an de Graaff accelerator4 at the Kern-
forschungsanlage, Julich. Defect concentrations
were monitored by measuring both the diaelastic
modulus change produced during irradiation, ' and
the resistivity changes in two simultaneously
irradiated samples. The linear decreases of the
elastic moduli which occurred during irradiation
showed that all dislocation segments had been
effectively pinned. Following irradiation, the
sample temperature was varied in a stepwise
fashion, during which the anelastic processes
were observed.

Internal-friction measurements were made by
electromagnetically exciting the sample in torsion
(at its natural frequency of about 40 Hz) to a max-
imum strain of about 10 ', and observing the free
decay. Frequency changes &flf could then be de-
termined to an accuracy of + 1 x 10 ', and changes
in damping 4Q '/Q ' to about 2 x 10 ', for Q

'
(10 '. The EAE technique was capable of resolv-.
ing changes in strain as small as 5&10 ". Me-
chanical instabilities in the cryostat, however,
limited the long-term (30-min) accuracy to about

680



ANELASTIC RELAXATION DUE TO CLUSTERED. . . 681

+5 && 10~.
The determination of defect symmetries on the

basis of anelastic measurements is discussed in
detail by Nowick and Berry. ' Measurements per-
formed in torsion on cubic crystals are quite
specific in the case of a tetragonal or (100) or-
thorhombic defect, since an effect appears in the
(111)orientation but not in the (100). All defects
with lower symmetry however, may, in torsion,
produce relaxation effects in all crystal orienta-
tions. Although in this case the ratio of the relax-
ation strengths in the two different orientations
still contains information about the defect sym-
metry, this ratio is also a function of the magni-
tude of the defect anisotropy. For defect sym-
metries other than tetragonal or (100) orthorhom-
bic, it is therefore not possible to determine uni-
quely the symmetry solely on the basis of such
measurements.

II. RESULTS

Figure 1 provides an overview of the stable an-
elastic processes found in low-temperature ir-
radiated aluminum. Here, the internal-friction
results for a (110)-oriented crystal irradiated to
a Frenkel-pair concentration of 5 x 10 ' (resisti-
vity change of 200 nQcm) are shown. The different
curves have been artificially shifted in a vertical
direction for clarity, and were obtained in the
following fashion. After irradiation, the sample

temperature was raised stepwise up to a maximum
value of 45 K, and measurements of internal fric-
tion (Q ') and resonant frequency (f) were made
at each indicated temperature. Then the sample
was cooled to 6 K, and a second run was begun
leading to a slightly higher maximum temperature
(46 K) after which the sample was again cooled to
6 K. Each successive run was continued to a high-
er maximum temperature. In this manner, not
only the existence of an internal-friction peak
could be determined, but it was also possible to
study the growth and annealing of certain proces-
ses. The first run (labeled -25 K) was initiated
after an inadvertant warming of the sample to
about 25 K. This caused the annihilation of inter-
nal-friction peak 1, located at 19 K. However,
this peak was found after an identical irradiation
of another (110) sample, for which no accidental
warming had occured. These results are included
in Fig. 1 as the curve labeled "After Irradiation. "
Six internal-friction peaks appear. Labeled ac-
cording to the existing nomenclature, ' they are as
follows: peaks 0, 1, 2, 3, 4, and 5 at about 6,
19, 43, 52, 58, and 69 K, respectively. We have
also measured a corresponding decrease of the
correct order of magnitude in the resonant fre-
quency for each of these peaks, demonstrating
that they all are due to a real anelastic relaxation
process.

The EAE results are presented in the form of
isochronal. aftereffect curves' in Figs. 2 and 3 for
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FIG. 2. Isochronal elastic-aftereffect curves for a
(100) oriented crystal irradiated to a Frenkel-pair
concentration of approximately 4&& 10" . Each curve is
labeled by the maximum annealing temperature attained
prior to its measurement.

FIG. 3. Isochronal elastic-aftereffect curves for a
(111) oriented crystal irradiated to a Frenkel-pair
concentration of approximately 7 &&10 4. Each curve is
labeled by the maximum annealing temperature attained
prior to its measurement.

a (100) and a (111)oriented crystal, for which the
total irradiation produced resistivity changes were
170 and 270 nQcm, respectively. These curves
show the total anelastic strain measured at the
indicated temperature between 30 and 300 sec after
removal of the loading stress. In all cases, the
loading was of 300-sec duration, and produced an
elastic strain of approximately 3 && 10 '. One ad-
vantage of this form of presentation is that, as
with the internal-friction measurements, the exis-
tence of an anelastic process manifests itself as a
peak. The data points were again obtained by
varying the sample temperature in a manner simi-
lar to that described above for the internal-fric-
tion measurements. Five prominent peaks, labeled
1, 2, 3, 4, and B, occur in Fig. 2. This labeling
was chosen because the annealing behavior and
activation energies of the EAE peaks 1-4 show
that they are due to the same four anelastic proces-
ses previously labeled 1-4 in the internal-friction
results. An additional peak A appears in the (111)
crystal; it has been discussed in detail elsewhere. '
Thus, as anticipated, all relaxation process which

were observed in the internal-friction study except
processes 0 and 5 are again found in the EAE re-
sults. The quality of the present EAE data is fur-
ther exemplified by the complete lack of any back-
ground effects (&& &5 && 10~) in both sample orien-
tations after the 110-K anneal. The absence of
any anelastic contribution from the Bordoni relaxa-
tion' indicates that, as expected for these irradia-
tion doses, all dislocation segments have been
pinned.

In Fig. 4, the measured relaxation times r for
processes 2, 3, 4, and 8 are shown in an Arrheni-
us plot, i.e. , ln7 versus reciprocal measuring
temperature. Internal-friction measurements of
fast neutron' and a -particle' irradiated aluminum
have also been included. Since the relaxation time
at the peak temperature is 100 sec in the EAE
results but only about 4 && 10 ' sec in the internal-
friction case, the relaxation times have been de-
termined over almost five orders of magnitude.

In order to facilitate comparison of the anelastic
results with other studies of irradiated metals,
resistivity measurements were made on samples
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FIG. 5. Annealing of the resistivity changes measured
at 6 K for both the (ill) and (100) samples. The values
of n refer to the average number of interstitials per
cluster measured at the indicated points in the annealing
program after a similar irradiation of aluminum by
Ehrhart and Schilling (Ref. 2). The appropriate temper-
ature intervals corresponding to the various annealing
stages have a1.so been marked.

FIG. 4. Arrhenius diagram, i.e., relaxation time v

vs reciprocal measuring temperature 1/T for several
of the observed processes. Upper data points: EAE
results; lower data points: internal-friction results;
O, (111) sample; 6, |',100) sample; e, (110) sample, ,

electron irradiation; ~, Ref. 7, o.-particle irradiation;
V, Ref. 6, fast-neutronirradiation. The solid line for
process B terminates at the temperature where a 10-
min anneal would remove more than 99% of the defects.

irradiated and annealed simultaneously with the
anelasticity sample. The recovery of the irradia-
tion-induced resistivity changes is shown in Fig.
5. The values of n in Fig. 5 refer to the average
number of interstitials per cluster present in the
sample at various points of the annealing program.
They were obtained from diffuse x-ray scattering
experiments using samples with similar initial de-
fect densities. '

III. DISCUSSION

In this section, the properties and possible ori-
gins of the anelastic processes are discussed in
detail.

A. Process 8
Process 8 is centered about 4V K in the EAE

results for both crystal orientations (Figs. 2 and

3), but is absent from the internal-friction data
(Fig. 1). Like process A, ' it also anneals in the
same temperature interval where the relaxation
occurs, showing that defect reorientation occurs
simultaneously with migration.

The temperature dependence of the relaxation
time for process B yields

II=0.135+0.25 eV and 7,= 3.4 & 10"'~' sec

for the activation energy and preexponential time
constant, respectively. These values readily ex-
plain the failure to observe process B in the inter-
nal-f riction measurements. For the internal-f ric-
tion pendulum operating at 40 Hz, Fig. 4 shows
that the internal-friction peak maximum (T = 10 )
for process 8 would be expected to occur near
70 K, well above the temperature (50 K) where
the defects have already disappeared.

A comparison of the recovery of peak 8 (Fig. 3)
with that of the resistivity (Fig. 5) reveals that
the defect responsible for this process anneals in
the temperature region slightly above stage I,
called stage II,. Huang scattering measurements'
have shown that stage II, is primarily due to the
disappearance of the di-interstitials present at the
end of stage I. Therefore, process J3 is assigned
to the simultaneous migration and reorientation
of di-interstitials.

Assuming that the concentration of defects re-
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FIG. 6. Johnson di-interstitial configuration showing
simultaneous reorientation and migration by (a) the mode
with the lowest expected activation energy, and (b) the
mode requiring a pure rotation of one of the interstitials
and therefore a higher expected activation energy.

sponsible for peak B is proportional to the initial
defect concentration after irradiation, the ratio
of the normalized relaxation strengths in the two
different orientations is

~&100&/g&a&a & 2 P + 0 4

This value indicates that the process B defect has
lower than tetragonal symmetry, but not (100)
orthorhombic.

Several years ago a model for the di-interstitial
in fcc metals was proposed by Johnson on the
basis of a computer calculation for copper. ' He
found the most stable configuration to be that
shown in Fig. 6. In this model, two parallel (100)-
split interstitials sit on nearest-neighbor lattice
sites. These sites lie along a (110) lattice direc-
tion perpendicular to the (100) interstitial axes.
The defect symmetry is (110) orthorhombic. This
di-interstitial possesses two different reorientation
modes. In the first, motion of one of the single
interstitials from configuration 1 to the equivalent
arrangement 2 occurs through the metastable con-
figuration 1'. This jump produces a 90' rotation
of the (110)di-interstitial axis, and two-dimen-
sional migration [in a (100) plane] of the defect
center of mass. For the second mode, one of the
dumbbells again migrates to 1', but then a rota-
tion by 90' of the other interstitial occurs to sta-
bilize the configuration. A 60' rotation of the (110)
di-interstitial axis is produced, and migration of
the center of mass occurs in three dimensions.
As discussed by Nowick and Berry, ' (110) orthor-
hombic defects in cubic lattices possess two modes
for reorientation. The relaxation time constants
T' and 7', appropriate for the two shear elastic
constants C and C', are different. If v, ,- is the

jump frequency for motion from configuration i
into configuration j, the appropriate relaxation
times are given by

I/r' =6v

1/7'= 2v„+ 4v, .

The existence of two different relaxation modes
suggests the possibility of observing two separate
relaxation peaks, both due to di-interstitials.
However, computer calculations" suggest that
the process 1-2 is much easier to excite than
1-3, i.e. , the jump of a single interstitial to a
nearest-neighbor site is energetically more favor-
able than a pure rotation. Hence only the 1-2
mode can be experimentally observed. The 1 —3
mode would occur only at a much higher temper-
ature. However, before this temperature can be
attained experimentally, the vast majority of the
di-interstitials have already disappeared during
migration by the 1-2 mode. It follows that only
the relaxation process described by

1/7'= 2v„

should be observed experimentally. This leads to
an expected ratio of the relaxation strengths for
the Johnson di-interstitial in aluminum of

g& 100 &/g&111 &

Within experimental error, this is the value found
for process B.

The assumption that just above stage I all the
remaining residual resistivity change (Fig. 4) is
due to di-interstitials and vacancies yields an
upper limit for. the concentration of di-interstitials
present in the sample. This gives for the defect
anisotropy, ' a value of

/I'„-I'„/ —6 ev

and shows that the di-interstitial is considerably
more anisotropic than a single interstitial. '

All characteristics of process B can be under-
stood in terms of the Johnson model for a di-in-
terstitial. These results are therefore in agree-
ment with diffuse x-ray scattering measurements
on electron irradiated aluminum, in which evidence
for this configuration was also found. "

8. Process 2

Process 2 appears in the internal-friction results
(Fig. 1)near 42 K, well above the onset of long-range
interstitial migration. Furthermore, the high-
temperature side of the peak is distorted by an-
nealing. The useful information pertaining to
process 2 which is contained in the internal-fric-
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FIG. 7. Belaxation strengths of process 8 at 47 K and
process 2 at 31 K as a function of the annealing tempera-
ture, for the (111) (above) and (100) (below) oriented
samples. A change in the relaxation strength of a given
anelastic process indicates a corresponding change in
the concentration of defects responsible for that pro-
cess.

tion measurements is therefore very limited. In
the EAE measurements (Figs. 2 and 8}, however,
process 2 is found at 31 K. This lower observation
temperature removes the complication of simul-
taneous annealing, as well as permits the relaxa-
tion strength of the process to be studied during
stage I~,~ recovery. From Fig. 4, values of

H=0.092+0.009 eV and 7,=8&&10 ' ' sec

are obtained for the activation energy and pre-
exponential time constant, respectively.

In Fig. V, the total relaxation strength ob-
served at 31 K for process 2, and for comparison
that of process 8 at 4V K, are plotted as a function
of the annealing temperature for the two crystal
orientations used in the EAR measurements. The
relaxation strength is directly proportional to the

concentration of the specific type of defect re-
sponsible for the anelastic process. ' Therefore,
a change in the relaxation strength of a given an-
elastic process indicates a corresponding change
in the concentration of defects responsible for that
process. Process 2 begins to grow in strength
in the annealing stage ID,~ and the increase is
particularly sharp near the end of this stage. A
few of the process 2 defects are apparently created
during irradiation, but the primary mechanism for
their production involves the long-range migration
of interstitials which is known to occur between
30 and 45 K. Both process 2 and 8 disappear after
annealing in stage II„and furthermore, their
annealing proceeds in a parallel fashion.

The reasoning behind the assignment of process
I3 to the simultaneous migration and reorientation
of Johnson di-interstitials was given in Sec. III A.
Because of the similarity in recovery exhibited by
processes 2 and B, an obvious interpretation would
be the assignment of process 2 to a nonmigratory
reorientation of this same defect. Such a separa-
tion of relaxation processes is not unknown, and is
referred to in the literature as "frozen-free split. "'
However, the previously cited model calculations,
as well as experimental results, ' indicate that a
simple rotation of one of the interstitials requires
considerably more energy to activate than the
migration step, making the assignment of process
2 to the Johnson di-interstitial highly unlikely. A
more probable explanation is that process 2 is due
to a larger size cluster. The parallel annealing
of processes B and 2 would then be explained by
assuming either that both defects migrate simul-
taneously, or that only one type becomes mobile
and reacts with a majority of the defects of the
second type. In either case, the most likely can-
didate for the process 2 defect would appear to be
the tri-interstitial.

Computer calculations"" indicate that the tri-SIA
configuration shown in Fig. 8 may exist in
fcc metals. This defect has nearly (110) orthor
hombic symmetry, and is consistent with the ob-
served ratio of the relaxation strengths in the two
sample orientations. In addition, the computer
calculations suggest that the middle dumbbell in
this arrangement may rotate around the (100) axis
connecting the two outer dumbbells with an activa-
tion energy less than that required for dissolution
or migration of the defect. The rotation mode is
shown in Fig. 8(c). Each single jump of the middle
dumbbell leaves the defect configuration unaltered.
Only the major axis of the defect dipole tensor
undergoes rotation, and no long-range migration
occurs. Thus a relaxation effect free from anneal-.

ing is expected, in agreement with the experi-
mental findings for process 2. It is therefore
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possible to fully account for all the observed
properties of process 2 in terms of the above
model for the tri-interstitial. However, the pos-
sibility that a different tri-interstitial arrange-
ment, "or even a somewhat larger size cluster,
might be responsible for process 2 cannot be ex-
cluded on the basis of the present measurements.
In any case, the simple model shown in Fig. 8
does account fully for all the observed properties
of process 2. More generally, it provides a mech-
anism for explaining the observed relaxation of
small interstitial clusters without any concom-
mitant annealing.

C. Processes 0 and 4

In Sec. B, certain similarities were pointed
out between processes 2 and B. Correlations also
exist between two other processes, namely, 0 and
4. Process 0 appears in the internal-friction mea-
surements near 6 K, the lowest attainable mea-
suring temperature, and its true maximum prob-
ably occurs at an even lower temperature. It is
the most easily activated of all the observed pro-
cesses, and therefore, since it is buried in the
instantaneous part of the strain recovery, does
not appear in the isochronal EAE curves. Cor-
responding frequency measurements for process

0

0 show it is indeed a true anelastic process, and
not, as has been previously suggested, ' a conse-
quence of helium droplets forming on the sample.
However, because of the failure to observe a true
peak maximum, no accurate values can be given
for its activation energy and preexponential
time constant.

Process 4 appears in both the internal-friction
(Fig. 1, 58 K) and EAE (Figs. 2 and 3, 42 K) re-
sults. The behavior of its relaxation strength
during the annealing program is shown in Fig. 9,
along with that of process 0. The process-0 re-
sults shown here are internal-friction values mea-
sured at 6 K during the EAE experimental runs.
The annealing of the relaxation strength for proces.
A, which indicates the number of free SIA's re-
maining in the sample, ' has also been included in
Fig. 9. Particularly striking in Fig. 9 is the in-
crease in concentration of process-0 defects as
the free SIA's disappear. No significant number
of process-0 defects are present either immedi-
ately after irradiation or below an annealing tem-
perature of about 33 K (i.e. , before any long-range
defect migration has occured). Their concentra-
tion grows from 33 through about 40 K, remains
stable till approximately 60 K, and disappears
completely in the 60-70-K annealing range. The
growth and recovery pattern of process-0 defects
exhibited in Fig. 9 is just that expected for a
small interstitial cluster formed during long-
range migration and reaction of single SIA's. The
small cluster is stable over a limited temperature
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FIG. 8. Tri-interstitial configuration first proposed
by Johnson. The different parts of the figure show how
this defect may reorient by motion of the middle inter-
stitial between four equivalent positions. This motion
preserves the defect configuration, and does not result
in long- range migration.
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FIG. 9. Relaxation strengths of process 0 at 6 I and
process 4 at 42 K as a function of the annealing tempera-
ture, for the (111) (above) and t',100) (below) oriented
samples. For comparison, the relaxation strength of
process A (Ref. 1), which monitors the concentration of
single SIA's present in the sample, is also shown.
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range, and disappears at the point where thermal
vibrations are sufficient to induce either its mi-
gration or disintegration. In the fast neutron study
of Al, ' process 0 was observed immediately after
irradiation below 5 K, a temperature well below
that of free interstitial migration. Apparently,
the cluster configuration responsible for process
0 is created in the displacement cascades produced
by the large knock-on energies characteristic of
fast neutrons.

The normalized relaxation strengths for the two
processes 0 and 4 are within experimental error
the same

g&xoo&
3 4 + 0 7

0

g&zoo&

, axe&
= 3.4+ 0.4

D. Process 1

Peak 1 appears in the internal-friction results
(Fig. 1) near 20 K. Using the previously reported'
activation energy of approximately 30 meV, this
process should appear at around 10 K in the EAE
results, and indeed, a small effect of the correct
order of magnitude is found there.

In both techniques, process 1 disappears after
annealing of the sample in stage I~, where the
annihilation of a close-pair defect is known to
occur. An anelastic process due to the I~ defect
has also been reported in irradiated copper. ""
That the situation for the stage-I~ defect is pos-
sibly more complex in Al is shown by the apparent
existence of at least two more relaxation proces-
ses (Figs. 2 and 2, at 15 and 19 K) which also
disappear after annealing in stage I~. These latter
two processes do not appear in the internal-fric-

Again, these values indicate a defect symmetry
lower than tetragonal, but not (100) orthorhornbic. '

For process 4, the measured activation energy
and preexponential time constant are

H = 0.138+ 0.014 eV and v o= 1.7 & 10 '~' sec.

The simultaneous recovery of processes 0 and 4

suggests that they are caused by the same defect
(see Sec. III A). Unfortunately, since even in the
EAE results process 4 occurs at a temperature
above stage I~,~, it was impossible to observe its
behavior during the onset of the long-range inter-
stitial migration process. However, all indica-
tions are that it too is caused by a single type of
small interstitial cluster, which if not the process-
0 defect, is of approximately the same size. Since
these processes show no change during annealing
in stage II„ the responsible defects either do not
possess a large cross section for reaction with,
or they are present in much greater numbers than,
the process 2 and B defects.

tion results, because their internal-friction peaks
would lie above the I~ annealing stage. It should
be pointed out that the existence of so many relax-
ation modes for a close-pair defect might be con-
sidered surprising, but it is not unknown. Three
have been observed for the I~ close pair in Ni."

E. Processes 3 and 5

Both these processes result in very weak effects.
Process 3 appears in the EAE results centered
about 36 K. Combining the EAE and internal-fric-
tion measurements, it appears to anneal in the
range from 70-110 K. Its small magnitude and the
proximity of the much larger effects 2 and 4, ob-
scure its behavior during stagelD, ~ annealing.
From Fig. 4, we obtain for process 3 values of

H = 0.105 + 0.010 eV and 7,= 10 '"' sec.

Process 5 occurs at 70 K in the internal-friction
measurements, and anneals somewhere between
70 K and room temperature. Its weak relaxation
strength made it impossible to identify in the EAE
results. Because of the temperature range in
which these two processes disappear, they too are
apparently due to the reorientation of small inter-
stitial clusters. Their weak relaxation strengths
show that the concentration of these particular
size clusters and/or their elastic anisotropies are
small.

After annealing at 110 K, no anelastic processes
are present in the temperature range from 6 to
60 K. This observation is in agreement with dif-
fuse x-ray scattering measurements, ' which show
that by this point in the annealing program the
interstitial clusters have collapsed to form dislo-
cation loops.

IV. SUMMARY

Several anelastic processes arising from the
stress-induced ordering of self-interstitial defects
produced by low-temperature electron irradiation
and annealing of aluminum have been observed.
Process 1 is due to the IB close-pair defect, while
six others, labeled 0, 2, 3, 4, 5, and 8 are caused
by small interstitial clusters formed during the
long-range migration and interaction of intersti-
tials in and above recovery stage ID,~. Process
B was observed only during defect migration in
recovery stage II, . Its symmetry, annealing prop-
erties, and large anisotropy (& 6 eV) all support
an interpretation in terms of the simultaneous
migration and reorientation of Johnson di-inter-
stitials. The other five processes are all stable,
indicating that they are due to a simple defect
rotation involving one or more members of a clus-
ter, which results in no long-range migration of
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the defect center of mass. A model based on com-
puter studies by Schober" of a tri-interstitial con-
figuration has been presented which suggests how
a simple rotation of a small interstitial cluster
may occur.

A definite advantage offered by anelastic mea-
surements to the study of interstitial clustering
is the ability to discriminate between various
cluster configurations present simultaneously in
the sample. Each relaxation process corresponds
to a specific type of defect, and is not an effect
averaged in some manner over all cluster con-
figurations present in the sample. The combina-
tion of two quite different techniques, EAE and
internal friction, which were employed here for
studying anelastic effects has proven quite useful.
In the case of stable processes, internal friction
provides a high degree of sensitivity, permitting
the detection of even very weak effects. Since
the EAE technique allows processes to be observed
at temperatures where defect jumps occur only
about once every 100 sec, it permits observation
of defect reorientation during migration, as well

as creates the largest possible separation between
the peak temperature of a stable relaxation pro-
cess and its annealing temperature. This large
separation made it possible to observe the forma-
tion of specific cluster types during long-range
interstitial migration in stage I, as well as their
disappearance in stage II. In addition to the simple
summation of the advantages offered by each tech-
nique taken separately, the appearance of an effect
in both provides a measurement of the defect re-
laxation time over about five orders of magnitude,
furnishing a very accurate description of the
thermodynamics of the process.

ACKNOWLEDGMENTS

The authors would like to thank Dr. P. H. Dede-
richs and Dr. H. R. Schober for many helpful dis-
cussions. The technical assistance of Frau I. Ser-
pekian is also gratefully acknowledged. We thank
Dr. F. W. Young, Jr. for a careful reading and
discussion of the manuscript.

*Present address: Materials Science Division, Argonne
National Laboratory, Argonne, Ill. 60439.

'V. Spiric, L. E. Rehn, K.-H. Bobrock, and W. Schil-
ling, preceding paper, Phys. Rev. B 15, 672 (4977).

2P. Ehrhart and W. Schilling, Phys. Rev. B 8, 2604
(1973).

~K.-H. Robrock, Report of the Kernforschungsanlage,
JUlich, Germany, Report No. Jul-1088-FF, 1974 (un-
published) .

4J. Hemmerich, Report of the Kernforschungsanlage,
Jiilich, Germany, Report No. Jul-579-FN, 1969 (un-
published) .

A. S. Nowick and B. S. Berry, Anelastic Relaxation in
Crystalline Solids (Academic, New York, 1972).

6K. Ehrensberger, V. Fischer, J. Kerscher, and
H. Wenzl, J. Phys. Chem. Solids 31, 1835 (1970).

M. Biggauer, W. Schilling, J. Volkl, and H. Wenzl,

Phys. Status Solidi 33, 843 (1969).
8B. A. Johnson, J. Phys. Chem. Solids 26, 75 (1965);

Phys. Bev. 152, 629 (1966).
P. H. Dederichs, C. Lehmann, and A. Scholz, Phys.
Bev. Lett. 31, 1130 (1973).
P. Ehrhart, H.-G. Haubold, and W. Schilling, Adv.
Solid State Phys. XIV, 87 (1974).
H. B. Schober (unpublished).

' R. L. Nielsen and J. R. Townsend, Phys. Rev. Lett. 21,
1749 (1968).

' J. Holder, A. V. Granato, and L. E. Rehn, Phys. Rev.
B 10, 363 (1974).

'4A. V. Granato, in Fundamental AsPects of Radiation
Damage in Metals, edited by M. T. Robinson and F. W.
Young (U. S. A. ERDA Conf. -751006, 1976).

'~G. de Keating-Hart, R. Cope, C. Minier, and P. Moser,
Julich-Conf. 1, 327 (1968).


