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Application of a highly sensitive elastic-aftereffect technique, capable of resolving changes in strain as small as
~ 5 &( 10, has revealed the existence of an anelastic relaxation process due to the simultaneous migration and

reorientation of single interstitials in recovery stage I of low-temperature electron-irradiated Al. Only the
(100)-split interstitial configuration is consistent with the measured orientational dependence of the
relaxation strength in single-crystal samples. The observed anisotropy of the interstitial dipole tensor is 'mall,

~P» —P»~ = 1.1 ~0.3 eV, showing that the long-range displacement field of this defect has nearly cubic

symmetry. A comparison of the annealing of the relaxation strength with that of the resistivity shows a
transition from correlated to uncorrelated recovery in stage ID+~. The thermodynamic properties characterizing
the single-interstitial relaxation process explain why it has not been observed in previous internal-friction
studies.

I. INTRODUCTION II. EXPERIMENTAL

Irradiation of Al with MeV electrons at low tem-
peratures is known to create vacant lattice sites
and self-interstitial atoms (SIA's). ' Recent ex-
perimental evidence overwhelmingly favors the
(100)-split configuration for the SIA in Al. ' ' This
defect is expected to undergo reorientation only as
it migrates through the lattice, ' and not by means
of a simple rotation about its center of mass. Be-
cause of the detailed information concerning the
symmetry and migration kinetics of a defect which
can be obtained through the study of anelastic pro-
cesses, several attempts have been made to ob-
serve an internal-friction peak due to the reorien-
tation of isolated single SIA's in face-centered-
cubic metals. ' ' Although internal-friction peaks
due to the interstitial member of close-pair de-
fects have been reported in irradiated Al,"Cu, '"
and Ni, "no internal-friction peak associated with
the reorientation of isolated single SIA's in face-
centered-cubic metals has been correctly identi-
fle d.

Another method for investigating anelastic pro-
cesses which, as will be seen below, is more ap-
propriatewhen defect migration and reorienta-
tion occur simultaneously, is the elastic afteref-
fect (EAE). In this paper, we report EAE mea-
surements on low-temperature electron-irradiated
aluminum single crystals. An anelastic relaxation
process due to the simultaneous migration and re-
orientation of single(100)-split SIA's has been ob-
served. The kinetics of this process show clearly
why it has not been found using internal-friction
techniques. Discussion of several other relaxa-
tion processes due to clustered SIA's is contained
in the following paper. "

Anelastic relaxation involves the thermally acti-
vated stress-induced ordering of defects whose
symmetry is lower than that of the host lattice. "
Under the influence of an applied stress, the en-
ergetically equivalent defect orientations in the un-

stressed crystal can be split. At temperatures
high enough to permit motion of the defects between
the various orientations, the defects will redistri-
bute themselves among the various orientations,
thereby changing the strain distribution in the host
lattice. If the relative alignment of the applied
stress and defect orientation is altered, the anelas-
tic effects contribute in varying amounts, thus re-
vealing the symmetry axes of the defects.

Two common techniques exist for studying anelas-
tic relaxations. In the EAE method, shown sche-
matically in Fig. 1(a), the sample is held at a fixed
temperature and the exponential growth (decay) of
the a,nelastic strain 5e(t), produced by the relax-
ing defects, is measured during application (after
removal) of a constant stress o. If ec denotes the
instantaneous elastic strain and 7. is the relaxation
time, we have, during loading,

e (f) = E+c56(f), '

with

5e(t) = 5e(~)(1 —e '~').

After removal of the stress, which has been ap-
plied for a time t„we have

e(f) = 5e(fc)e

or

e(t) =5e(~)e '~r for t »rc
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Internal friction is certainly the most widely em-
ployed method of studying anelastic phenomena.
In its most common form, a measurement is made
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FIG. 1. (a) Schematic diagram of the elastic-aftereffect
technique. The existence of an anelastic process is indi-
cated by the appearance of the anelastic strain 6E. (b)
Aftereffect curves for three different measuring tem-
peratures && & T2 & T&. The relaxation time is inversely
proportional to the measuring temperature. (c) The
corresponding isochronal aftereffect curve, showing how

the anelastic process manifests itself as a peak.

The identical information pertaining to the anelas-
tic process is therefore available in both the load-
ing and unloading curves. However, since the un-
loading (o = 0) curves are free of any elastic-con-
stant changes (e.g. , annealing of the diaelastic mod-
ulus change)' and also of any small deviations in
the applied stress, they are both easier to inter-
pret and more accurately measurable than the load-
ing curves. The magnitude of the relaxation
strength a defined as 5e(~)/e, in single crystals
of different orientations furnishes information about
the symmetry of the relaxing defects. By making
measurements, at different temperatures, both the
activation energy! for reorientation FI and the pre-
exponential time constant v, can be obtained from
the relation

T=7- eH/kT

of the decaying amplitude A. of a freely vibrating
specimen. For a single relaxation process, this
decay is described by the relation"

A(t) = Ao e ~ "~' o ' cosQt.

4, is the maximum amplitude of vibration at t=0,
where free decay is assumed to begin. The fre-
quency 0 and the damping Q

' are given by

Here, m is the natural frequency of vibration in the
absence of any damping. By determining the tem-
perature at which the maximum damping occurs
(a&7 = 1), and noting the temperature shift of the
maximum for different frequencies, it is again
possible to determine 7„ II, and L. The difference
between the two methods is as follows: In an EAE
experiment, the small anelastic strain produced by
the relaxing defects has to be measured directly.
The measuring time is of the order of the relaxa-
tion time. With internal friction, the decay of the
total strain is the quantity which is directly de-
termined. At the internal-f riction peak maximum,
the amplitude of this signal is a factor of approxi-
mately 4/A larger than the signal in the EAE case.
Since 6 is almost always «1, the requirement on
sensitivity is much less for an internal-friction
experiment, explaining why it is so frequently em-
ployed. However, the time constant (i.e. , the time
for the amplitude to decay to 1/e of its initial val-
ue) associated with the internal-friction technique
is also larger by the same factor 4/L. For situa-
tions where relaxation of the defects may lead si-
multaneously to their annihilation (i.e., when de-
fect reorientation is accomplished through migra-
tion) the longer time constant of the internal-fric-
tion technique may prove to be a serious handicap.
This can occur, because the larger the number of
jumps a defect makes during a measurement, the
greater the probability of the defect encountering
a reaction partner and disappearing. In other
words, the gain in signal strength expected from
the internal-friction technique does not materialize,
because the larger required number of defect jumps
leads to annihilation of the defect species before a
measurement can be completed. As will be seen
below, this is the reason why the relaxation pro-
cess from single SIA's has not previously been ob-
served using internal-f riction techniques.

In order to achieve the necessary sensitivity in
the present investigation, a laser-interferometry
technique was employed to measure the strain.
Using the Hewlett-Packard system No. 5526, the
twist angle of a small mirror mounted on the pen-
dulum could be determined to an accuracy of 10 '
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rad. This corresponds to a torsional strain in the
sample of 5x 10 ". Although this high degree of
sensitivity could indeed be achieved for short per-
iods of time, it could not be maintained for the
full 15-20 min necessary to complete an aftereffect
measurement. Due to thermal fluctuations in the
cryostat itself and mechanical noise from the en-
vironment, the accuracy in determining the twist
angle was limited to +10 ' rad, corresponding to
an accuracy in c of a 5x 10 '. Loading strains (&,)
were always 3x10 '.

When the possibility for defect annihilation exists
during reorientation, the relaxation strength L be-
comes a function of the time. If n is the average
number of reorientation jumps before annihilation,
an effective relaxation time r' is measured. Un-

der the assumption that during the measurement
n remains constant, 7' is given by

Therefore, when the number of defect jumps to
annihilation is much greater than one, the mea-
sured time constant may be considered to be free
of annealing effects. For example, the difference
between the real and measured time constants for
n=20, is about 5%%uq.

Measurements were made using an inverted tor-
sion pendulum which has been described in detail
elsewhere. " The irradiations were performed with
3-MeV electrons generated by the Van de Graaff
accelerator at the KFA Julich. "

The samples were hollow tubelike single crystals,
30 mm long and 3 mm in diameter. Specimens
with (111)and (100) torsion axes were spark cut
from 99.999%%u~ pure Al single-crystal rods. After
spark cutting, a surface layer of about 100-150 p. m
was removed by chemical etching, leaving a final
wall thickness of 150-200 p, m for the irradiated
portion of the sample. The quality of the samples
was checked both before and after the experiments
hy means of Laue x-ray photographs. The torsion
axes were all found to be within +3 of the desired
crystallographic directions. The main advantage
of this sample form is its mechanical stability.
By running liquid helium through the bore of the
sample, it was possible to irradiate with a beam
current as high as 20 pA/cm', and still maintain
the sample temperature below 5 K. The linear de-
crease of the elastic moduli which was always ob-
served shortly after the onset of irradiation,
showed that all dislocation segments had been ef-
fectively pinned. "

Defect concentrations were monitored by means
of two resistivity samples, one located directly in
front of the main sample with respect to the elec-
tron beam, and one behind. The difference in dam-

age between these two samples was found to be

about 30/o. Mohrenstein-Ertel" has shown that the
decrease in defect concentration along the periph-
ery of the sample to the 30%%uo lower value is linear
within + 5/o. Therefore, we estimate the maximum
error in using the average of the two resistivity
values to determine the defect concentration in the
main sample to be + 2/0. There is no influence of
the slight inhomogeneity of the damage upon the
elasticity measurements, because all portions of
the cylindrical sample contribute additively to the
total restoring force.

The sample temperature was adjustable over the
range from 6 to 300 K, with a stability of + 0.1 K/
(30 min). Measurements were performed in the
following manner. EAE curves were obtained at
selected temperatures up to a certain maximum
temperature. The sample was then cooled to 6 K,
the remaining residual resistivity was determined
and the stepwise procedure was repeated up to a
higher temperature. In this way it was possible
to study both the growth and decay of the relaxa-
tion strength. The relaxation strength 6 and the
relaxation time v. have been determined either di-
rectly from the EAE curves, or from their deriva-
tives. The latter procedure is usually preferred,
since it eliminates any drift of the zero point of
the EAE curve which may have occurred during the
measurement.

A useful means of presenting the many time-de-
pendent aftereffect curves obtained in the present
experiment is in the form of so-called isochronal
aftereffect curves, shown schematically in Figs.
1(b) and 1(c). The total amount of anelastic strajn
measured between two freely chosen but fixed
times t, and t, is plotted as a function of the mea-
suring temperature T. The occurrence of a peak
reveals the existence of a relaxation process in
the indicated temperature regime. For t, =30 sec
and t, = 300 sec, as used in the present experi-
ments, the peak maximum occurs for T =—100 sec.

III. RESULTS AND DISCUSSION

Two single-crystal aluminum samples, one po-
ssessing a (111)and the other a (100) torsion ax-
is, were irradiated to resistivity changes of 270
and 170 nA cm, respectively. Isochronal aftereffect
curves for the (111)sample obtained at various
stages in the annealing program are shown in Fig. 2.
Of particular interest to the present discussion
is peak A, which appears in Fig. 2 at 37.5 K. Char-
acteristics of the two neighboring processes 2 and
4 are discussed in detail in the following paper. "

The behavior of peak A after different annealing
temperatures indicates that the defect responsible
for this anelastic process anneals in the same tem-
perature regime where the peak occurs. In order
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to show the annealing behavior of process A. in
greater detail, the relaxation strength observed at
a reference temperature of 37 K is plotted in Fig.
3(a) as a function of the residual resistivity mea-
sured at 6 K after each annealing temperature.
Process A anneals completely in stage ID, s (0.7
& bp/hp, & 0.5). This stage is due to the recombi-
nation of freely migrating single interstitials with
immobile vacancies. Its separation into correlated
(I~) and uncorrelated (Is) recovery occurs only for
much lower defect concentrations. ' The annealing
of process A. parallels the resistivity recovery in
stage I~,~, indicating that its relaxation strength
is proportional to the concentration of single SIA's
present in the sample. Therefore, process A. is
attributed to the anelastic relaxation of single
SIA's.

It is apparent from Fig. 3(a) that a small portion
of the relaxation strength measured at 37 K is due

to defects which do not anneal until the middle of
stage II. The time constant (50 sec) for this back-
ground at 37 K is quite different from that of pro-

cess A (160 sec). Part of this background effect
is due to the two neighboring processes, but other
effects are apparently also contributing which can-
not be individually separated because of the small
magnitude of the total background effect.

In order to investigate the symmetry of the inter-
stitial defects responsible for peak A, similar
measurements were made on a(100) oriented
crystal. The annealing of the relaxation strength
measured at the reference temperature of 37 K for
this sample is shown in Fig. 3(b). No indication
for a process which anneals systematically in stage
ID+s is found in the (100) sample. However, a
background effect similar to that found in the (111)
orientation is again present.

The difference between process A and the back-
ground effect shown in Fig. 5(b) also manifests it-
self if aftereffect curves are measured at differ-
ent temperatures. Figure 4 shows the results ob-
tained at 36, 37, and 37.5 K. As expected for a
simple relaxation process, a strong temperature
dependence is found for the relaxation time in the
(111) sample. On the other hand, for the (100)
sample which does not exhibit process A. but only
the background process, no significant tempera-
ture dependence of the time constant is observed.
Figure 5 shows the difference between process A
and the background effect from yet another per-
spective. Here, the aftereffect curves for both
crystal orientations, observed at 37 K after an-
nealing at 36, 38, and 40 K, are given. Again, no
systematic annealing of the total relaxation strength
occurs for the (100) sample, although it is clearly
evident in the (111)orientation. Process A, which
occurs at 37 K with a time constant of 160 sec, dis-
appears completely after annealing at 40 K. A

smaller effect then remains, which like the effect
in the (100) crystal possesses a much faster time
constant (50 sec} and which anneals at a much high-
er temperature. In other words, there is no de-
tectable relaxation process from single intersti-
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FIG. 2. Isochronal elastic-aftereffect curves for a $11)
oriented crystal irradiated to a Frenkel pair concentra-
tion of approximately 7 ~10 4. Each curve is labeled by
the maximum annealing temperature attained prior to
its measurement.
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FIG. 3. Total relaxation strength 4 =4&/&0 observed
at 37 K, vs the remaining fractional resistivity change
~ /&p, for (aj the (111) and (b) the (100) sample.
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FIG. 4. Elastic-aftereffect curves measured at 36,
37, and 37.5 K after annealing at 37 K for (a) the (111)
and (b) the (100) sample.

FIG. 5. Elastic-aftereffect curves measured at 37 K,
after annealing at 36, 38, and 40 K for (a) the (ill) and
(b) the (100) samples.

characterizing the tetragonal interstitial

tials in the (100) oriented crystal. From the ab-
sence of the relaxation effects due to single inter-
stitials in the '(100) crystal in Al, it follows directly
that the SIA must have either tetragonal or (100)
orthorhombic symmetry. Of the several proposed
configurations for the SIA in fcc metals, ' only the
(100)-split configuration is consistent with this
symmetry restriction. " This result is in agree-
ment with diffuse x-ray" and diaelastic modulus
measurements, ' in which the (100)-split configura-
tion has also been shown to be the stage I intersti-
tial in Al.

A convenient means of characterizing the elastic
behavior of a defect in a host crystal has been out-
lined by Kroner, "who first introduced the term
"elastic dipole. " In this formalism, the defect is
described by a tensor P,-& whose elements are de-
fined as the stresses a, ~ needed to maintain con-
stant strain per unit concentration N of defects.
Thus,

If the concentration of defects is known, then the
anisotropy )P» -P») of the dipole force tensor

p„o o)
0 p„0

(o o o„)
can be calculated" from the relaxation strength of
process A.

However, caution must be exercised in using the
measured resistivity changes to determine the con-
centration of single SIA's. Only single interstitials
contribute to the mechanical relaxation process A.,
but the resistivity is not so selective. The amount
of resistivity remaining in the sample is a mea-
sure of the total defect concentration and contains
a contribution from any clusters which may have
already formed during the annealing. It therefore
gives only an upper limit on the total single inter-
stitial concentration remaining in the sample. On
the other hand, the observed reduction of the re-
sidual resistivity in stage I does not include the
single interstitials which disappear by clustering.
It therefore gives only a lower limit on the single
interstitial concentration which has disappeared.
Thus by using the amounts of relaxation strength
and resistivity which remain, a lower. limit for
[P» -P»[ can be. calculated, while the combina-
tion of annealed relaxation strength and annealed
resistivity produces an upper bound. In this man-
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ner, using a resistivity change of 4-pQ cm/at. %
defects, ' a value of

[P„-P22~ = 1.1+ 0.3 eV

is found. Despite the large error bars arising from
the uncertainty in the single SIA concentration, the
value given here is considerably more precise than
that determined by diffuse x-ray measurements. It
is in good agreement with both theoretically cal-
culated values" and the less precise values deter-
mined from x-ray measurements. '

The magnitude of ~P„-P„~ for the (100)-split
interstitial is relatively small, as compared for
example with a value of 6.0 eV for carbon in iron, "
indicating that the long-ranging displacement field
around the single interstitial has nearly cubic sym-
metry. If central forces are used to describe the
interactions between the two ( 100)-split dumbbell
atoms and their nearest neighbors, the long-rang-
ing displacement field becomes exactly cubic when

the distance d between the two dumbbell atoms is
equal to one-half of a lattice constant a. A value
for [P» -P„[of 1.1 eV is consistent with a value
for d of either 0.4a or 0.6a.

An activation analysis for process A is shown in
Fig. 6, where the measured relaxation time T ls
plotted as a function of the reciprocal measuring
temperature 1(T. The slope and r, intercept for
the resulting straight line giving values of

II=0.115+0.025 eV and v0=3x10 ""sec

for the activation energy of reorientation and pre-
exponential time constant, respectively. This acti-
vation energy is the same as that reported ' for
resistivity annealing in stage ID,~, indicating that
both reorientation and migration of the interstitial

T [K]

occur by the same jump process. Indeed, model
calculatioris' have shown that the jump process
illustrated in Fig. 't, in which the ( 100)-intersti-
tial center of mass migrates to a next-nearest-
neighbor position while its axis undergoes a rota-
tion of 90', has the lowest activation energy. Re-
orientation without migration requires a consider-
ably higher activation energy. The failure to ob-
serve a single interstitial relaxation process at a
temperature below that of free interstitial migra-
tion in the present study, or by authors using in-
ternal-friction techniques, ' '" also supports this
conclusion.

If n is the average number of jumps a single in-
terstitial makes before reacting with another de-
fect and disappearing, then the time constant v;
for annealing of the relaxation strength is 7, =nr,
where ~ is the time constant for one jump. From
the present annealing results for 6, a value of
n = 10 is found in about the middle of stage ID,~,
which increases to n =100 near the end. A similar
analysis of stage I~ using the resistivity recovery
also gives n=10 in the middle of stage ID,~, but
this increases to n= 500 near the end. The reason
for this behavior is quite simple. All jumps lead-
ing to reactions of single interstitials with other
defects contribute to the annealing of A. However,
the resistivity annealing counts only those jumps
which lead to the recombination of interstitials
with vacancies. The equality of the values in the
middle of stage I~,~ can thus be attributed to the
predominance of correlated recovery (recombina-
tion of SIA's with their own vacancies). In the un-

correlated recovery which occurs toward the end
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FIG. 6. Arrhenius diagram of the relaxation time
for process A. 6, measured after annealing at 36 K;
0, after 37 K;, after 38 K.

FIG. 7. Jump process for 8, (100)-split interstitial
in the fcc lattice. Migration and reorientation occur
simultaneously.
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of the stage, the greater number of effective reac-
tion partners (vacancies and interstitials) seen
with the relaxation strength produces a smaller
value of n. Qf course the error limits associated
with this calculation are large, but the values given
here should be approximately correct.

The small number of jumps which a single inter-
stitial makes before disappearing accounts for the
fact that the interstitial reorientation during mi-
gration has not previously been observed with in-
ternal-friction techniques. Using a defect concen-
tration for which the relaxation strength of pro-
cess A is 4x10 ' (as in the present study), we see
from Sec. II that the associated internal-friction
decay would occur with a time constant of about
10'~, where 7 is again the time constant for defect
reorientation. If the single SIA's would not dis-
appear during migration, the amplitude of free vi-
bration would decay to 1/e of its original amplitude
after each defect had made an average of 10' jumps.
Full advantage could then be taken of the larger in-
ternal-friction signal. However, we have seen
above that practically all of the single SIA's have
already disappeared after an average of only 100
jumps. The associated internal-friction effect
could therefore be detected only if the sensitivity
of the internal-friction apparatus was made com-
parable to that of the present EAE technique. In
that case, it would be possible to determine Q

'
after only a few (3-5) defect jumps, i.e. , before
many of the defects had disappeared. Such a high
degree of sensitivity in the measurement of strain
is, however, not presently available using inter-
nal-f riction techniques.

IV. CONCLUSIONS

Application of a highly sensitive elastic-after-
effect technique (capable of detecting changes in
strain as small as 5x10 ') to the study of low-tem-
perature electron-irradiated aluminum has re-
vealed the existence of a previously unobserved
anelastic relaxation process, called process A.

(i) Process A was found to occur only during sin-
gle interstitial migration in stage Ip, ~. In addition,
its annealing is seen to parallel the resistivity re-
covery in stage I~,~, demonstrating that the re-
laxation strength of this process is proportional to
the concentration of single self-interstitials pres-

ent in the sample. For these reasons, process A.

has been attributed to the anelastic relaxation of
single self-interstitial atoms.

(ii) Of all the proposed stable self-interstitial
configurations in a face-centered-cubic lattice, '
only the tetragonal ( 100)-split configuration is in
agreement with the present measurements of the
orientation dependence of the relaxation strength
of stage-I interstitials.

(iii) The measured activation energy and pre-
exponential time constant for process A are the
same, within experimental error, as those report-
ed" for resistivity annealing in stage Ip+~p indi-
cating that single interstitial reorientation and mi-
gration occur by the same jump process.

(iv) The anisotropy of the dipole tensor charac-
terizing the long-ranging strain field of the (100)
single interstitial is small (-1 eV). This implies
a separation between the two atoms which form the
interstitial of either 0.4 or 0.6 times the lattice
constant.

(v) The observed ratio of the number of jumps
executed by a single interstitial before encounter-
ing a vacancy (resistivity annealing) to the number
executed before encountering any reaction partner
(relaxation strength annealing) is in agreement
with the interpretation of recovery stage Ip, ~ in
terms of a transition from correlated to uncorre-
lated annealing.

(vi) The thermodynamic properties of process
A show why it has not been observed using inter-
nal-friction methods. Since long-range migra-
tion and reorientation' occur simultaneously,
the single interstitial configuration disappears
through reactions with other defects in the lattice
in a time which is short compared tothat necessary
for an internal-friction measurement. The success
of the elastic after effect method is due to the
fact that this experimental technique requires only
a few (3-5) defect jumps for a complete determina-
tion of the properties of an anelastic process.
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