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Ultrasonic attenuation and velocity measurements were performed to probe the structure and an-

nealing behavior of self-interstitial solute complexes in electron-irradiated (T (70 K) dilute Al-Ag
and Al-Si alloys. In both alloy systems, a similar attenuation peak structure is observed. Three
peaks are observed to anneal in unison during stage II, suggesting that they arise from the presence
of a single defect structure. The annealing of this defect structure follows a first-order rate equation
which has a prefactor proportional to the solute concentration. The diaelastic effect associated with
this defect is found to be comparable in magnitude and anisotropy to that attributed to (100) self-

interstitial dumbbells in pure aluminum. A (110)monoclinic mixed dumbbell model which can ac-
count for much of the observed behavior of this defect structure is proposed.

I. INTRODUCTION II. EXPERIMENT

A number of radiation-damaged, dilute Al-alloy sys-
tems have been examined ultrasionically in an effort to
understand the basic nature of self-interstitial —solute
(SIS) interactions. Early studies revealed an ultrasonic
attenuation peak structure much more diverse than that
expected on the basis of computer simulations. ' Each al-
loy was characterized by a distinct peak structure bearing
little resemblance to each of the others studied. The
(100) mixed dumbbell structure, which was expected to
occur most readily, was only confirmed in the case of Al-
Zn. Recently, however, it was reported that the peak
structure which arises as a result of e irradiation in Al-
Si is very similar to that of Al-Ag. In addition, recent
internal friction measurements in polycrystalline Al al-
loys have revealed that a similar peak structure is also
found in fast-neutron-irradiated Al-Ag, Al-Si, Al-pb, Al-
Sn, and Al-In. In this paper, the results of a more de-
tailed study of Al-Ag and Al-Si will be presented. These
results will then be compared with what has been found
by empolying different techniques. Finally, a defect mod-
el will be presented which can account for much of the
observed behavior.

The present ultrasonic study was performed on
electron-damaged, single-crystal, bulk specimens. Elec-
trons were used because they produce simple damage,
consisting mainly of isolated Frenkel pairs. This study is
characterized by several advantages. Most significantly,
detailed symmetry information can be deduced about
each defect complex from the polarization dependence of
its response to strain. In addition, the response of each
type of defect species, when several are present simul-
taneously, can be studied independently. Often, defect
concentrations of =1 ppm are sufficient for ultrasonic
study, so that problems associated with high defect con-
centrations can be avoided.

A. Sample preparation

Single-crystal, cylindrical (1.9 cm diameter) boules of
Al-Ag and Al-Si were purchased from Monocrystals
Company of Cleveland, Ohio. Using the Laue double-
exposure scheme developed by Ochs, each boule was
oriented within 0.5' of the [110]direction. An acid saw
was used to cut a sample approximating a cube with
edges of =1 cm from each boule. Two sets of (110) faces
were electropolished flat and parallel to almost optical
tolerances. The ultrasound was propagated between one
set of faces, while the other set allowed for good thermal
contact between the sample and sample holder. A quartz
transducer was bonded to one of the ultrasonic faces with
Nonaq stopcock grease, and aligned so as to produce the
appropriate polarization of ultrasound. Four samples,
each from a separate boule, were prepared. Each sample
will be discussed separately below.

B. Apparatus

The pulse-superposition system, which was used for
three of the four samples studied, permits one to measure
both attenuation and velocity of ultrasonic pulses within
a sample at two distinct frequencies simultaneously. A
detailed description of this system can be found in the
thesis work of W. Johnson. The closed-cycle
refrigerator-cryostat and sample holder used to study
these three samples is discussed elsewhere as is the
method used for simultaneous impedance matching at
two ultrasonic frequencies. The remaining sample,
Al —1280-ppm Ag, was the first studied and two MATEC,
Inc. pulse generator-receiver units were used to measure
attenuation only. In addition, a different cryostat' was
used.
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C. Technique

Following preparation, the sample was placed within
the cryostat with the face opposite the transducer facing
the electron beam. The ultrasonic attenuation and veloc-
ity were then measured as a function of sample tempera-
ture for 2 ~ T ~ 240 K. The sample was then subjected to
thermal cycling to test the extent to which the measure-
ments would be afFected by shifts in the bond. If the
bond appeared to be of good quality, the sample was then
irradiated with 2.5-MeV electrons while the sample tern-

perature was held below 70 K. Following irradiation to a
prescribed dose, the sample temperature was again
lowered to =4 K. The temperature was then increased
at a fixed rate (typically 1 K/min), to an isochronal an-
neal temperature T„, with the velocity and attenuation
being constantly monitored. The sample was then held at
this temperature for 10 min before ramping back down.
This process was then repeated for several successively
increasing isochronal anneal temperatures. Finally, the
sample was warmed to room temperature and then, if
desired, the transducer was reoriented to produce a
different polarization of ultrasound and the entire pro-
cedure repeated. The isochronal annealing temperatures
were initially chosen to correspond to observed resistivity
substages and then modified so as to best examine the an-
nealing of the various radiation induced changes which
were observed ultrasonically.

D. Dose determination

A 0.025-cm-thick foil was positioned directly in front
of the sample throughout the irradiation. This foil was
cut from the same boule as the sample. The resistivity
change of the foil (assuming 0.0004 p, Q cm/ppm Frenkel
pair" ) was then used to calculate the volume-averaged
Frenkel-pair (FP) concentration within the sample. The
data for all the plots to be presented in this paper have
been normalized to reQect a dose corresponding to 1 ppm
FP.

III. Al-673-ppm Si RESULTS

A. Composition

For this sample, atomic-absorption-spectroscopy re-
sults indicated a Si concentration of 673+67 ppm. In ad-
dition, mass-spectroscopy results showed the concentra-
tions of other trace impurities to be approximately 2 or-
ders of magnitude less than this.

B. C'mode

Attenuation and velocity measurements were made at
two frequencies, 10.86 and 30.87 MHz, simultaneously.
The sample was irradiated with a dose corresponding to
approximately 1.86 ppm FP. Following irradiation, one
attenuation peak was detected with a peak temperature,
Tz ——20.33 K for 10.86 MHz and T+ ——22. 33 K for 30.87
MHz. The height of this peak was then monitored fol-
lowing several isochronal anneals. The 10.86-MHz peak
and its associated velocity dispersion throughout the
tempering treatment are plotted in Fig. 1. The logarith-
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FIG. 1. (a) Al-673-ppm Si, 10.86-MHz, C' attenuation peak
and (b) relative elastic constant change dispersion vs tempera-
ture following irradiation and after successive isochronal an-
neals at T=T&. The results present after a 200-K isochronal
anneal were subtracted from the raw data to produce these
curves.

mic decrement 5 is related to the measured attenuation a
(in dB/ps) by the relation' a=1.38/A@5, where co is the
angular frequency. The relative elastic modulus change
is twice the relative velocity change (hC/C=2b, u/u).
The hC/C curve reveals, in the (4—15) K range, a diae-
lastic change in the modulus, b,C/C=1. 3)&10 per 1

ppm FP, which appears to anneal in conjunction with the
peak. Assuming an Arrhenius relaxation time
(a=roe~ "

), and that this is a Debye peak, one can
determine Q and ro from the shift in peak position with

frequency. Here one finds that Q =0.020+0.001 eV and

ro ——(0.92+0. 1)X 10 ' s. The ratio of the half-width
determined experimentally to that expected for an ideal
Debye peak with these parameters is h, „~,/hD = 1.0+0. 1.

C. C44 mode

The C~ mode was studied twice. The Arst experiment
suggested the need for a repeated study, with an in-
creased electron dose. The results of the 6rst study have
already been reported. The data presented here were ob-
tained during the second run, where, as expected, the in-
creased dose permitted better measurements. In this run,
measurements were made at 11.0 and 30.47 MHz simul-
taneously. The sample was irradiated to approximately
4.7 ppm FP. FoBowing irradiation, an attenuation peak
with peak temperature, Tz ——101.4 K for 11.0 MHz and
TJ ——110.4 K for 30.47 MHz, was detected. This peak
will be referred to as C44-1. The b, C/C-versus-T back-
ground curve has a steep slope throughout the tempera-
ture range spanned by this peak, making it quite a chal-
lenge to measure small relative elastic-constant changes.
A successful measurement, however, was accomplished
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poor, serving mainly to confirm the effect seen in the
30.47-MHz data and to suggest the possible existence of
multiple peaks. The 30.47-Mhz data are depicted in Fig.
3. The C44-1 and C44-2 peaks appears to anneal in un-
ison.

D. Isothermal annealing of the C~-1 peak

For the 30.47-MHz signal, significant annealing of the
Cz-1 peak occurred during its measurement. It was pos-
sible, therefore, to monitor the peak height, as a function
of time, while the sample temperature was maintained for
10 min at each T„. One method for analyzing this iso-
thermal annealing data is suggested by a brief considera-
tion of first-order kinetics as discussed by Granato and
Nilan. '

For particles climbing out of a potential well over a
barrier of height EM, and reaching a sink after N
equivalent jumps, one has the expression

FIG. 2. (a) Al —673-ppm Si, 11.0-MHz, C~-1 attenuation
peak and (b) associated relative elastic constant dispersion fol-

lowing irradiation and after successive isochronal anneals at
T=T&. These curves reflect changes relative to what was

present following a final 150-K anneal.

for the 11.0-MHz signal.
In Fig. 2 the 11.0-MHz attenuation peak and its associ-

ated velocity dispersion following irradiation and several
isochronal anneals are plotted against temperature. In
addition, several of the decrement curves [Fig. 2(a)] have

been shifted in temperature so that they match up below
the peak. This shift serves to cancel effects due to
changes in the sample conductivity and shifts due to
bond changes. The bC/C curves in Fig. 2(b) have not
been shifted so as to reveal the diaelastic change,
b,C /C =3.5 )& 10 per 1 ppm FP. For this peak,
10=(5.5+0.1)X 10 ' s, Q =0.109 eV, and b,,„~,/hD
= 1.0+0.01.

In addition to the peak described above, one or more
very small peaks, which will be referred to as C~-2, were

detected near 30 K. The 11.0-MHz data were rather

dt
= —(cv /N )exp( E~/kT—),

where c is the concentration of particles in the well, the
derivative is with respect to time t, U is the attack fre-
quency, k is Boltzmann's constant, and T is temperature
(K). One observes first-order kinetics when N is a con-
stant. The 30.47-MHz isothermal annealing data fitted to
Eq. (1) yielded the parameter values Esr ——0.234 eV and
v/N=(5. 99+0.12))&10 s '. A more detailed analysis
of these data is presented in the thesis work of E.
Johnson. '

E. Isochronal annealing

In Fig. 4 the percentage of the initial peak height
remaining after each anneal is plotted against the iso-
chronal anneal temperature for the C' and C~-1 and
peaks. In addition, a calculated curve using the parame-
ters determined from the C~ data assuming a first-order
process is included. This curve was computer generated
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FIG. 3. Al —673-ppm Si, 30.47-MHz, C~-2 peak(s) after suc-
cessive isochronal anneals at T =T„. These curves have been
arbitrarily shifted to zero at 11 K. The decrement changes are
relative to a final 150-K anneal. Note that the annealing of this
peak(s) is very similar to that of C~-1 depicted in Fig. 2. The
decrement changes are relative to a final 150-K anneal.
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FIG. 4. For Al —673-ppm Si, the precent age of peak height
remaining after successive 10-min isochronal anneals at T = T„
for the C' peak ( ), C44-1 (0), and that predicted using the
first-order parameters, EM ——0.234 eV and U /W ={5.99+0.12)
)&10 s ' (6)
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and includes effects due -to annealing during the ramp up
and down from the anneal temperature. This curve ap-
proximates the actual data reasonably well. In addition,
it can be noted, that the C~-1 peak annealing parallels
that of the C', peak lagging behind it by less than 1.2 K.
If one defect species is responsible for both peaks, one
would expect both peaks to anneal together. The
difFerence is small enough, however, that it might be due
to experimental error, reflecting the fact that it is very
difficult to exactly duplicate conditions for two separate
irradiation-annealing runs.

In an attempt to determine whether or not C~-1 and
the C' peak anneal concurrently, an experiment was per-
formed using ( 110) propagating longitudinal ultrasound.
The elastic constant associated with this pure mode is
CL C~+ ——C'l3+B, where B is the bulk modulus. Con-
sequently, both peaks were observed simultaneously in
the same mode. The results of this experiment have al-
ready been reported. ' The measurements indicated that
the apparent lagging of the C44 peak annealing in Fig. 4
could be explained by the existence of another peak,
which will be referred to as C44-4, at a signi6cantly
higher temperature which grew in upon the annealing of
this peak, and annealed away before being surmounted in
these measurements.

IV. Al-36-ppm Si RESULTS

A. Composition

For this sample, atomic-absorption-spectroscopy re-
sults indicated a Si concentration of 36+18 ppm. In ad-
dition, a semiquantitative mass spectrographic analysis,
whose results are estimated to be accurate within a multi-
plicative factor of 3, detected a Si concentration of 20.0
ppm and concentrations of 3.0, 8.0, 3.0, 5.0, 8.0, 5.0, 20.0,
and 9.0 ppm for the trace impurities Zn, Cu, Ca, K, S,
Mg, Na, and F. The relative purity of this sample is of
particular interest because of the low concentration of the
desired solute. Using 0.72 pQ cm as the resistivity contri-
bution per at. % Si in the aluminum lattice, ' one can es-
timate the Si concentration from the height of the low-
temperature attenuation background rise. The necessary
equations are provided by Pippard' and an example cal-
culation is included in the thesis work of %'allace. ' In a
preliminary 11.3-MHz measurement, the C' background
rise was determined to be =1.34 dB/ps. If Si was the
only impurity present, such a rise would indicate a 26
ppm concentration, so that the concentrations of trace
impurities present probably fa11 on the low side of the
mass-spectrographic results. The sample was prepared as
described above, and measurements were made for the C'
and C~ ultrasonic modes.

B. C'mode

As a result of the relative sample purity, the back-
ground attenuation was high and changed rapidly with
temperature, making detection of the expected
radiation-induced C' relaxation peak (near 20 K) too
difficult. The velocity background, however, changes
slowly with temperature near 20 K so that measurements
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FIG. 5. Al-36-ppm Si, 10.3-MHz, C'-mode relative elastic
constant dispersion after irradiation and successive isochronal
anneals at T = T&. These plots display changes relative to the
preirradiation background.

of the radiation-induced relative elastic constant changes
were possible, but quite noisy because the increased at-
tenuation hindered the tracking capabilities of the pulse-
superposition electronics.

The sample was irradiated to 2.4 ppm FP. Velocity
measurements were made at 10.3 and 30.3 MHz simul-
taneously. In Fig. 5 the 10.3-MHz radiation-induced rel-
ative elastic-constant changes detected, following irradia-
tion and several isothermal anneals, are plotted against
temperature. As expected, a dispersion occurs near 20 K;
however, it appears to be riding on the tail of a lower-
temperature effect that was not detected in the Al-673-
ppm Si sample. For the Al-673-ppm Si analysis, howev-
er, a suitable preirradiation background was not avail-
able, so that the radiation-induced changes were refer-
enced to what was present following a 200-K anneal.
Hence, this low-temperature effect may have been sub-
tracted off, not having annealed before 200 K. Alternate-
ly, this effect may be due to one of the trace impurities.
One might note that a significant portion of the disper-
sion is still present following isochronal anneals at tem-
peratures for which that of the Al-673-ppm Si sample
had already disappeared. This change in annealing with
dopant concentration was also observed in the C44-mode
results and will be discussed after the C44 results are
presented.

C. C~ mode

Following irradiation to a dose corresponding to 2.26
ppm FP, C44 attenuation measurements were made at
12.9 and 34.72 MHz simultaneously. Changes in the log
decrement following irradiation, and after several 10-min
isochronal anneals, are plotted against temperature for
the 12.9-MHz signal in Fig. 6. The decrement, activation
energy, and relaxation time determined from these data
are consistent with that determined for the C~-1 peak in
the Al-673-ppm Si sample. It also appears that this peak
is riding on the tail of another higher-temperature peak
(C~-4} that annealed away before being surmounted in
these measurements, as was suggested by the CL-mode
results discussed above. In this case, the effects of this
higher-temperature peak might be more pronounced be-
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it encounters a substitutional Si atom and is trapped.
The average number of equivalent jumps, X, executed by
the defect before reaching a sink, would then be propor-
tional to the concentration of Si in the lattice. Multiply-
ing the prefactor v/X obtained for Al —673-ppm Si by the
concentration ratio, 36/673, and recalculating the expect-
ed annealing curve for the Al —36-ppm Si sample gives a
result very close to that obtained experimentally as de-
picted in Fig. 7.

FIG. 6. Al —36-ppm Si, 12.9-MHz, C&-1 peak after irradia-
tion and successive isochronal anneals at T = T&. These plots
display changes relative to the preirradiation background.

cause the annealing of the C~-1 peak occurs at a higher
temperature.
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FIG. 7. Al —36-ppm Si. Percentage of the initial peak height
remaining after each isochronal anneal at T = T~ for C44-1 (0),
the C' peak (0 ), that expected on the basis of the first-order an-

nealing parameters determined for Al-673-ppm Si (6), and

that expected if one multiplies the prefactor U/N by the solute
concentration ratio 36/673 (0).

D. Annealing

The percentage of the initial Cz-1 peak height remain-

ing in Fig. 6, and the percentage of the C dispersion (Fig.
5) remaining are plotted against T„ in Fig. 7. The fact
that these two plots fall on top of each other, and the fact
that in each case there has been an equal shift of =20 K
in annealing temperature with decreased solute concen-
tration, provide strong evidence that the same defect
species is responsible for both the C' and C~-1 peak, as
was suggested by the CL -mode results.

The isochronal annealing curves for Al —673-ppm Si
(Fig. 4) were well approximated by Eq. (1), with E~ and

v/X determined from the isothermal anneals. These
values were used to calculate the annealing curve expect-
ed for the annealing program to which the Al-36-ppm Si
sample was subjected. This calculated curve is plotted in

Fig. 7, and can be seen to significantly precede the actual
results in temperature. In order to explain the shift in an-
nealing with solute concentration, one might assume that,
given sufficient thermal energy, the defect complex re-
sponsible for both peaks migrates within the lattice until

V. Al-1280-ppm Ag RESULTS

A. Composition

A portion of this sample was analyzed by Game emis-
sion three times. The results indicated a Ag concentra-
tion of 1280%100 ppm with a standard deviation of less
than +55 ppm among the six measurements made for
each analysis. In addition, a semiquantitative mass-
spectrographic analysis indicated that the Ag concentra-
tion was between 130 and 1200 ppm and that the concen-
trations of other trace impurities were approximately 2
orders of magnitude less than that of the Ag. Another
portion of the boule from which this sample was cut was
subjected to neutron-activation analysis and thereby
determined to contain 555.3+22.5 ppm Ag, indicating
the existence of a significant concentration gradient
within the sample. Taking the resistivity contribution for
Ag in aluminum to be 1 pQcm per at. %, the volume-
averaged Ag concentration was estimated from the back-
ground attenuation to be 1126+273 ppm. This value is
the average of that obtained from the C' mode at 10.09
MHz and C~ mode at 10.87 MHz.

B. C'mode

For the C' mode, attenuation measurements were
made at 10.09 and =30 MHz simultaneously. The sam-

ple was irradiated with a dose corresponding to 2.1 ppm
FP. Following irradiation, a peak was detected at
Tp=21.2 and 23.3 K for 10.09 and =30 MHz, respec-
tively. For this peak one obtains Q=0.022 eV and
'Tp=0. 92 X 10 ' s.

C. C44 mode

Measurements of the C44-mode attenuation were made
at 10.87 MHz and a frequency near 30 MHz simultane-
ously. The sample was irradiated with a dose corre-
sponding to 1.8 ppm FP. Following irradiation, a peak
was detected at T&=103.2 and 113.2 K for 10.87 and
=30 MHz, respectively. The =30-MHz radiation-
induced decrement change is plotted in Fig. 8 following
several successive isochronal anneals. The Tp values
given above include a correction for a 1.6-K thermal lag
between the sample and thermometer. For this peak one
obtains Q=0. 103 eV and so=1.37X IO ' s. It appears
that this peak, like C44-1 in Al-Si, is also riding on the
tail of a higher-temperature peak that annealed away be-
fore it was surmounted. Since the situation is very simi-
lar to that of Al-Si, this peak will also be referred to as
C44-1. Correcting for the higher-temperature peak, the
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FIG. 8. Al-1280-ppm Ag, 30.0-MHz, C44-1 peak after irra-
diation and successive isochronal anneals at T=T„. These

plots display changes relative to the preirradiation background.

not both peaks result from the presence of a single defect
species. Both the bad thermal connection alluded to ear-
lier and the effects of the peak occurring at a higher tem-
perature than C44-1 might have contributed to this 2.7-K
shift. In addition, the sample was irradiated on opposite
sides during the C' and C44 runs. Since the penetration
depth of 2.5-MeV electrons in aluminum is approximate-
ly 4 mrn and the sample dimension parallel to the beam
was approximately 1 cm, the concentration gradient
within the sample may have led to the observed shift.
The isothermal annealing results were used to calculate
the expected isochronal curve. This is also plotted in Fig.
9.

VI. Al-2500-ppm Ag

half-width approximates that expected for a Debye peak
with an Arrhenius relaxation time.

In addition to the two peaks mentioned, a very small
peak (5=6.3X 10 normalized to 1 ppm FP) was detect-
ed near 20 K immediately after irradiation. This peak
had changed little following a 180-K anneal, but was
nearly gone following a 220-K anneal. The dose was
insufficient for a careful analysis of this peak. This peak
was also detected in the Al-2500-ppm Ag sample.

D. Isothermal annealing

K. Isochronal annealing

The percentages of the C44-1 and C' peaks remaining
are plotted against isochronal anneal temperature in Fig.
9. The annealing of the C44-1 peak appears to lag behind
that of the C' peak by =2.7 K. As in the case of Al-Si,
one is again confronted with the question of whether or
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FIG. 9. Al —1280-ppm Ag. Percentage of the initial peak
height remaining after successive isochronal anneals at T = T&

for the C' peak (0), C44-1 ( ), and that predicted using the
first-order parameters E~ =0.253 eV and U /N =9.95 & 10 s

For the =30-MHz signal, significant annealing of the
C44-1 peak occurred during its measurement. The iso-
therrnal annealing that occurred at the set point T„, for
each isochronal anneal, was analyzed using Eq. (1). No
correction was attempted for the effects of the annealing
of the higher-temperature peak upon which this peak
rides. These effects might be significant. Here the values

EM ——0.253 eV and v/N=9. 95X10 s ' areobtained.

A. Composition

This sample was analyzed by Coors/Spectro-Chemical
Laboratory and deterinined to have a Ag concentration
of 2501+250 ppm.

B. C'mode

Velocity measurements were made at 30.4 MHz follow-
ing irradiation to 4.0 ppm FP. As expected, a dispersion
was detected centered at Tz ——22. 8 K. The size of this
dispersion was nearly a factor of 9 smaller than that ex-
pected on the basis of what was detected in the
Al-1280-ppm Ag. In fact, as will be seen below, the C44
peaks were also reduced by a similar factor.

C. C~ mode

For the C44 mode the sample was irradiated with a
dose corresponding to 3.6 ppm FP. Attenuation rnea-
surernents were made at 10.17 and 30.8 MHz simultane-
ously. Following irradiation, the expected peak, C44-1,
was detected at T&=101.1 and 111.1 K for 10.17 and
30.8 MHz, respectively. After irradiation, the peak de-
crement for the 10.17-MHz signal was 5=2.39X10
(normalized to 1 ppm FP). As in the C' data, this value is
smaller (by about a factor of 7) than expected. This peak
is shown for the 30.8-MHz data following the irradiation
and several successive isothermal anneals in Fig. 10. The
values of g and ro which characterize this peak are con-
sistent with those obtained with the Al —1280-ppm Ag
sample. It is rather curious that (in Fig. 10) one sees no
evidence of the peak at higher temperatures as was seen
in Fig. 8. This might be due to effects of concentration-
dependent annealing and the fact that in this case
changes are referenced to the decrement present after the
165-K anneal.

In addition, the small peak near 20 K that was men-
tioned above was detected. The decrement of this peak,
which will be referred to as C44-3, was =1.7X10 (nor-
malized to 1 ppm FP). This value is nearly a factor of 4
smaller than that expected on the basis of the Al —1280-
ppm Ag data. This peak had not changed in height fo)-
lowing a 165-K anneal, but was annihilated in stage III.
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FIG. 10. Al-2500-ppm Ag, 30.8-MHz, C~-1 peak following

irradiation and after successive isochronal anneals. The peak is

relative to the log decrement present after a 165-K anneal.

D. Isochronal annealing

VII. SUMMARY OF RESULTS

A. Peak structure

The various e -irradiation-induced attenuation peaks
detected in Al-Si and Al-Ag are represented by bars in

Fig. 11. Each bar is located on the temperature scale
where one would expect the corresponding peak to occur

c'
C44

I I

20

Al -Ag
C44- I

IT)9
I

/ II''
I I

I''
I I

I IO ?
T(K)

c'

The annealing of both the C' and C44-1 peaks shifted
down in temperature by 2.25 K with the increase in
solute concentration (1280~2500 ppm). Again, howev-
er, the annealing of the C44-1 peak lagged behind that of
the C' by a few degrees kelvin. The 2.5-K shift with con-
centration is in agreement with that calculated if one uses
the first-order parameters determined for Al-1280-ppm
Ag and corrects for the change in concentration as sug-
gested earlier in the discussion of Al-36-ppm Si.

for a measurement frequency of 30 MHz. In the C' mode
only one peak was detected in each sample, and it is la-
beled accordingly. In the C44 mode several peaks were
detected in each sample, and they are each given a num-
ber. The height of each bar corresponds to the height of
the peak it represents following a 1-ppm FP e dose.
The ultrasonic data in both Al-Si and Al-Ag pointed to-
ward the existence of a peak labeled C44-4, but its relative
height and precise location were not determined, as indi-
cated in the figure.

The peak structure of Al-Si is similar to that of Al-Ag
in several ways. In both samples, a single C' peak is
detected near 20 K, a C44 peak (C44-1) is detected near
110 K, and both the C' and C~-1 peaks appear to be due
to the presence of a single defect species which exhibits
stage-II annealing. In addition, in both samples, the
C~-1 peak appears to be riding on the tail of a higher
temperature peak, C44-4, which annealed away before it
was surmounted. There are also several differences be-
tween the peak structures of the two alloys. In Al-Si, the
C' peak is significantly larger than C~-1, whereas, the
opposite is true for Al-Ag. In Al-Si, one or more small

C44 peaks, labeled C~-2, are detected near 20 K which

appear to anneal in conjunction with the C' peak and
C~-1. Conversely, in Al-Ag, a small C44 peak, labeled
C~-3, is also detected near 20 K. This peak, however,
remains until stage III.

Sample

Al-Si

Al-Ag

Peak

C44-1
C'
C44-1
C'

g (eV)

0.112%0.003
0.020+0.001
0.105+0.002
0.020+0.002

ro (10 ' s)

0.55+0.08
0.92+0.02
1.05+0.33
0.90+0.02

C. Migration energy and prefactor

The annealing of the defect responsible for the C' peak,
C44-1, and possibly C44-2 was determined to obey first-
order kinetics with the following parameters:

B. Activation energy and 'To

For both alloy systems, the C' and C44-1 peaks were
studied in detail. These peaks were well characterized by
the equations of Debye assuming an Arrhenius relaxation
time with the following parameters:

0

C44-4
C -

I IT
2 44 I tLI, , Ii

I I
I''

I I I'' I

20 I IO ?
T{K)

Sample

Al —673-ppm Si
Al —1280-ppm Ag

EM (eV)

0.234
0.253

vlN (10 s ')

0.599+0.12
=0.995

FIG. 11. Representation of the peak structure detected in

Al-Si and Al-Ag. Each bar represents a peak at that tempera-

ture (for f=30 MHz). The length of each bar corresponds to
the relative height of each peak. The labels given to each bar
serve to indicate the peak mode and to distinguish it from the
other peaks. The data in both Al-Si and Al-Ag pointed toward
the existence of the C~-4 peak, but its relative height and pre-
cise location were not determined.

The term U is a product of an attack frequency uo and an
entropy factor. ' The computer-simulation work of
Dederichs et al. included a calculation of the local fre-
quency spectrum of (100) self-interstitial dumbbells.
This spectrum includes several low-frequency resonances,
the lowest of which has a resonant frequency
co+ =( —,', )cv,„. One might then estimate kOn/10=hvo,
where k is Boltzmann's constant, OD =400 is the Debye
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temperature for Al, and h is Planck's constant, so that
vQ 10' . The concentration dependence of the annealing

suggests that the number of equivalent jumps to a sink,
N, be set equa1 to the inverse of the solute concentration
( = 10 ), so that Uo/N = 10 . There remains a discrepancy
of 2 orders of magnitude. It might be that the entropy
factor could lead to agreement between this estimate and
the results reported above.

D. Diaelastic eft'ect

For Al-673-ppm Si, the diaelastic effect, which an-
nealed in conjunction with the C~-1 and the C' peaks,
was measured. The magnitude of the relative elastic con-
stant change per unit concentration of defects, y, due to
this effects was

8lnC44, 8 lnC'
+44 = —35, u'= = —13 .

ay
'

ay

Here one might note that these values are similar to the
values a44 ———27 and a'= —16 reported by Robrock and
Schilling ' for (100) self-interstitial dumbbells in pure
aluminum.

VIII. COMPARISON WITH PREVIOUS WORK

A. Resistivity results

Early measurements of resistivity changes with anneal-
ing after irradiation did not yield a characteristic pattern
for stage-II recovery. Following neutron irradiation at
78 K a single recovery substage was detected near 125 K
for both Al —1000-ppm Ag and Al —1000-ppm Si by
Ceresara et al. On the other hand, Garr and Sosin
found no distinct recovery substages in 1-MeV e
irradiated Al —1000-ppm Ag, which could be associated
with the addition of the solute. A small recovery sub-
stage near 125 K was attributed to the presence of residu-
al impurities.

More recently, a clearer spectrum has been established
for electron irradiation with measurements by
Dworschak et al. and by Maury et al. Dworschak
et al. detected two stage-II substages in Al —50-ppm Ag
after 3-MeV electron irradiation at 54 K. The first
occurs near 130 K, and a smaller and narrower one
occurs near 160 K. Maury et al. , using 1.6- and 0.8-MeV
e irradiation on Al-15-ppm Ag, Al —59-ppm Ag, and
Al —135-ppm Ag, find similar results, except they find evi-
dence that the larger annealing stage at lower tempera-
ture may be composed of two substages (II& and II&) lo-
cated near 122 and 132 K for 135 ppm Ag. All of these
substages move to lower temperatures with increasing Ag
content. In addition, the size of the substages decreased
with increasing Ag content, increasing e energy, and
decreasing irradiation temperature.

In ultrasonic measurements, the C' peak, C~-1 (Fig.
9), and possibly also the minor peak C44-2, anneal away
near 125 K for 1280 ppm. This annealing occurs at lower
temperatures for higher concentrations. By extrapolating
either the resistivity data of Maury et al. to higher con-
centrations or the present ultrasonic data to lower con-

centrations, it appears that the ultrasonic recovery stage
corresponds to stage IIB of the resistivity recovery, al-
though the ultrasonic recovery temperature range is
somewhat wider than IIB, and may possibly include II~.

Maury et al. make a quantitative fit of their data to a
model for stage-II recovery in terms of the relative popu-
lations of various defects (vacancies, trapped single inter-
stitials, trapped di-interstitials, etc. ), capture radii, and
resistivity assignments for the various defects. As a re-
sult, they conclude that trapped di-interstitials recover in
stage II around 130 K for Al-Ag and that mixed intersti-
tials are stable up to at least 180 K. This conclusion is in
contrast and contradiction to the conclusion and inter-
pretation in the present paper, according to which mixed
interstitials anneal in stage II near 130 K (128 K for 1280
ppm and 125 K for 2500 ppm). We therefore summarize
the evidence for this viewpoint following a brief review of
results obtained from other measurements.

B. EXAFS

The extended x-ray-absorption fine-structure spectros-
copy (EXAFS) technique was applied by Weber and
Peisl to Al —400-ppm Ag, following e irradiation near
85 K. Two defect structures were detected. The first was
present following irradiation, was reduced following a
120-K anneal and was gone following a 165-K anneal.
The radial distance between the Ag atom and closest Al
atom comprising this structure is given as 2.34 A. The
annealing behavior of this defect structure is consistent
with that of the defect species responsible for the C',
C&-1, and C44-2 peaks. The fact that only one defect
structure was detected that exhibited this annealing be-
havior supports the view that these peaks are the result of
the presence of a single defect species. The second defect
structure detected appeared to grow in following the
165-K anneal, but disappeared after a 185-K anneal. The
behavior of this defect structure is consistent with that
responsible for the peak labeled C44-4.

C. Channeling measurements

Al-Ag alloys, of various dilute Ag concentrations, have
been studied using the channeling technique. ' In
these studies, Ag atoms are reported to trap interstitials
forming (100) mixed dumbbells which anneal during
stage III. This annealing behavior is consistent with that
of the C44-3 peak. A (100) mixed dumbbell, however,
having tetragonal symmetry, would not give rise to a
peak in the C44 mode.

D. Internal friction measurements

Internal friction measurements performed on polycrys-
talline Al —700-ppm Ag and Al —900-ppm Si by Takamu-
ra and Kobiyama confirm the existence and behavior of
the C' and C44-1 peaks of Fig. 11. In Al-Ag, using a
1519-Hz signaI, two peaks, which annealed together, near
125 K, were detected at 11.3 and 58 K, respectively.
These peaks grow in during stage IIE. In addition, a
peak, which was annihilated following a 103-K anneal,
was detected at 66 K. Takamura and Kobiyama identify
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this 66-K peak as corresponding to C44-1; however, the
annealing behavior exhibited by this 66-K peak is incon-
sistent with that of C44-1. In addition, using the values of
~o and Q obtained for the C44-1 peak in Al-Ag, one would
expect C44-1 to occur at 58.4 K for a 1519-Hz signal.
Consequently, one would identify the 58-K peak detected
by Takamura and Kobiyama as corresponding to C~-1.
The parameters obtained for the C' peak in Al-Ag indi-
cate that it should occur near 11 K for a 1519-Hz signal
in agreement with the internal friction results. In Al-Si,
using a 741-Hz signal, two peaks which annealed togeth-
er were detected at 12.8 and =57 K. These temperatures
cor'respond to those expected for the C' and C44-1 peaks,
respectively, on the basis of the parameters obtained in
this study. In addition to the peaks corresponding to the
C' and C44-1 peaks in Al-Ag and Al-Si, several small
peaks (including the 66-K peak mentioned above) appear
in the internal friction data for both alloys. It may be
that the annealing behavior of one of these peaks is con-
sistent with that of C44-4.

the resistivity changes, are nonetheless model dependent.
Alternative models which also explain the concentration,
energy, irradiation temperature, and dose dependence
can be devised which at least qualitatively describe the
data. For example, it might be supposed that for high-
impurity concentrations those interstitials which could
otherwise lead to correlated recovery (stage ID) might be-
come trapped as mixed dumbbells in the strain field of a
vacancy which prevents their annealing and rotation.
Then the fraction of mixed dumbbells which are isolated
and able to rotate (giving rise to anelastic relaxation
peaks) and migrate in stage II will be reduced with in-
creasing impurity concentration, decreasing e energy,
and decreasing irradiation temperatures.

For the reasons given above we proceed under the as-
sumption that the relaxation peaks and diaelastic effects
observed arise from a mixed dumbbell and examine next
the limitations on the possible form of such a dumbbell
provided by the observed polarization dependence of the
effects.

IX. DISCUSSION

Evidence that the 130-K annealing in Al-Ag corre-
sponds to mixed interstitials and not to trapped di-
interstitials as concluded by Maury et al. , comes from
the following. Firstly, the EXAFS determination of
Weber and Peisl of 2.34 A as the radial distance be-
tween the Ag atom and the nearest Al atom is consistent
with a mixed interstitial, and not with a trapped intersti-
tial structure, for which one would expect a distance
close to a /&2 =2.86 A.

Secondly, the internal friction measurements of
Takamura and Kobiyama show that the defect annealing
near 130 K is created during stage IE, and is not directly
produced by the irradiation.

Thirdly, the diaelastic effects found here are very large
and anneal in the same stage-II temperature range where
the relaxation peaks disappear. This can be understood if
it is supposed that this annealing corresponds to mixed
dumbbells migrating to impurities. In such a process
there could be a relatively small resistivity change and
large diaelastic change if the resistivity of a mixed
dumbbell plus an isolated silver atom differs little from
the resistivity of an Al-Ag-Ag complex. On the other
hand, if only 10—20%%uo of the defects (trapped di-
interstitials) anneal while the majority (90—80%%uo) of de-
fects (mixed dumbbells) do not, then the trapped di-
interstitials would have to have a diaelastic polarizability
of 10—5 times larger than the values obtained, which are
already somewhat larger than is found for self-
interstitials. This seems extremely unlikely.

Fourthly, there is no independent evidence for a sizable
fraction of Frenkel-pair clusters for 3-MeV e irradia-
tion. Ehrhart and Schilling found evidence for an aver-
age interstitial cluster size of two at the end of stage I in
pure Al, but found na evidence for clusters created by the
radiation at lower temperatures.

The conclusions reached by Maury et a/. , while based
on a quantitative fit to a damage production model for

A. Selection rules

The selection rules governing the anelastic response of
point defects in cubic crystals are summarized in Table I.
The first column lists the defect symmetry which is deter-
mined by the group of elements common to both the de-
fect when isolated from the crystal and the site in the per-
fect lattice occupied by the defect. The total number, n„
of stress-distinguishable defect orientations for each de-
fect symmetry is given in the second column. Nowick
describes a scheme whereby each of the n, orientations is
labeled l~n, . In this same reference, the relaxation
times r, for each of the (C44 and C') stress-active modes
is expressed in terms of the rate of reorientation, v,J, be-
tween the distinguishable defect orientation labeled 1 and
each of the others, labeled J (J=2~n, ) These . relaxa-
tion times are listed in the third and fourth columns of
Table I, where an entry of "none" indicates that a relaxa-
tion in that mode is ruled out on the basis of symmetry.

B. Tetragonal complexes

Table I indicates that evidence for the presence of a
tetragonal defect species in e -irradiated Al-Si and Al-Si
would consist of a C' peak with no counterpart in the C44
mode. A C' peak was detected in both alloys; however,
the C44-1 and C44-2 peaks annealed together with this
peak.

C. Trigonal complexes

If a trigonal complex was present, one might expect to
detect a C44 peak with no counterpart in the C' mode. A
peak consistent with this expectation was detected in Al-
Ag and labeled C~-3. The calculations of Dederichs
et al. indicated that for undersized impurities such a
complex would be strongly bound. The C44-3 peak
remained undiminished until stage III, but Ag is slightly
oversized in the Al lattice. Si, on the other hand, is
nearly 16% undersized in the aluminum lattice and no



38 SELF-INTERSTITIAL SOLUTE COMPLEXES IN e 8039

Defect
symmetry

TABLE I. Selection rules for anelasticity in cubic crystals.

cubic
tetragonal
trigonal
( 100) orthorhombic
(110) orthorhombic
(100) monoclinic
(110) monoclinic
triclinic

1

3
4
6
6

12
12
24

none
none

=4v12
—1

none
T =2V12, +4V13

—1

'(3)
'(6), T '(7)

T '(9-11)

none
T = 3V12

—1

none
T (1), T '(2)

=6v13
—1

'(4), T '(5).—(8)'
—1 —1T ]Ps T 13

T '( 1,2) =(v,z+ 3v&s+ v&4+ v&6)k( 1/v'2)[( v» —v&4) +(v, 4
—v&6) +(v&2 —v&6) ]'

T '(3-5)=values not given

r '(6~7)=[v&7+3v,z+5v&s+ z(v&s+v«)]k[[v&2 —v, s
—vi~+ z(v~s+ v~6)] +2(v, s

—v16) ]
'(8) =6v»+ 3v»+ 3v16

'(9-13)=values not given

such peak was detected. In addition, one cannot con-
clude that the defect symmetry of the complex responsi-
ble for the C44-3 peak is trigonal, as there may have been

other peaks associated with this defect, which were out-
side the range of detection in this study. One can, how-
ever, exclude defect complexes which display tetragonal
or ( 100) orthorhombic symmetry.

D. Orthorhombic complexes

It is often supposed that an oversized impurity would
trap an interstitial forming a (110) orthorhombic sym-
metry complex. If a (110)orthorhombic defect species
was present in the sample, one might expect to detect one
C' peak and one C~ peak. The relaxation times associat-
ed with these peaks (Table I), however, are such that one
would expect to see either both peaks at about the same
temperature or low-temperature Cz peak and a high-
temperature C' peak. Therefore, a defect of this symme-
try cannot account for the observation of the C' and
C~-I peaks. For a (100) orthorhombic complex one
might observe two C44 peaks with no counterpart in the
C mode. This symmetry is, therefore, inconsistent with
the observation of the C' peak.

E. Monoclinic complexes

If a defect species with (100) monoclinic symmetry
was present, one might expect to see two C' peaks and
one C44 peak. One might attribute the C' and C44-1
peaks to such a complex and assume the other C' peak
was not detected. The computer work of Dederichs
et a/. revealed the possibility of two metastable com-
plexes of (100) monoclinic symmetry (C, l, ). The weak
binding of these complexes would be consistent with
stage-II annealing. The calculation, however, indicated
that such complexes would only be formed for undersized
impurities, whereas Ag is oversized.

The fact that the peak(s) labeled C44-2 appeared to an-
neal in conjunction with both the C' and C44-1 peaks sug-
gests strongly that the defect complex exhibits (110)

monoclinic symmetry. Table I indicates that such a com-
plex would be characterized by three relaxation times.
Consideration of the case, where v, s dominates the other
rates, yields

'(C') =3v,s+(6v, s+3v, 6),
'( C~ ) ) =3v)s+ —,

' (10v)2+ 14v(s+ 2v(7+ v)6),

1 '( C~ )2= —,'(2v&z+ 4v&s+ v&7+ 2v&6) .

(2)

(3)

(4)

F. Proposed model

In addition to having proper symmetry, a suitable
model would have to contain a provision for the change
in the (C')/(C44-1) peak height ratio with solute
(Ag-+Si) and the fact that the C44-2 peak was not detect-
ed in Al-Ag. A 24-state, (110) monoclinic, mixed-
dumbbell model which meets these requirements has al-

ready been introduced. One might expect a mixed-
dumbbell complex to have a diaelastic polarizability of
similar anisotropy and magnitude as that of a self-
interstitial dumbbell as was observed (Sec. VII). Three
possible cages for this defect, consisting of jump process-
es labeled A, B, and C are discussed. At temperatures
where all three jump processes would occur readily, the
dumbbell could be expected to exchange self-interstitial
atoms, resulting in long-range migration of the solute as
was suggested by the observed solute concentration-
dependent annealing. In light of the above discussion,
one can identify A jumps with v, 5, B jumps with v, 2, and
C jumps with v&6. In addition, this model can be easily

0
adjusted to accommodate the 2.34-A radial distance pa-
rameter determined by EXAFS alluded to earlier.

On the basis of these relaxation times, one would expect a
low-temperature peak in both the C' and C44, peaks
occurring at slightly different temperatures (with

'=3v, s), and a higher-temperature C~ peak. The re-
lations in Table I used to generate Eqs. (2)—(4) are sym-
metric in v, 5 and v&6, so that a similer result is obtained if
one assumes v&6 to be the dominant rate.
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X. CONCLUSION

Electron irradiation of dilute alloys of Al-Si and Al-Ag
gives rise to a similar ultrasonic attenuation peak spec-
trum in both alloys. The data presented here are con-
sistent with much of what has been reported by other
workers. ' ' In addition, new information in the form
of activation energies, jump rates, migration energies,
possible annealing mechanisms, diaelastic e6ects, and po-
larization dependence are reported. The basic charac-
teristics of these peaks are summarized in Sec. VII. The
peaks labeled C', C44-1, and C44-2 (Fig. 11) appear to an-

neal in unison suggesting that they arise from the pres-

ence of a single defect structure. A (110) monoclinic
mixed-dumbbell defect complex has been proposed that
can account for the major characteristics of these peaks.
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