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Investigation of interstitial clustering in Al following electron irradiation at low temperature
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The clustering of interstitials in Al has been investigated by x-ray diffuse scattering during an isochronal
annealing program following electron irradiation at —5 K. Measurements of the specific resistivity, volume
relaxation, and lattice-parameter change before annealing are in satisfactory agreement with previous results
for Frenkel defects in Al. The annealing data indicate that single interstitials migrate at the end of Stage I
(-36 K} and a statistical distribution of di-, tri-, and tetra-interstitials is produced, which remains
somewhat stable from 38 to 44 K. There is evidence that the di-interstitial migrates in Stage II, (-45 K}
and a new cluster size distribution consisting mostly of 3-6 interstitials results. This distribution is stable
from 50 to 55 K. Above 55 K, the clusters resume growth attaining a maximum size of 12—25 interstitials
per cluster at 100-160 K. The observed cluster sizes following single and di-interstitial migration are
consistent with the predictions of a simple kinetic model for diffusion annealing.

I. INTRODUCTION

The clustering of interstitials in irradiated met-
als is an important consideration in the overall
description of radiation damage. For small de-
fect clusters, the most direct information on the
symmetry and size of the clusters is obtained
from diffuse-scattering experiments. ' Measure-
ments close to the Bragg peak (Huang scattering)
are sensitive to the cluster sizes and the symme-
try of their long-range strain field, whereas mea-
surements between the Bragg peaks' yield infor-
mation on atomic displacements in the vicinity of
the defects. The Huang scattering of x rays from
interstitial clusters has been recently investigated
in a variety of metals, ' and the general evolution
of clustering during annealing of electron-irradia-
ted Al (Ref. 3) and Cu (Ref. 4) has been observed.
In the present work, the results of a more detailed
Huang-scattering study of interstitial clustering
in Al are reported. This study was motivated
primarily by the availability of improved theoreti-
cal descriptions' of multiple interstitials in fcc
metals as well as anelastic after-effect measure-
ments' for small clusters in Al, both of which
provide additional data which can be correlated
with the diffuse scattering.

In the experiment, an Al single crystal was ir-
radiated at -5 K with 3-MeV electrons to a defect
concentration of ™4& 10~. Huang scattering in-
tensities were measured fo11.owing the irradiation
at 5 K, and during an isochronal annealing pro-
gram from 36 to 190 K. The 5-K data were com-
bined with measurements of the lattice-parameter
change and electrical resistivity on the same
sample to yield values of the specific resistivity
and volume relaxation for Frenkel defects in Al.
In the annealing program, particular attention was
given to the temperature region 36-55 K where

the initial stages of interstitial clustering are ob-
served. ' From the annealing results, effective
cluster sizes as a function of annealing tempera-
ture @ere determined and are compared with the
predictions of a simple kinetic model for diffusion
annealing. '

II. THEORY

The scattering results were interpreted using
the well-established theory of the diffuse scatter-
ing from point defects and defect clusters in met-
als. '~' For a statistical distribution of defects,
the Huang scattering cross section is given by

2 g~N 2f (y(1)v(&.&+ y(2) (2) ~ y(3&v(3))
q V,

where e is the defect concentration, h is the near-
est reciprocal-lattice vector, q is the distance
from the corresponding reciprocal-lattice point,
and fe " and V, are the atomic-scattering factor
and atomic volume, respectively. The y's are
functions of the elastic constants and the direc-
tions of h and q, and the 7t's are related to the
dipole force tensor of the defects. Additional de-
tails are given elsewhere. "' The distinguishing
feature of the Huang scattering is the proportion-
ality to q 2.

For point defects in Al, )((2& and )((3& (which are
related to the deviation of the long-range strain
field from cubic symmetry) are essentially zero.
The quantity 7("& characterizes the strength of the
defect, and is also related to the lattice-parameter
change

ga ] gV (~v(l))1/2

a 3 V, V (C„+C„)'
where 6V is the relaxation volume per defect and
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C„and C„are elastic constants of the medium.
A combination of measurements of S„and La/a
therefore leads to a determination of the absolute
concentration and volume relaxation of the defects.
This simple result is somewhat complicated by
the presence of both vacancies and interstitials in
the sample. The lattice parameter change is pro-
portional to the sum ~V, + aV„, whereas S„ is
proportional to the sum of the squares 4V', + 4V'„.
In most cases, the vacancy contribution to the
diffuse scattering can be neglected. However,
even small values of AV„can have a significant
effect on the determination of m"', e, and 4V,
since EV„enters the lattice-parameter change
linearly.

Assuming that long-range strain fields for in-
dividual defects superpose linearly when the de-
fects are in clusters, we can rewrite Eq. (1) for
clusters as"

where the saine concentration of point defects is now
in clusters of number size n. The assumption of
superposition is equivalent to assigning the same
relaxation volume to point defects in clusters as
for single defects. Recent model calculations'
for multiple interstitials in fcc metals estimate
reductions in 4V; per interstitial varying from
5%—'f% for the di-interstitial to 15%-20% for the
tetra-interstitial. Equation (3) also assumes that
the contribution pf m& & and r 3 to the Sz~ can be ne-
glected which is the case for scattering in the
radial direction (q parallel to h) in Al. '

The proportionality of S&' to n provides a simple
means to determine the cluster size if AV" and

the concentration are known. The electrical re-
sistivity is a convenient measure of relative de-
fect concentration, but additional uncertainties
due to possible changes of point defect resistivities
when the defects are in clusters must be consid-
ered. For Al, the resistivity change Ap is pro-
portional to 6a/a to within a few percent over the
temperature range of our measurements, "and
therefore only the relative change in 4V, upon
clustering enters into the size determination.
Neglecting second order terms in 4V„, the cluster
size as a function of annealing temperature be-
comes

(4)

where S„, 4p, and 4V, are values prior to clus-
tering and AV", is the relaxation volume per inter-
stitial in clusters of size. n. For a distribution of
cluster sizes, n is an effective r, '~mber of inter-
stitials per cluster, where the various cluster
sizes have been weighted according to the relative

concentration of single interstitials in clusters of
that size [see Eq. (3)].

III. EXPERIMENT

The experimental procedure was similar to that
of the previous Al study' and will be only briefly
described here. A rectangular platelet (0.8 && 2 cm)
was spark cut from a high-purity Al single crystal
and electrolytically thinned to -100 p, m. The
sample had a (111)su~face and was mounted so
that the (220) reflection could also be measured
in symmetrical transmission. Wire resistivity
leads were soft soldered directly to the sample
edges. The mounted sample had a mosaic spread
of -0.2 and a residual resistivity ratio of ~ 4000.

The irradiation was carried out at the Julich
low- temperature irradiation facility" using
3-MeV electrons at a current density of -20 pA/
cm'. The total induced-resistivity change was
128 nQ em. The irradiation was uniform over the
sample dimensions to better than +5% as estima-
ted from the measured beam profiles. During
irradiation, the sample was cooled in a continuous
stream of liquid He. The transfer to the x-ray
eryostat was also accomplished with the sample
immersed in liquid He.

The x-ray measurements were performed using
an apparatus which has been previously described'
and consists of a 6-kW rotating-anode x-ray
tube, a focusing monochromator, and an x-ray
cryostat where the sample temperature could be
varied from 4 to 300 K. The sample was posi-
tioned at the focus of the monochromator, and an
overall resolution of approximately 0.1 in the
diffraction plane and 1.4' vertically was used for
most of the measurements. Huang scattering in-
tensities were determined relative to a monitor
counter on the primary beam, and absolute inten-
sities were measured using a polystyrene stand-
ard u AL) x ray measurements were performed
at 5 K using Cu Ka, radiation.

Huang diffuse scattering intensities were mea-
sured near the (222) reflection in the [111]and

[110]directions, near the (220) in the [110]and

[111]directions, and near the (111) in the [110]
direction. The Huang intensities wepe determined
by subtracting the background scattering following
complete annealing of the defects. These back-
ground measurements agreed well with corre-
sponding measurements prior to the irradiation.
For ihe (220) transmission measurements, Huang
intensities from two different positions on the

sample agreed to better than 10% after appropriate
thickness corrections. The scattering data were
corrected for the finite resolution of the diffrac-
tometer by assuming a distribution of intensity on
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HUang spheres for single interstitials and spheri-
cally symmetric for clusters. These corrections
were as large as a factor of -2 at the smallest
q values but became negligible for q/h R0.03.

Lattice-parameter measurements were made
on the sample before and after irradiation and
after complete annealing using the Bond" tech-
nique at the (333) reflection. Measurements at
eight different positions on both sides of the crys-
tal agreed to -10/0 in ha/a, which is close to the
instrumental error and confirms the uniformity
of the irradiation.

The annealing program consisted of 15-min
annealing pulses at successively higher tempera-
tures followed by measurements of the diffuse
scattering at 5 K. The corresponding resistivity
change was measured at 4.2 K with the sample in
liquid He. Temperatures were determined using
a carbon resistor up to 75 K and a thermistor
above. Absolute temperatures are probably ac-
curate to 2 K in the temperature range 36-55 K
and to 5 K above. Relative temperatures are more
accurately known (&.5 K at 55 K). The tempera-
ture scales for the diffuse scattering and resis-
tivity annealing are obviously identical since
these measurements were performed on the same
sample.

During the data analysis, a discrepancy of -25%
was noticed between the absolute intensity data
for the (220) and (222) reflections. This discre-
pancy was traced to a slight bending of the sample
which probably occurred during mounting. The
bending resulted in a reduced intensity at the
(222), a corresponding effect at the (220) is un-
likely since this would require a bending of the
sample about its (111)surface normal. Relative
intensities for the (220) and (222) were in excel-
lent agreement over the range of the annealing
and were obviously not affected. The absolute
intensity at the (222) could be adjusted in com-
parison with fine-resolution measurements made
at several points in the annealing program. These
measurements were made with a restricted beam
height so that the bending could be neglected. A
correction factor of -1.2 derived from these
measurements correlated well with the absolute
intensity discrepancy and has been applied to the
(222) data. It should be emphasized that these
considerations do not affect the clustering results
where only relative intensities are needed.

IV. RESULTS

The general features of the diffuse scattering
observed in the present experiment are consistent
with previous results for Al which have been de-
scribed in detail elsewhere. ' In Fig. 1, some ty-

1000-
~ 100 K
~ 50K

38K
5K

V}

100-

CL

10-

0.006 0.01 0.02 0.05

FIG. 1. Symmetric diffuse scattering curves for the
radial direction in the vicinity of the (222) reQection at
5 K and after several points in the annealing program.
The intensities are normalized to the same Frenkel de-
fect concentration using the electrical resistivity.

pical diffuse-scattering curves for measurements
in the radial (q parallel to h) direction in the vi-
cinity of the (222) reflection are shown. These
curves have been normalized to the same point
defect concentration using the electrical resis-
tivity. Following the irradiation, the Huang scat-
tering (q ') region extends to quite large values of

q as expected for single defects. Upon annealing,
the normalized scattering cross section increases,
and the Huang region collapses toward the Bragg
peak and is replaced at large q by an asymptotic
scattering' where the cross section varies as q~.
These observations are consistent with the forma-
tion of defect clusters in the sample.

The overall results are summarized in Fig. 2,
where Huang intensities for the (111), (220), and
(222) reflections can be compared with the re-
covery of the electrical resistivity. The Huang
intensities for both the radial and perpendicular
directions have been normalized to the 5-K radial
value for each reflection. For the radial direc-
tion, the normalized intensities first decrease
with the electrical resistivity, indicating a reduc-
tion in defect concentration by recombination
reactions. At 38 K, clustering occurs abruptly as
indicated by the sharp increase in the Huang in-
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FIG. 2. Relative Huang scattering intensity and re-
sistivity change as a function of annealing temperature.
For a given reflection, the Huang scattering data are
normalized to the corresponding 5 K value for the radial
direction.

tensity as compared to the resistivity. This is
followed by regions of slower intensity growth
(38—55 K) and rapid growth (62-100 K) until the
maximum intensity is reached at 100-160 K. The
radial scattering data for the (222) and (220) re-
flections are in good agreement over the range of
the annealing. Relative intensities are accurate
to about 5% up to 55 K, but are subject to in-
creasing errors due to a restricted Huang region

above 62 K.
For the perpendicular direction, the Huang in-

tensity is close to zero before the onset of cluster-
ing, and then increases somewhat smoothly to be-
come comparable to the radial scattering
at -100 K. The perpendicular results are subject
to somewhat larger errors due to the low scatter-
ing intensity at the beginning of the annealing
program and a Huang region which is further re-
stricted by interference from the Bragg peak at
the (220) and (222). The observation of near-zero
intensity in the perpendicular direction before
annealing is consistent with the presence of a de-
fect with cubic or tetragonal symmetry as has
been reported earlier for the single interstitial~in
Al. ' The large values of the perpendicular scat-
tering at higher annealing temperatures (-100 K)
indicates that the larger interstitial clusters are
probably dislocation loops.

The Huang intensities observed in the present
experiment are in satisfactory agreement with
previously published' results for Al. For com-
parison, radial intensities from the earlier ex-
periment have also been included in Fig. 2. The
agreement between the two experiments is quite
good below V5 K. For higher annealing tempera-
tures, the low intensities from the earlier work
may be explained by the somewhat lower resolu-
tion and broader crystal mosaic spread in that
experiment which did not allow the reliable evalu-
ation of the data close to the Bragg peak. The re-
covery of the electrical resistivity in the present
experiment is also in good agreement with pre-
viously reported results" for similar irradia-
tions of Al. ,

For single interstitials at 5 K, the Huang scat-
tering and resistivity data were combined with
measurements of the lattice-parameter change on
the sample to obtain absolute values for the inter-
stitial relaxation volume AV„ the resistivity
change p~ per Frenkel defect, and the strength of
the defects as measured by the trace of the dipole

TABLE I. Absolute quantities for Frenkel defects in Al.

Measurement

A a/a
Ap

(103/0 -cm)
Py

gO -cm/at. %)

TrP
(eV)

Huang scattering ~

plus ~ a/a

Scattering
between the
Bragg peaks

Present
work
Ref. 3

Ref. 2

1.77 + 0.17

1.61 y 0.10 b

3.2+ 0,6

3.9 + 0.6
4.2+ 0.8

4z+ e

47+ 4

1.7 + 0.3

1.9+ 0.2
1.9 + 0.2

Huang scattering results for p&, TrP, and AV;/V, assume h, V„=0.
Taken from Ref. 10.
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FIG. 3. Effective number of interstitials per cluster
as a function of annealing temperature. The resistivity
recovery with its principal stages is also shown.

tensor [TrP = (3m"')' ']. The present results are
compared with previously published data for Al
in Table I. For the present and previous' Huang
scattering studies, the differences in p~, TrP,
and 4V, /V, result primarily from the different
values of ha/a used in the iwo experiments. The
uncertainty in b.a/a enters the determination of
the absolute concentration quadratically and ac-
counts for most of the estimated error in the
Huang scattering results in Table I. Values for
pz and hV, /V, derived from diffuse-scattering
measurements' between the Bragg peaks are also
shown in Table I and are consistent with the
Huang scattering results.

The combined Huang scattering and lattice-
parameter results in Table I assume that the va-
cancy contribution to these data can be neglected.
This is not unreasonable if 4h, V„=.-0.05V, as in-
dicated recently' in Al by small-angle x-ray scat-
tering. If, on the other hand, AV„=-0.38V, as
determined from quenching studies'~ is assumed,
the present Huang scattering results for p~, TrI',
and hV, /V, change significantly to -1.0 pQ cm/
at. %, 25 eV, and 0.9, respectively. While these
values are inconsistent with the results of the
diffuse-scattering measurements between the.
Bragg peaks, it is clear that a major uncertainty
in the determination of these absolute quantities
from combined Huang-scattering and lattice-pa-
rameter measurements is due to 4V„. According-
ly, the present results cannot improve the overall
accuracy of p~, TrP, and dV, . The relative
agreement between the present and earlier Huang-
scattering results is a good indication that rela-
tive errors in the combination of diffuse-scatter-
ing, lattice-parameter, and resistivity measure-
ments are not significant in these data. The over-

all 5-K results also establish the presence of a
statistical distribution of single interstitials in our
sample before annealing. '

For the clustering results, the radial Huang in-
tensities were divided by the corresponding re-
sistivity change to determine the effective number
of interstitials per cluster as a function of anneal-
ing temperature. These results are shown in Fig.
3 along with the resistivity recovery and will be
discussed in detail in Sec. V. The appropriate
stage-boundary temperatures for the recovery of
electron-irradiated Al are a1so indicated in Fig.
3. The relative accuracy of the effective sizes
(neglecting possible changes in AV, upon cluster-
ing) is better than 10%%uo up to 55 K and increases to
-20/0 at 100 K. The present data below 75 K are
in good agreement with earlier results' for Al
where a less complete annealing program was re-
ported.

U. DISCUSSION

In this section, the genera1 features of the
clustering of interstitials in Al will be discussed
in terms of the annealing results (Fig. 3). Single
interstitials survive to -36 K where long-range
migration occurs and a distribution of multiple
interstitials of effective size -2.5 quickly develops
near the end of stage I (-38 K). Including estimates
for the change in the interstitial relaxation volume
upon clustering, ' the effective size at 38 K be-
comes -2.8. This is consistent with the presence
of -30% tri-interstitials in the sample.

From 38 to 44 K, a somewhat stable region of
slow cluster growth is observed. The di-inter-
stitial does not migrate freely in this region,
otherwise cluster sizes much greater than 3 would
be expected. On the other hand, some agglomera-
tion of defects does occur, perhaps by stress-in-
duced reactions. These effects would not be un-
expected at cluster concentrations of -10~ as
present in the sample at 38 K. An alternative ex-
planation would be to associate some of this growth
with the completion of single interstitial annealing
(if it is not complete at 38 K).

The increase in cluster growth rate in the tem-
perature range 44-50 K suggests that the di-inter-
stitial migrates in this region. This is consistent
with the observed effective cluster size at 50 K of
-4 (-5 including the estimated relaxation change).
This is just the temperature region of stage II, in
the resistivity which has been previously attri-
buted to di-interstitial migration. "

The effective cluster sizes following single and
di-interstitial migration can be correlated with
the predictions of a simple kinetic model for dif-
fusion annealing. In this model, the size distri-
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TABLE II. Estimated sizes for interstitial clusters after diffusion annealing of single and
di-inter stitials in Al.

Cluster size (n)
Effective size ~

6 —8 Theory Experimentb

Single-interstitial
annealing
Cluster fraction
Interstitial fraction

Di-interstitial
annealing
Cluster fraction
Interstitial fraction

0.67
0.55

0.26
0.33

0.31
0.23

0.07
0.12

0.35
0.34

0.22
0.27

0.11
0.16

-3 (40 K)

-5 (50 K)

'Average cluster size per unit concentration interstitials f(see Eq. (3)].
"Includes estimated changes in ~ V; upon clustering (see text ~nd Ref. 5).

bution of interstitial clusters upon completion of
diffusion annealing is obtained from generalized
Waite equations. " Predicted distributions and ef-
fective sizes following single and di-interstitial
migration are given in Table II. These results are
based on the assumption that the interstitial reac-
tion radii ~, are independent of cluster size; the
effective sizes increase up to 20% if x, -n is
assumed. The results for di-interstitials are
estimated assuming that reactions at vacancies
and subsequent clustering reactions involving
single and di-interstitials proceed sequentially.
The estimated effective size increases to 5.6 if
tri-interstitials are also allowed to migrate. The
predicted effective sizes are consistent with the
observed sizes following stages I~ ~ and II, and
therefore support the assignment of these stages
to single and di-interstitial migration, respective-
ly. The simultaneous migration of tri-interstitials
in stage II, cannot be ruled out. These results
must be viewed qualitatively in the light of the
above approximations and since the model calcula-
tions are strictly valid only for low-defect con-
centrations. Nevertheless, it is not expected that
the branching ratios between various clustering
reactions would be significantly changed at higher
concentrations.

The estimated size distributions in Table II can
also be correlated with the results of a recent
study' of,anelastic relaxation processes due to
small interstitial clusters in Al. In this work,
the authors a,ttribute their process A which
anneals at 38 K and process B which anneals at
4V K to the simultaneous reorientation and mi-
gration of single and di-interstitials, respectively.
This is consistent with the disappearance of single
and di-interstitials in stages I~ ~ and II„respec-
tively as inferred from the present experiment.
Another process (process 2) which also anneals
at 4V K is assigned to the reorientation without

migration of the tri-interstitial. This would sug-
gest that di- and tri.-interstitial migration occur
simultaneously. Qn the other hand, the present
experimental results can also be adequately ex-
plained by invoking only di-interstitial migration
in stage II,. In this case, additional relaxation
peaks' (processes 0 and 4) which are activated
from 28—60 K might be associated with tri- (and
tetra- ) inter stitials.

Following di-interstitial migration in stage II„
the effective cluster size is stable from 50 to
55 K. This is not surprising if there are no freely
migrating defects in this temperature range. The
cluster density in the sample is reduced to -2
x 10~ by 50 K, which is probably low enough. to
suppress the stress-induced interactions which
may be responsible for the slow growth after
single interstitial migration. The stable cluster
size from 50 to 55 K is consistent with the small
decrease in the resistivity and the observed
stability of the anel. astic processes 0 and 4 in this
range. ' On the other hand, the perpendicular
scattering does change in this region, increasing
from 0.3 of the radial scattering at 50 K to 0.4 at
55 K (Fig. 2). This suggests a configurational
change for some of the clusters, perhaps into a
form which can subsequently grow as dislocation
loops.

Above 55 K, cluster growth resumes and a
maximum effective size of -12-25 interstitials
per cluster is attained at 100-160 K. The smaller
number results from assuming that the relaxation
volume for interstitials in clusters is the same
as for single interstitials, and larger number
assumes an interstitial relaxation volume of I at.
volume as expected for large dislocation loops.
The actual effective size lies between these values,
perhaps near 20. The nature of the clusters can
be inferr'ed from the ratios m"'/m"' and v"'/m"'
which reflect the deviation of the long-range
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strain field from cubic symmetry. A unique de-
termination of m' ' and m' ' was not possible in
this experiment since these quantities do not
appear independently in the scattering equations
for the reflections measured. Nevertheless, the
comparable value of the perpendicular and radial
scattering at 100-160 K is consistent with the
presence of dislocation loops. '

Although the coarseness of the annealing pro-
gram above 55 K does not allow a detailed inter-
pretation of the cluster growth in this region, it is
interesting to speculate on the possibility of addi-
tional structure in the growth curve which could
be associated with the clustering process or the
migration of higher multiple interstitials. The
annealing of two anelastic processes' for multiple

interstitials in Al near 60 K as well as the exis-
tence" of two additional intrinsic substages (at
74 and 82 K) in the stage II recovery of electron-
irradiated Al are suggestive of the possibility of
such effects.
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