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Vacancy and Interstitial Loops in Irradiated Copper*

B. C. larson and F. W. Young, Jr.

Sclid State Division, 0Oak Ridge National Laboratory, Oak Ridge, TN 37830

Significant advances have been made in diffuse scattering studies of
irradiation induced dislocation loops in metals. Numerical calcula-
tional procedures have been developed that provide accurate diffuse
scattering cross sections for vacancy and interstitial loops, and these
cross sections have been used in conjunction with x-ray diffuse scat-
tering studies of neutron and ion irradiated copper. . Size distribu-
tions and concentrations have been obtained for both vacancy and
interstitial loops and these results are compared with electron
microscopy measurements. The size distributions obtained from diffuse
scattering measurements show the vacancy loops to be smaller and more
numerous than the interstitial loops, and indicate that egqual numbers
of vacancies and interstitials are in loops. The diffuse scattering
and microscopy size distributions agree at the lzrger sizes, but the
diffuse scattering method identifies more loops of the smaller sizes.

I. INTRODUCTION

The clustering of point defects into dislocation loops is one of the principle
mechanisms whereby radiation damage is retained in metals during irradiation at tem~
peratures above stage III, or after annealing following low temperature irradiations.
The presence of such lnops has been well established by electron microscope investi-
gations [1,2], and vacancy loops in particular have been established as playing an
important role in the process of void formation (3] during elevated temperature
irradiations. The mechanism of radiation enhanced creep (4] is also thought to
involve the formation and growth of dislocation loops from point defects. Hence, the
characterization and understanding of the processes involved in the formation and
growth of dislocation loops in metals is of significant importance in the
understanding of radiation effects in metals.

Electron microscopy investigations have shown that both vacancy and interstitial

loops exist in metals irradiated at (or irradiated and annealed to) tempe—--tures
above stage III. These investigations have measured dislocation loop size distribu-~
tipns and concentrations as a function of irradiation (neutron, electron, ion) dose
and temperature in a variety of metals. Making use of the ability to distinguish
between vacancy and interstitial loops, TEM observations on radiation induced defects
have shown interstitial loops to be larger than vacancy leoops; however, it is not
unusual to find the total area of interstitial loops identified to exceed [5,6] the
area of vacancy loops by substantial margins, although some reports show nearly equal
areas [1]).

X-ray diffuse scattering measurements of size distributions of dislocaticn loops
in irradiated metals [7,8] have been found to be inosubstantial agreement with TEM
observations, except for the number of small (< 30 A diameter) loops. X-ray
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measurements have consistantly reported significantly more defects in the < 30 &
diameter range. With the availability [2,10) of more precise diffuse scattering
cross sections and improvements in measuring technigues, it has now become possible
to carry out detailed size distribution analyses for both vacancy and interstitial
loops using x-ray diffuse scattering. This paper reports the use of x-ray diffuse
scattering for detailed studies of vacancy and interstitial loops in neutron and KNi
ion irradiated copper.

N\

II. THEORY

In the single defect approximation, the scattering cross section for randomly
distributed defect: in a crystal lattice is given by [9]

do(¥) _
aqQ

where the scattering vector F=h+ a specifies the measuring position in terms of
the reciprocal lattice vector h and a vector a relative to h. r, is the classical
electron radius, F is the scattering factor for a unit cell of the crystal lattice
and A(23 is the scattering amplitude associated with the defect. For dislocation
loops, A(f) contains contributions from the lattice distortions surrounding the loop
as well as from the atoms comprising the dislocation loop, and can be written as

[9,10,11}
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In this expression Epe first term represents the direct or Laue .scattering from loop
atoms at positions rj’, and the second term represents the scattering amplitude assoc-
iated with the displacements §5 of the surrounding atoms from their regular lattice
positions ?5.

For eva;ggtion purposes, the distortion scattering is separated into the Huang
scattering (iK*S), generated by the long range displacement fields, and the asymp~
totic scattering arising from the larger displacements close to the dislocation loop.

This can be written as
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where gkaﬂ is the gpurier transformed displacement field. This form has the
advantage that i¥.8 can be evaluated analytically [9,10,11) through the Fourier
transformed Green's function and the double force tensor of the loop, while the
remaining part of the distortion scattering has only short range displacement field
contributions that can be readily evaluated numerically. Inserting Eg. (3) into Eq.
(1) for loops of radius R leads to the characteristic form of the Huang scattering
for g << 1/R of
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Fo; g >:1/R the intensity decreases roughly as 1/q4, and this scattering is referred
to as the asymptotic (or Stokes-Wilson) scattering and has the form

ao(¥)  Kbr2 (5)
ac T Ta
q

The Huang scattering has been used [12] very effectively in the study of defects and
defect symmetry; however, for the study of size distributions and concentrations of
vacancy and interstitial loops, it is more convenient to use the asymptotic scat-
tering [10) because it measures the second (R2) moment of the size distribution
rather than the fourth (R4) moment, and because it is sensitive to the sign of the
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Fig. 1. Schematic view of lattice distortions
for an interstitial lcop and the asymptotic
diffuse scattering scaled by q4.

fig. 2. Calculated scatterigg for 20
A interstitial and four 10 A vacancy
loops (scaled by ).

Burgers vector (i.e., vacancy or interstitial type). This scattering [13] is
comprised of local Bragg-like scattering from the compressed (interstitial) or
expanded (vacancy) regions near the loop planes. In this region the strain is
surprisingly constant [10] and is given by 44/d = -b/4R; therefore, the scattering.
intensity will be enhanced at q = bh/4R for the case of locops oriented normal to H.
Although the intensity enhancement is masked to some extent by the 1/q4 falloff of
the intensity, the enhancement can be observed by scaling the scattering by a. This
effect is depicted schematically in Fig. 1 where the lattice displacement contours
and the sense of lattice strain (Ad/d) are shcwn for an interstitial loop. The scat-
tering enhancements expected (after scaling by a%) are shown in the lower part of the
figure. Regions with Ad/d < 0 contribute to the hatched area above the Bragg point
while regions with Ad/d > 0 contribute to weak scattering in the rather elongated
hatched region below the Bragg point. The ridges of scattering shown on both the
ribht and left side of the Bragg point are expected as a result of essentially
dilation free, rotational strains found in the regions between Ad/d > 0 and Ad/4 < 0.
Of course, for vacancy loops the scattering above and below the Bragg point will
interchange positions, thereby providing a basis for distinguishing between vacancy
and interstitial loops. As pointed out above, the position of the intensity peak
above {(or below) the Bragg point is given by g s bh/4R and therefore makes size
determinations as well as type determinations possible through this scattering.

The above (semi-quantitative) picture has been constructed with the aid of
detailed diffuse scattering calculations [2,10] utilizing Eq. (3) and numerically cal.
culated {14] displacement fields. Examples of such calculations are shown in Fig. 2,
where scattering contours are shown for {111} interstitial and vacancy loops in
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coppér with a/3<111> Burgers vectors. These calculations are averaged for &ll {111}
orientations ané correspond to scattering near the 222 reflection. These calculations
have been scaled by g4 so that they show the same features sketched in Fig. 1. ey
emphasize the nearly ten-fold higher scattering at positive g for interstitial loops
and the corresponding increase at negative g for vacancy loops. The inverse R depen-
dence of the position of the peal: is also demonstrated, as the iz tensity peak is a
factor of two further from the origin for 10 A vacancy loops than for the 20
interstitial loops. That the combined scattering of four 10 & vacancy loops has a
peak scattering essentially the same as that for one 20 & loop emphasizes the fact that
the asymptotic region is proportional to the second moment (R2) and therefore gives
equal scattering weight to clusters with equal numbers of point defects, independent
of their sizes. The intensity peaks to the right and left of the Bragg point are
rather high, but since they are not particularly sensitive to the type of loop, they
are not as useful a diagnostic tool as the intensity modulations along the {111}
direction.

The experimentally measured intensity for a thick sample with homogeneously
distributed defects (in the symmetric scattering geometry) is related to these scat-

tering cross sections through

1 E" doy () = 0
. _ o . i 2uot/sin
I(X) = =178 - Ci —3g AQ j; e dat (6)
-
Is do; (K) .
=5 L. % —gg . (7)

i
In this expression I, is the incident beam power, u, is the linear absorption coef-
ficient, © is the angle of the incident (and scattered) x~ray beams with the crystal
surface, Ci is the volume concentration of loops of radius Rj with scattering cross
section doj/d{l and AR is the solid angle subtended by the detector. For the case of
a nonhomogeneous (depth) distribution, Eg. (7) may be written in the form of
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where t is the depth into the crystal, and C;(t) and c? are the loop concentrations
as a function of depth and at some reference point (say at the surface or at a depth
of particular interest), respectively. Under conditions where the size distribution
may be assumed to be constant with depth, and where the relative shape of the con-
centration profile can be specified, the concentration and size distribution, Ccilt),

at any depth can be determined using Eq. {8).

ITI. EXPERIMENT

In this study, we have used dislocation free copper crystals with <111> orien-~
tations to study neutron and heavy ion irradiation induced dislocation loops in
copper. The neutron irradiation was carried out at liquid helium temperatures [15]
(1.3 x 1018 n/cm2) and the samples were warmed to room temperature before measuring.
The ion irradiation was 60 MeV Wi ion irradiation [8] at room temperature for a dose
of'1.3 x 1013 Ni ions/cm?. The x-ray measurements were made at 10 X to minimize
thermal diffuse scattering, and the thermal scattering, the scattering from the Bragg
tails, and the Compton scattering were all removed through measurements on unirradi-
ated crystals. A 12 Xw rotating anode CuKa x-ray source was used in connection
with a linear, position sznsitive detector. The experimental scattering geometry is
shown in Fig. 3, where it can bz seen that changing the sample angle makes it
possible to make measurements over a plane near the reciprocal lattice poirnt.
Measurements were made along the [111] direction by choosing the point where the
Ewald sphere crossed the [111] direction for appropriate sample angles.
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Fig. 3. Composite real and reciprocal space
diagram of the diffuse scattering geometry.
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Fig. 4. Measured diffuse scattering
(x ) from neutron irradiated copper
and combined calculated scattering
from Fig. 1.

IV. RESULTS

Figure 4a shows the results of x-ray Adiffuse scattering measurements made on 4 K
neutron irradiated copper after warming to room temperature. These measarements have
been scaled by q4 for plotting (as discussed in the theory section above) so that the
intensity modulations of the asymptotic region can be studied. The intensity goes to
zero at the origin due to the 1/q? dependence of the Huang scattering in that region.
Figure 4a shows an intensity peak at both positive and negative g along the [111]
direction as well as high ridges along the [211] directions. Referring back to Fig. 2
the high intensity at both positive and negative g implies that both vacancy and
interstitial loops are present in the sample. In order to compare the measured scat-
tering in Fig. 4a with the calculations in Fig. 2, the intensities in Figs. 2a,b have
been superposed and plotted in Fig. 4b. The similarities in the megsured and calcu-
lated contour plots indicates directly that some combination of 20 A interstitial
loops and 10 £ vacancy loops would provide a reasonable representation of the size
distribution of the dislocation loops in the crystal.

' although this averall agrzement between the measured and calculated results is
satisfying, more detailed information has been obtained through direct fitting of the
intensity along the [111] dgrections with calculated scattering cross section data
for 10, 15, 20, 30, and 40 A loops of both vacancy and interstitial types. The
results of this fitting are shown in Fig. 5 where the concentrations have been
distributed over 10 f intervals and converted to units of loops/cm3/ﬁ so that the
crosshatched area represents the total number of loops. We see directly that a
large mumber of 10 R vacancy loops are found o be present with only a few larger
vacancy loops. On the other hand, the interstitial loops are found to be more or
less equally split between 10 and 20 & loops with : few larger loops as well. With
the RZ weighting of the scattering, most of the interstitial loop scattering will
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come from the 20 2 loops, so it is not surprising that a reasonable fit was obtained
in Pig. 4 with only 10 & vacancy loops and 20 R interstitial loops. The important
results here are that we can separate the size distributions of the two types of
loops, that the vacancy loops are smaller than the interstitial loops, and that the
total areas of the two types of loops are approximately equal (see Table I).

For the case of high energy, heavy ion damage, a similar analysis can be
performed; however, the interpretation must take the depth dependence of the damage
profile into account. If we make the assumption that the size distribution of the
loops does not change appreciably as a function of depth, the depth dependence of the
damage energy (obtained from calculations) [8) can be used as a relative measure of
Ci(t) in Eq. (B). It is then possible to obtain the size distribution and con-
centration of dislocation loops in ion irradiated materials from these x-ray measure-
ments. Figure 6 shows x-ray scattering measurements made on copper after irradiation
with 1.3 x 1073 60 MeV Ni/cm? at room temperature. These data have been scaled by
q? and represent scattering along the [111) directions. It is clear from these data
that comparable numbers of vacancies and interstitials are condensed inte loops in
this sample, and from the positions of the peaks (smaller q for the positive
direction) it may be concluded that the interstitial loops are larger, as well. The
solid lines in Fig. 6 correspond to fits of scattering calculations to the measured
data, and through the use of Egq. (8) and damage energy distribution calculations, we
arrive at the size distributions and concentrations shown in Fig. 7 using sizes of
10, 20, 30, 40, and 60 A loops. These concentrations correspond to the depth of the
damage energy peak. Again we see large numbers of small vacancy loops while the
interstitials are clustered into loops of larger sizes, and of course smaller num-
bers. Table I shows these data in tabular form.
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Table I. Average Loop Radii (R) and Number (N) of point defects for
Interstitials (I) and Vacancies (V)

<RI> <Ry> NI/NV NI+NV
o [
1.3 x 1018 n/cm2 14.5 A 1.0 & 57/43 3.9 x 1019/cm3
1.3 x 1013 Ni/em2 | 22.0 12.0 47/53 6.0 x 1019

Both the neutron irradiation and the ion irradiation results yield rapidly
decreasing loop concentrations with increasing size when the combined vacancy and
interstitial size distributions are considered. This is reminiscent of TEM size
distributions [2), and to make such a comparison more directly, Fig. 8 shows a semi-
log plot of the combined size distribution from Fig. 7 together with published
transmission electron microscopy measurements [8] for a similarly irradiated
crystal. It is interesting to note that for sizes greater than 20 2 there is rather
good agreement between the two types of measurements; however, below 20 £ the x-ray
measurement indicates many more loops. It should be noted that the x-ray and TEM
measurements are independent and there is no scaling involved in either data set.

V. DISCUSSION

In this work we have shown that it is possible to obtain detailed size distribu-
tions for both vacancy and interstitial loups in irradiated materials through the use
of x-ray .iiffuse scattering. Although the electron microscopy technique has this
capabilit  as well, the diffuse scattering method is to a large extent complementary
to electron microscopy. TEM can be used to image individual defects in
polycrystalline as well as single crystal samples and has the capability of investi-
gating loops in the presence of other lattice defects such as solute precipitates and
voids. On the other hand, the requirements of analyzing individual defects raises
problems with respect to attaining good statistical accuracy, and the tedious nature
of stereo measurements, required to carry out vacancy-interstitial determinations of
the loops, limits routine application of this procedure. X-ray diffuse scattering of
the type used here requires single crystals and is really not applicable in cases
where more than one type of defect cluster is present. However, scattering measure-
ments possess inherently good statistical sampling and are nondestructive, so that
subtle effects can be investigated and sequential measurement and treatment programs
can bhe performed on a single sample. In addition, the diffuse scattering technique
does not poss2ss the resolntion limit at small cluster sizes that is present with the
electron microscope, although more severe limits exist on the concentrations that can
be detected using diffuse scattering.

The comparison of an x-ray and TEM size dlstrlbutlon shown in Fig. 8 indicates
very good agreement at the larger sizes where there can be no question of the TEM
‘resolution, but at smaller sizes where the resolution of the microscope becomes a
factor, the agreement is poor. While it cannot be established definitely that the
microscope fails to image the smaller loops in this case, it must be noticed that
primarily vacancy loops are present in this range (Fig. 7) and that such a large
number of vacancy loops is necessary to maintain the balance of vacancies and
interstitials as indicated in Table I. It should be pointed out that the discrepancy
between the TEM and x~-ray determined size distribution shown seems to be systematic,
as similar results have been observed in a number of cases [7,8,16]. This result in
connection with the observation that TEM studies of irradiation induced loops account
for only a small fraction [5,6] of the vacancies in many cases, strongly suggests
that the electron microscope has difficulty imaging the small vacancy clusters.

The possibility that vacancy stacking-fault tetrahedra (SFT) are present in the
small sizes rather than loops has not been investigated here. Since SFT have the
same volume distortion as vacancy loops with areas equal to the tetrahedra sides, it
is conjectured that their scattering in the asymptotic region would be similar and
could be interpreted as loop scattering. SFT- scatterlng in the Huang region would be
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different, but that has not been investigated here.

However, the high intensity at

negative g in Fig. 6 clearly indicates the presence of small vacancy clusters of some

type.

TEM results [17] indicate that some of the larger interstitial loops in
copper are unfaulted. Throughout this work we have assumed fauvlted loops in
ting; however, we have inserted unfaulted loop calculations into the fitting
larger sizes and found rather minor changes in the size distributions. This

irradiated
the fit~-
of the
aspect

will be more important in analyzing data in the larger g region where stacking-fault

streak scattering is observed.
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