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Huang diffuse scattering from dislocation loops and cobalt precipitates in copper*
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High-resolution measurements of the Huang diffuse scattering from dislocation loops in

neutron-irradiated copper and cobalt precipitates in Cu:1-wt%%uo-Co crystals have been carried out close to
the (200) and (111) reflections using a three-axis x-ray diffractometer. These measurements have been

compiled in the form of diffuse intensity contours and compared with calculations based on the
dipole-force model for dislocation loops and spherical precipitates. Good agreement was found between

the measured and calculated contours and it was shown that the symmetry of the defects could be

determined from these measurements. The necessity of considering the elastic anisotropy of the lattice
in the calculations was also demonstrated.

INTRODUCTION

Recent theoretical work'~ has shown that rather
detailed information on lattice defects can be ob-
tained from diffuse scattering near reciprocal-
lathce points (Huang scattering). By relating the
Huang scattering to the dipole-force tensor of the
defects, information on the symmetry, size, and
concentration of the defects can be realized.

Several experimental studies have already been
carried out using this aPproach to study self-in-
terstitials in aluminum, ' copper, ' and potassium
bromide, ' as well as oxygen interstitials in niobi-
um. ' Aggregation of these point defects into clus-
ters was also observed. In these studies the scat-
tering along a few appropriate directions in recip-
rocal space was measured using focusing geome-
tries in order to obtain sufficient scattering inten-
sities from the point defects.

In the present study the Huang scattering from
dislocation loops and spherical precipitates in cop-
per has been investigated using a three-axis dif-
fractometer in order that measurements could be
carried out close to the reciprocal-lattice points
as required for defects of extended sizes. Mea-
surements were made throughout areas close to
the (111)and (200) reflections and these data were
used to construct isointensity contours demon-
strating the general features of the Huang scatter-
ing expected for these defects. These features in-
clude the influence of lattice anisotropy, the shape
of the symmetric and antisymmetric scattering
contours for the two types of defect aggregates,
and the sign of the antisymmetric scattering, which
is related to the sign of the dilatation of the lattice
caused by the defects.

THEORY

The theoretical framework required for this
study can be acquired largely from previous work

on Huang scattering' ~' "and only the results
pertinent to this study, the relationship between
the dipole-force tensor and the distribution of the
diffuse scattering around the reciprocal-lattice
points, will be covered in detail.

The x-ray power scattered into an elem=nt of
solid angle (d,Q)~, centered at a point q relative
to the reciprocal-lattice vector h, by N~ defect
centers with scattering cross section do„(q)/dQ, is
given by

where I, is the power in the incident beam. der„(q)/
dQ represents the weighted average of all the mo-
mentum transfers q contributing to the scattering
in the solid angle (dQ)D. The scattering cross
section per defect can be written

where r, is the classical electron radius and f, is
the atomic scattering factor including thermal and
polarization effects. A„(q) is the scattering ampli-
tude. For the relatively large defect clusters of
interest here

i A„(q) i

' can be approximated for
qR&1 (R=cluster radius) by"

I &&(q}1'=I: I h's(q} i' —2i h s(q)L„(q)]e ' "'",

where s(q} is the Fourier transform of the antisym-
metric displacement field, s(r), of the defects,
and I.~(q) is the static Debye parameter" for the
defects Sin.ce s(q) is antisymmetric [s(q)=
—s( —q)], the first term in Eq. (3} is symmetric
and the second term is antisymmetric.

The symmetric term, given in terms of the
Fourier-transformed elastic Green's function G, „
and the dipole-force tensor I', is given by'
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I
h. s(q) I

'=
I (h, /). )G,.P..q. I'.

Summation over repeated indices is assumed and

1 ~ien

q C«+de„(C44+de~g)(C«+de„)

x(C„+C„)

where e, =q, /I q I, d=C» —C» —2C«, and the C's
are the elastic constants. The dipole-force tensor
of a spherical defect cluster is isotropic' and is
given in terms of the strength P, of the cluster by

0

For dislocation loops' the force tensor is

P„=(C» TrQ„+dQ„„)b +2C«Q„

where tnot to be confused with ( AQ)D in Eq. (1)]

(6)

1

1 2
~3 2 ~iy+ ~pi

(10)

and where

T;g = (ha/1'. 4'a e~

with h, = h~ / I
h

I
and g„=q 'G„. Similarly,

w, =-,'(TrP„)',
1

w, =-g (P„„-P..)',
n&fn

2 2

(12)

n&fn

where any of the cubic equivalent permutations of
P„can be used to calculate the m's in this equation.
Of course, this average is trivial for the case of a

Q„= ,'(F„b +-F„b„}, (6)

in which b is the Burgers vector of the loop and F'

is the area of the loop with direction normal to the
loop plane. The symmetric scattering given by Eq.
(4) contains the information on the symmetry of the
defect as characterized by the dipole-force tensor.
However, since all cubic-equivalent permutations
of defect orientations must be considered equally
populated with defects, Eq. (4) must be averaged
over all these orientations. This has been carried
out for the general case with the result that"

2 3

( )
f s(t))

)

*) =
(
— g y;;, (9)

i =1

where ( ) denotes the average over cubic-equivalent
orientations and

y, =;-'(Tr T„)',

spherical defect cluster which has no preferred
direction.

The antisymmetric term in Eq. (3) introduces an
asymmetry into the scattering, and since L,„(q}is
always positive for small q's, the sign of this term
is determined by —ih s(q), which for q h & 0 is
real and positive for defects causing positive dila-
tation of the lattice (i.e., interstitials) and negative
for defects contracting the lattice. The magnitude
of L„(q) must be calculated by a numerical integra-
tion in general, but for small q values it is con-
stant and a reasonable estimate of its magnitude
can be obtained from the approximate relationships
for the isotropic case. These are

() W2 hP, '"
15 V,

(13)

for clusters, and similarly for loops averaged over
all orientations

L,„(q)= ft'
I
hb

I
"'/2 v (14)

where R is the radius. Assuming L„(q) is given
sufficiently well by Eqs. (13) and (14), the average
of the antisymmetric term analogous to Eq. (9) re-
quires simply an average of ih s(q). Since the off-
diagonal elements of P„average to zero and the
diagonal elements average to —,'Tr P„ in this pro-
cess, the antisymmetric contours must have the
same form for all P„. The form is that expected
for spherical defects (P„=P,b„) and, in par-
ticular,

(fh s(q)) = (h/q)(w, y, )' '.
From this it can be seen that when I.„(q) is con-
stant, the isointensity contours near the recipro-
cal-lattice poinis are given by I q I

)x:(w,y, )'~', where

y, is a function of q. This is the same form as the
symmetric intensity in Eq. (9) for defects with an
isotropic dipole-force tensor (w, = w, = 0, e.g. ,
spherical precipitates).

Equations (9) and (15) can be used to calculate
the scattering cross sections and intensity distri-
butions for the small q region (qR«1) and should
give reasonable results out to qR-1. ' The general
features of these cross sections have been dis-
cussed in detail previously' ' "and they will only
be recalled here. (i) The symmetric cross section
is proportional to (h/q)~. (ii} The antisymmetric
cross section is proportional to h'~'/q. (iii) For
q II h, the antisymmetric cross section is &0 for
defects expanding the lattice (i.e., interstitials).
(iv) Conversely, for q II h, the antisymmetric cross
section is &0 for defects contracting the lattice
(vacancies). (v) The symmetric term contains the
information on the symmetry of the defect and is
related to the long-range part of the displacement
field of the defects. (vi} The antisymmetric term
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carries no first-order information on the symme-
try of the defects, but through I.A(q) does contain
information on the highly distorted region close to
the defect.

EXPER MENTAL
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FIG. 1. Geometxy of the diffuse scattering measure-
ment using a three-axis diffractometer.

The diffuse scattering measurements were made
using a three-axis diffractometer as shown in Fig.
1. Making use of nondispersive geometry and low-
dislocation density crystals, the analyzer crystal
acts as a collimator for the scattered x rays ac-
cepting only those x rays that strike it within the
width of the Bragg reflection. In the plane of dif-
fraction (defined by k and h in this case) this leads
to a resolution of ~=hS', where S' is the intrin-
sic width of the Bragg reflection. Since the "inte-
grated intensity" of the Bragg reflection is numer-
ically equal to the effective angular range with re-
flectivity 1, replacing Wabove by the "integrated
intensity" of the Bragg reflection of the analyzer
gives directly the effective acceptance window,

~, measured along the Ewald sphere. This is
-+ 2x10 '

A. ' for low-order reflections in copper
using CuKO. radiation. The resolution out of the
plane of diffraction (i.e., vertical divergence) was
limited by the use of a slit system which resulted
in a divergence that was considerably greater than
that in the plane of diffraction. The geometry was
composed of an x-ray source (0.4mm), a 0.4-mm
slit preceding the sample, and a 0.4-mm slit at the

detector with about 300 mm between each of these
components. This corresponds to a root-mean-
square deviation hq=+4x10 ' A ' out of the plane
of diffraction. This vertical divergence does not
seriously affect the effective q value for q a 7 x10 '
0
A ' and in cases where equal intensity contours are
normal to q (which holds if the plane of diffraction
is a mirror plane) the effect on the measured in-
tensities is further minimized.

Considering the geometry in Fig. 1, monochro-
matic x rays, R„ incident on the sample, are scat-
tered to a point h+q =Q (required by energy con-
servation to be on the Ewald sphere) and those
scattered rays K striking the analyzer at the Bragg
angle 8~ are reflected into the detector. Keeping
the analyzer fixed and rotating the sample a small
angle /off the Bragg position, the diffuse intensity
at q =hp (in a direction perpendicular to h) is mea-
sured by the detector as shown in the middle illus-
tration. Rotating the analyzer an angle |I), as de-
picted in the bottom configuration, an additional
component kg along the Ewald sphere is added to
q. q can therefore be resolved into @/cosy~ par-
allel to h and hf+ kgsin6)~ perpendicular to h.

The procedure in this experiment was to set the
analyzer angle f and record the diffuse scattering
as a function of P. These scans were carried out
such that the scattered intensity was recorded for
increments of A, AQ -10 ' A ' and keg-1-2x 10 '
A ' depending on the density of points required to
determine the intensity contours.

Scattering from the wings of the Bragg reflec-
tions, thermal diffuse scattering and other back-
ground scattering not related to the defects being
studied were removed by subtracting the scattering
from an unirradiated (or unprecipitated Cu:1-wt%-
Co) copper crystal. The general background level
was extremely low, as expected, "except along the
three very narrow traces corresponging to the
scattering from the wings of the Bragg reflection
of the monochromator, sample, and analyzer, re-
spectively. The observed characteristics of these
traces seemed to be in accord with the dynamical
diffraction theory and they will not be dealt with in
detail here.

The samples used in these measurements were
those used in previous experiments, One of the
samples was irradiated to a dose of 10.8x10"
n/cm'(E&0. 6 MeV) at 43'C and has been exten-
sively studied by anomalous transmission, "inte-
gral diffuse scattering" and lattice parameter
measurements. " From these experiments, as
well as associated electron-microscopy work, the
defects present in this sample were known to be
predominantly small dislocation loops. The Cu:1-
w+-Co precipitated sample had recently been the
subject of a detailed investigation by x-ray topog-
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raphy, Huang diffuse scattering, and lattice-pa-
rameter changes, as well as small-angle scatter-
ing by neutrons. " In addition, this system has
been extensively studied by electron microscopy"
so that in general it could be inferred that this
sample, aged at 570'C for 1'l h, contained nearly
spherical cobalt precipitates in the size range of
50-100-A radius.

Aside from the small clustered defects (and pos-
sibly unclustered point defects not affecting this
study}, these crystals were considered essentially
perfect from the standpoint of dynamical diffraction
as their Bragg-reflection profiles gave essentially
the intrinsic widths and therefore measurements
close to the reciprocal-lattice points were no
problem. The Cu:1-wt%-Co crystal was actually
composed of cells -1x1x10 mm which were
slightly misoriented with respect to neighboring
cells, but the x-ray beam was small enough that
measurements could be made within one cell, in-

Cu —1.08 x ~0 neutron/crn

5}(10 ~ 8, '

side of which there were no orientation changes,
and the Bragg widths were those expected for a
perfect copper crystal.

RESULTS

The Huang diffuse scattering measurements made
near the (200) and (111)reflections are presented
in the form of intensity contours in Figs. 2 and 3
for both the neutron-irradiated and cobalt-precipi-
tated samples. For K=(2, 0, 0), the scattering
from the irradiation crystal (containing dislocation
loops) has a characteristically different shape
from that of the precipitated samples (containing
spherical precipitates). In addition, the scattering
is considerably asymmetric with the sense of the
asymmetry such that there is more intensity for
q.h) 0 from the loops and there is more intensity
for q h(0 from the spherical precipitates. These
asymmetries are as expected from Eq. (15) since
the interstitial )oops, which expand the lattice,
are responsible for most of the scattering in the
irradiated sample as a result of having larger av-
erage sizes than the vacancy loops, and since co-
balt precipitates are known to contract the copper
lattice. The contours around the (111}reflections
in Fig. 3 demonstrate the same asymmetry prop-

CU-10.8x )0' r}eutrof)s/Cm~

Cu t wt Vo Co

Cu 1wtVoCo

FIG. 2. Measured diffuse scattering contours near the
(200) reQection from neutron-irradiated copper and
Cu: l-wt9p-Co.

FIG. 3. Measured diffuse scattering contours near the
(111) reGection for neutron-irradiated copper and
Cu: 1-art%-Co.
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EXPERIMENTAL

Cu 1w1Vo QO &LATELE j S IN {100}

FIG. 4. Symmetrical part of the diffuse scattering
near the (200) reflection from Cu: 1-wt%-Co. The cal-
culated curves represent diffuse scattering contours for
spherical clusters and platelets on {100}planes, assum-
ing elastic isotropy (dashed) and elastic anisotropy
(solid) in the copper lattice.

erties seen in the (200} case, although the shape
of the observed contours for the two types of de-
fects is not as strikingly different.

The intensities in Figs. 2 and 3 have been de-
composed into symmetric and antisymmetric parts
as suggested by Eq. (3) and the symmetric parts of
these experimentally observed intensities are
plotted in Figs. 4-7 along with calculated contours
for various defect models. The experimental
curves were generated by taking —,'[f(q)+I(- q)]
(where q is positive or negative, depending on
whether q. E is positive or negative} and plotting
the average of symmetry related points. This
tended to smooth spurious wiggles in the contours
and results in contours that have the full symmetry
even though the raw intensity contours (see Figs.
2 and 3) show some experimental deviations. The
calculated contours were obtained using Eqs. (9),
(15), and C„=16.84, C»=12.14, and C~=7.54
x10 "dyn/cm' as the elastic constants for copper
The isotropic average results were obtained using
Cj, = C„+,d, C44 = C,4+, d, and C„=C„+2C and
are denoted by the dashed curves in the figures.

The symmetric scattering near the (200) reflec-
tion resulting from the cobalt precipitates is shown
in Fig. 4 where it can be seen that there is essen-

tially no intensity perpendicular to h, character-
istic of spherical defects. The calculated contours
for platelets on the {100}planes as well as those
for spherical defects are also shown in this figure.
Neither of the models approximates the measured
scattering contours using the isotropic average
elastic constants (dashed curves); however, the
calculations considering the anisotropy indicate
that either of these two models could adequately
represent the measured data. Since the little
"rabbit ears" in the center of the contours for the
spherical defects would not be resolvable in this
experiment, this reflection does not offer the pos-
sibility of distinquishing between {100}platelets
and spheres; however, platelets on {111}or {110}
planes could be ruled out as they would produce
contours similar to those in Fig. 6. The symmet-
rical intensity around the (111) reflection shown
in Fig. 5 makes a clear distinction between {100}
platelets and spherical defects in favor of the
spheres, as was to be expected. Small deviations
from sphericity would of course not be detected.

The symmetric intensity contours near the (200)
reflection from the irradiated crystal (containing
dislocation loops) are shown in Fig. 6. While these
contours are in qualitative agreement with the cal-
culations for loops on {ill}or {110}planes, they
tend to favor the {111}orientation, although there
seems to be somewhat more intensity perpendicu-
lar to h than predicted by either of these models
(b =(ill), 2={111}produces contours intermediate
of the two illustrated). There is no trouble in dis-
tinguishing these contours from those in Fig. 4,
representative of spheres or {100}platelets. Fig-
ure 7 shows the measured and calculated contours
around the (111)reflection and there is in this case
a close resembl, ance of the measured contours with
both of the calculated contour shapes. This reflec-
tion offers little possibility of distinguishing be-
tween these particular habit planes and Burgers
vectors and it is also not ideal for distinguishing
between loops and spheres because these contours

F XPERIMENTAL

Cu I w1'Io Co
CALCUL AT ED

SPHERICAL PL ATELE TS IN (IOO }

Gu —I.GS a IO~ neutrons/crn
LOOPS b = ( I I0)

A = (11'll
LOOPS 8 = (IIG)

A =- {110}

[IGGI

3 }(-I

FIG. 5. Symmetrical part of the diffuse scattering
near the (111) reflection from Cu: 1-mt%-Co. The cal-
culations are for spherical clusters and platelets on
{100}planes assuming elastic isotropy (dashed) and
anisotropy (solid) in the copper lattice.

FIG. 6. Symmetrical part of the diffuse scattering
near the (200) reflection from neutron-irradiated copper.
The calculations represent the scattering from loops
with Burgers vectors b = $10) on {111}and (110}planes
assuming elastic isotropy (dashed) and anisotropy (solid).
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EXPERIMENTAL
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FIG. 8. Antisymmetrical diffuse scattering near the
(200) reflection from Cu:1-wt%-Co and neutron-irradiated
copper where the coarse dashed lines represent negative
values in the measured curves. The calculated curves
were obtained assuming elastic isotropy (dashed) and
anisotropy (solid) in the copper lattice.

LOOPS

6 = {',110)

A = I110 I

E ~ + e

FIG. 7. Symmetric part of the difLuse scattering near
the (111) reflection from neutron-irradiated copper.
The calculations are for loops with Burgers vectors
b = (110) on {111)snd {110}planes assuming elastic
isotropy (dashed) and anisotropy (solid) in the copper
lattice.

are qualitatively similar to those shown in Fig, 5
and with poorer resolution these two cases may
not be distinguishable.

The antisymmetrical intensities, given by
—,'[f(q) -1(-q)], are represented in Figs. 8 and 9.
As mentioned in connection with Eq. (15), these
contours should be nearly independent of the defect
shape and except for the change in sign should have
the same shape as that for spherical defects. The
shape of the contours for the (200) case shows this
directly, and even though the shape appears to be
somewhat distorted from the calculated contours
in the (111)case shown in Fig. 9, the antisymmet-
ric contours are observed to be independent of the

defect symmetry for this reflection also. The sign
of the antisymmetric intensities for both reflec-
tions are in accord with the fact that the cobalt
precipitates contract the host copper lattice in the
Cu:1-wt%-Co crystal and the interstitial loops in
the irradiated crystal expand the lattice. Since
this intensity is obtained from the differences in
the intensities for positive and negative q's, it has
an inherently larger statistical error than the sym-
metric intensity and small deviations from the ex-
pected shape are therefore not considered serious
at this point. The apparent reduction of intensity
along the [111] direction in Fig. 9 may be due to
an earlier falloff of L„(q) for this direction com-
pared to the other directions. The relative inten-
sities labeled on the contours in these figures are
not necessarily scaled properly for comparison
from one reflection or one sample to the other,
but the symmetric and antisymmetric intensities
are scaled properly with respect to their respec-
tive total intensities in Figs. 2 and 3.

Due to the influence of the resolution for the
smaller q values and the proximity of the larger
q's to the expected cutoff of the Huang scattering
(-1.5x10 ' A for these samples), the

I q I
depen-

dence cannot be considered in detail here, but will
be studied with higher resolution measurements
later. It should be pointed out, however, that even
though some of the contours apparently extended
beyond the Huang cutoff and at times continued in
further than good resolution mould allow, rela-
tively little distortion was observed in the general
shape of the contours. Therefore, considering the
distribution of sizes of defects in these samples,
it is felt that the measured contour shapes are re-
liable even though the 1/q' and 1/q dependences of
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CALCULATED CONCLUSIONS

Cu —10.8x10ie neutrpns/pfn2 gx10-' 5 '

= t011]

// )
I

Cu 1 wt% Cp
gx10

[111]

( ) )
[011]

FIG. 9. Antisymmetrical diffuse scattering near the
(111) reflection of Cu:1-wt/0-Co and neutron-irradiated
copper where the coarse dashed lines represent nega-
tive values in the measured curves. The calculated
curves were obtained assuming elastic isotropy (dashed)
and anisotropy {solid) in the copper lattice.

The Huang diffuse scattering resulting from the
lattice distortions around dislocation loops in ir-
radiated copper and cobalt precipitates in Cu:1-
wt$-Co has been measured using a three-axis dif-
fractometer. The resolution was sufficient to mea-
sure intensity contours around the (200) and (111)
reflections and for separation into symmetric and
antisymmetric components. The sign of the anti-
symmetric term showed that there were positive
distortions around the dislocation loops and nega-
tive (inward) distortions around the cobalt precipi-
tates. The shapes of the symmetric intensity con-
tours were found to be in generally good agree-
ment with those calculated using the dipole-force
model for dislocation loops and spherical clusters
when the elastic anisotropy of the copper lattice
was considered. Contours calculated using an iso-
tropic average set of elastic constants failed to
represent the measured data. The contours of the
antisymmetric scattering were found to be inde-
pendent of the defect symmetry and dependent only
on h, as expected from the average over all cubic-
equivalent defect orientations. The characteristic
shapes of the contours were found to persist with
little apparent distortion even into regions where
qR&1 was not strictly satisfied.

All of the expected symmetry aspects of the
Huang diffuse scattering from dislocation loops
and spherical clusters were observed for the (200)
and (111)reflections, and the possibility of cat-
agorizing defects as planar or spherical in nature
was demonstrated. Additional detailed informa-
tion, such as small deviations from sphericity or
Burgers vector determination, was not derived
from these measurements because such definite
information would seem to require measurements
with better vertical resolution in the region
q 8«1. Such measurements can be limited to a
few appropriate q directions rather than covering
an entire plane since 7y 1Tp and g, are the only
independent parameters of P„measurable by
Huang scattering, as indicated by Eq. (9).

the symmetric and antisymmetric intensities, re-
spectively, were not observable over the entire
range of measurements. The generally good agree-
ment with the calculated contours seems to bear
this out also.
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