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White microbeam diffraction from distorted crystals
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We present a general description of white-be@draue scattering from grains with dislocations.

This approach is applied to examples with equal numbers of positive and negative Burger’s vectors
(paired and with unpaired dislocations of one si@eometrically necessaryWe find that streaking

of the Laue reflections is sensitive to both long-range geometrical rotations introduced by unpaired
edge dislocations and to local rotation fluctuations introduced by the total number of dislocations
(paired and unpairgdWe demonstrate the technique by analyzing the dislocation distribution in a
nanoindented Cu single crystaDOI: 10.1063/1.1389321

The development of ultrabrilliant third-generation syn- =k, /Ky, that are defined by the direction of propagation
chrotron x-ray sourcég and recent progress in x-ray opfics of the scattered radiation. Herle,is the wave vector of the
has led to intense x-ray beams with submicron spatial resccattered intensity close g,,,. To compare with Laue mea-
lution. Together with new instrumentatibit is now possible  surements, it is necessary to integrate the intensity distribu-
to use the Laue method to quantitatively determine elastition, 1(g) over the radiation wavelengths and to transform
strain and local orientatioritexture distributions in indi- the reciprocal-space intensity distribution into its real-space
vidual grains or subgrairs® Here, we show from the general projection at the charge coupled devig@CD) plane. The
kinematic treatment of x-ray scattering by dislocations, howresulting intensity distribution can be written as:
the dislocation structure of crystals can be measured with

white beam microdiffraction. IL(m):AJ lo(k)I(q)dk, )
A general kinematic treatment of x-ray scattering by
crystals with dislocations was developed by DarWin, q=[Kn| M+ AKG/[Knl:  Ak= K| = [Knl- )

Krivoglaz® Warren® Wilkens et al,'° and Thomsoret al*

This approach is widely used for the analysis of dislocationHerel (k) is the intensity distribution of the white spectrum,
density from powder diffraction measurementsingar  |knk | is the radius of the Ewald sphere that passes through
et al)*? and is similarly applied to the analysis of dislocation Gnx, and A is a constant. Equatiori2) is valid when
substructure in single crystals by means of rockingAk/|ko|<1. The intensity distributiom(q) of x-ray (or neu-
curves'®15 The main disadvantage of the rocking curve tron) scattering due to dislocations can be computed from the
technique is the need to rotate the sample; rotations introdudg@xpression.

uncertainties in the real space coordinates of the scattering

volume?® Laue white beam measurements however are pen-(Q):’Z f; exr[iQX(RiO+ up]
formed with fixed sample orientation. Moreover with the !

Laue method, the intensity distributions near a large numbe,qere, f, is the scattering factor from an individual atoim

of different reflections can be simultaneously analyzed from, i relaxed coordinateR: = R%+ u. due to the presence of
the same subgrain. iR

The precise shape of each Laue spot depends formally
on the orientation of the grain/subgrain, the spectral distribu-
tion near the Bragg energy of the reflection, and the distri-
bution of elastic and plastic deformation in the grain/
subgrain. The momentum transfer corresponding to a Bragg/
Laue reflectionGy,, we define asky—ky, where |Kg|
=|knl=k. Here,k, is the incident wave vector arid,, is
the scattered wave vector that satisfies the Bragg/Laue con-
ditions. The diffuse scattering intensity depends on the de-
viation q=Q— G, ;=k—k, between the diffraction vector
Q=k—kp, and the momentum transfé,,, for the Laue
reflection(Fig. 1). With Laue diffraction the measured inten-
sity I, is a function of a vectom=k—k,,, because of the
radial integration through reciprocal space. The veaotois

the difference between the unit vectoks=k/k and k;,;  FIG. 1. For each wavelength, the center of the Ewald spt@reand the
origin in reciprocal spacéO) are separated by the distanca.1This dis-
tance is different for each reflectidrkl and corresponds to different Ewald
¥Electronic mail: gei@ornl.gov spheres.
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®) T From Eq. (4), it follows that there are only two nonzero
‘ﬂ G on corn+ponent§ of the. mean deformation tens«a;:yzl—wyx
7 . =n"bx. This distortion field represents a pure rotation about
wﬁ the Z axis that increases with displacementxin
T 4 The unpaired-dislocation-induced diffuse scattering near
a Laue spot can be qualitatively understood along three char-
FIG. 2. Real and reciprocal space for crystals with): an almost equal  acteristic directions. In the radial direction, x-ray scattering is
number of+b and ~b dislocations andb) an exces¢geometrically nec- 1 imayily sensitive to dilatational changes in the lattice. Lo-
essary +b dislocations are shown. . . . . .
cal strain fields around dislocations can introduce such
changes, but Laue diffraction is inherently insensitive to
defectsu; is a total displacement from the equilibrium posi- scattering variations in the radial direction; energy scans are
tionsRi0 corresponding to the crystal before deformation, ancheeded to probe these changes. In the transverse direction,
¢, is the random number. we define two natural axesand v. The axis¢ is defined as
Consider the set of edge dislocations illustrated in Fig. 2perpendicular to both the radial directians Gy /Gpy, and
All dislocations from this set have Burger’s vectos, par-  t0 the axisr. The second axis is defined as perpendicular to
allel to the x axis and dislocations linesparallel to thez ~ the & axis and tog. With this coordinate system, the diffuse

axis. The total displacement of thith cell u; due to all  Scattering is strongly elongated in tiedirection, and de-
dislocations is defined by E¢3). pends on the relative orientation between the active disloca-

tion system, the momentum transfer unit veatprand the
penetration deptlh.

To illustrate the dependence of the Laue intensity distri-
on on the penetration depth) covered by the beam

For an equal number of random+b" and ** —b"”
dislocations[Fig. 2(a)], the average deformation tensor is
negligible and broadening of the diffuse scattering is inolucecg)u,[i
by random local fluctuations in the unit cell orientations and assing through the sample, we simulated Laue contour

d spacing that tend to cancel out over long length scale aps for different values df keeping a constant total value
Coherence is not changed along the direction of dlslocatlo%f excess dislocations in the whole scattering redfig. 3.
lines 7, and the diffuse intensity in this direction is the samepg simulations show that this dislocation system results in a
as for crystals without dislocations. Perpendicularrtdhe  d.jike intensity distribution(Fig. 3 around the(222) re-
diffuse distribution is roughly symmetric with a characteris- fjection. The major axis is located in the plafidl) parallel
tic half width dependent on the total dislocation density to the directioné=[213]. The character of the intensity dis-
PREN IR tributions along theg, and v axes is different as expected
For excess dislocatior{$ig. 2b)], the dislocation den- [Fig. 3(b)]. The intensity distribution along th& axis has a
sity tensor can be written in terms of the antisymmetricflat-top shape with a huge full width at half maximum
Levi—Civita tensor of third ranl ,,,, and a dislocation den- (FWHM). Along the v axis, it is a narrow Gaussian function
sity tensor of second rangk,,, .217~8 and is sensitive to dislocation density. Withthe penetration
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FIG. 3. (Color) Contour maps around the reflecti@22) for L*n* =constant and.,=50 L, (a), intensity distributions along the axis(1) and v (2) (b),
FWHM along ¢ and v directions with their ratidinsery as a function ot (c), and experimentdleft-hand side¢ and simulatedright-hand sidgLaue images
of the (222 reflection in the CCD plane for a nanoindented Cu single crys& point—position of the beam on the indentati¢d) are shown. The
orientation of the dislocation system in this simulation corresponds to Burger’'s vector pardl@llh a dislocation line parallel t$211], and total
dislocation density=2x 10'* cm~? with an excess dislocations density=0.5n. To model the verticalred) part of the image, a second slip system with

Burger’s vector parallel t§101] and dislocation line parallel tdl21] was required.
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length in interatomic spacings, the FWHM along théirec- In summary, we developed a formalism for calculating

tions [Fig. 3(c) red] is insensitive toL if total number of  white-beam Laue diffraction patterns for distributions of dis-

excess dislocations along thé& is constant, L*n™ locations in crystals and we have shown that such calcula-
=constant0.1yn. In the v direction[Fig. 3(c) green, the tions can be used to obtain quantitative information on active
FWHM decrease&as the dislocation density decregsd@his  dislocation systems in deformed materials.

means that the total dislocation density can be determined Thjs research was sponsored by the Division of Materi-

from the intensity distribution along the direCtion, while als Sciences and Engineering, Office of Basic Energy Sci-
the total number of excess dislocations, can be obtained fromnces, and the U.S. Department of Energy under Contract

the intensity distribution along th& direction. No. DE-AC05-000R22725 with UT-Batelle, LLC.
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