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The distribution of elastic strains (and thus stresses) at
the submicrometre length scale within deformed metal
single crystals has remarkably broad implications for our

understanding of important physical phenomena. These include
the evolution of the complex dislocation structures that govern
mechanical behaviour within individual grains1–3, the transport
of dislocations through such structures4–6, changes in mechanical
properties that occur during reverse loading7–9 (for example,
sheet-metal forming and fatigue), and the analyses of diffraction
line profiles for microstructural studies of these phenomena10–15.
We present the first direct, spatially resolved measurements of
the elastic strains within individual dislocation cells in copper
single crystals deformed in tension and compression along
〈001〉 axes. Broad distributions of elastic strains are found,
with important implications for theories of dislocation structure
evolution3,16–20, dislocation transport4–6, and the extraction of
dislocation parameters from X-ray line profiles10–15,21–24.

The formation and evolution of dislocation cell structures
(patterning) is one of the most important aspects of the
deformation process in ductile metals1–3,17–20. It is generally
appreciated that patterning arises from the collective interactions
of dislocations4,5,16–20 and recent in situ diffraction-resolved
measurements have shown crystal lattice breakup starting very early
in the deformation process25. However, it is not yet possible to
predict the evolution of dislocation distributions and the resulting
local stresses. The existence, magnitude and spatial distribution of
these stresses with respect to the dislocation microstructure have
been long debated7,10,11,15,16,26–28; a definitive resolution of this issue
over the full range of deformation is needed to validate and guide
the ongoing development of recent dislocation patterning3,17–20 and
dislocation transport4–6 theories.

Each of these important issues can be addressed through the
use of a local, spatially resolved, experimental probe that measures

unambiguously the lattice parameter (that is, elastic strain) within
individual subsurface dislocation cells in bulk single crystals.
White-beam differential-aperture X-ray microscopy29 (DAXM)
using submicrometre X-ray beams, and in particular its scanning-
monochromatic extension30, exemplify such a local microstructural
technique. Whereas white-beam DAXM measures deviatoric
(shear) strains with submicrometre resolution in three dimensions,
scanning-monochromatic DAXM provides absolute measurements
of dilatational lattice parameters, and hence dilatational strains,
with 3D submicrometre resolution. We have used this latter
technique to probe the lattice strain within individual dislocation
cells in copper single crystals deformed uniaxially in tension
and compression.

In this letter, axial 006 reflections were used to probe the
local elastic lattice strains, ε001, (and thus the stresses) within
individual dislocation cells along the axial 〈001〉 deformation
direction. As shown in Fig. 1 and discussed in the Methods
section, spatially resolved DAXM measurements were conducted
using a monochromatic X-ray microbeam focused to ≈0.5 μm
(refs 31,32), where the diffracted beams were detected using
a charge-coupled device (CCD) area X-ray detector and depth
resolution was provided by a diffracted-beam profiler30. Before
carrying out the spatially resolved lattice spacing measurements,
(spatially integrated) X-ray line profiles were measured on both the
compression and tension deformed specimens using the XOR/UNI
beamline 33-BM at the Advanced Photon Source (APS), as plotted
in Fig. 2; similar line-profile measurements on undeformed copper
were used to establish the zero position for the scattering vector, q
(where q =|q|= (4π/l)sinθ,l is the X-ray wavelength, and θ is the
Bragg angle).

The sample image in Fig. 1 is a transmission electron
microscope (TEM) micrograph of a 〈001〉 copper compression
sample strained to 25% true strain. The width of the incident
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X-ray microbeam (drawn to scale) shows the size of the microbeam
relative to the dislocation microstructure, and the dark parallel
lines on the microbeam show the depth resolution provided by
the diffracted beam (platinum wire) profiler. Local variations in
the elastic strain and crystallographic orientation are detected by
measuring the changes in both the Bragg energy and the direction
of the diffracted beam (Bragg angle). These local variations greatly
distort the diffracted X-ray intensity distribution and the CCD face
shown in Fig. 1 shows a typical example of the intensity distribution
(false colour) for a single reflection from the compression X-ray
sample, as obtained by a 200 eV energy scan of the incident
microbeam energy. The areas exhibiting high-diffracted X-ray
intensity (blue) come primarily from sample volumes in which
the diffraction is largely coherent (dislocation cell interiors). In
contrast, dislocation cell walls have high dislocation content,
producing a wide range of local sample orientations and strains.
Diffraction from such sample volumes cannot be highly localized
in scattering angle, rather the local disorientations will produce
significant smearing of the X-ray intensity (such as the red and
yellow areas for instance). However, diffraction from small coherent
scattering volumes and finite-size broadening will also contribute
smeared scattering, so cell-wall scattering cannot be so readily
identified visually. It is important to note in this connection that
because step-scanning the platinum wire directly identifies how
much of the observed scattering in a given high-intensity (blue)
region comes from a single localized sample volume, the DAXM
measurements have no significant contamination from dislocation
cell walls or other dislocation cells.

For each position of the sample under the microbeam, high-
intensity regions on the CCD (from individual dislocation cells)
were selected for a scanning monochromatic DAXM analysis. Two-
dimensional scans of beam energy versus platinum wire position
yielded intensity plots such as that shown in the inset of Fig. 2a,
where the grid indicates 2 eV energy steps and 0.5 μm depth steps,
projected along the microbeam path. Gaussian functions were fitted
to these data, giving both the depth of the originating dislocation
cell and the beam energy at the centre of the peak of the 006 rocking
curve. As the microbeam energy, the position of the diffracting
volume with respect to individual pixels on the CCD area detector,
and the incident beam path are all known through the microscope
calibration, the local lattice parameter can be determined directly
through Bragg’s law. The standard deviation uncertainty (shown
graphically in the box in Fig. 2b) is estimated to be 1 × 10−4 for
the elastic strain measurements.

The solid red lines in Fig. 2a,b show the measured axial 006
X-ray line profiles (spatially integrated) from the compression and
tensile samples. These profiles exhibit the well-known asymmetric
shape for copper with a high-scattering-angle tail for compression
and a low-angle tail for tension11. Spatially resolved axial lattice
plane spacing (d-spacing) strains (vertical blue lines) measured
from individual dislocation cells, using scanning monochromatic
DAXM as described above, are also shown. Thus, the vertical
blue lines in Fig. 2a,b correspond to the centre in �q/q of the
diffraction profiles for each of the individual cell-interior regions
measured. As predicted by Mughrabi’s well-known two-component
composite model for plastic deformation16, all 12 of the measured
d-spacings in the compression sample (Fig. 2a) are shifted to
smaller q (larger d-spacing) and all nine of those in the tension
sample (Fig. 2b) are shifted to larger q (smaller d-spacing). The
mean elastic strains for the compression and tension samples are
(8.5±1.1)×10−4 and (−5.2±0.9)×10−4, respectively (with one
standard deviation uncertainties).

These spatially resolved elastic strain measurements provide
the first direct, quantitative test of the two-component composite
model that is commonly used to extract average cell-interior and
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Figure 1 Diagram of the experimental geometry showing howmonochromatic
differential aperture X-ray microscopy was used in these experiments. TEM
micrograph of a single-crystal copper compression sample strained to 25% true
strain. The dark regions in the micrograph are high-dislocation-density walls
surrounding low-dislocation-density cell interiors. The incident microbeam is drawn
to the same scale as the TEM micrograph, showing the 0.5 μm beam size relative to
the dislocation microstructure. Diffracted X-ray beams intersect the face of the CCD
area detector and the platinum wire profiler provides depth resolution by translating
parallel to the sample surface and blocking the diffracted beams. The parallel lines
on the incident beam show the 0.5-μm-depth resolution as determined by the
0.7-μm-profiler step size. The CCD face shows a typical integrated X-ray intensity
distribution (false colour) for a single X-ray reflection obtained by scanning the X-ray
microbeam over 200 eV.

cell-wall stresses from broadened X-ray line profiles10,11,15. The
best comparison with experimental work in the literature is a
study by Mughrabi et al.11, corrected as described in ref. 27.
There, a copper single crystal was deformed in tension along a
〈001〉 axis to a maximum applied stress of 185 MPa (reported as
75.6 MPa resolved shear stress), comparable to our tensile specimen
(196 MPa). Measured X-ray line profiles were asymmetric and a
subpeak analysis gave an average cell-interior axial stress of −11%
(no uncertainty estimates were given) of the flow stress. Given
the several assumptions that were required for the analysis, this
value compares well with our mean elastic strain of −17% ± 4%
of the flow stress, providing crucial quantitative validation of the
composite model predictions.

A key finding of the present study, however, is the dramatic
variation of these strains from cell to cell within the sample; the
full-widths at half-maximum for the tension and compression
cases are similar with an average value of ≈7.8 × 10−4. As
can be seen from the quantitative measurements of individual
dislocation cell strains shown in Fig. 2a,b, these elastic strains
contribute significantly to the shape and width of the diffraction
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Figure 2 Comparison between spatially integrated and spatially resolved
X-ray diffraction experiments on deformed copper single-crystals.
a, Photograph and X-ray results from the 〈001〉 compression specimen. Inset: a
representative beam energy and depth scan for a typical dislocation cell, where the
energy grid lines denote 2 eV steps, the depth grid lines denote 0.5 μm steps and
the centre of the peak determines the 006 Bragg angle for the cell. b, Photograph
and corresponding results from the 〈001〉 tension specimen. The red lines in both
panels are spatially averaged axial 006 line profiles obtained using conventional
X-ray diffraction techniques. The vertical blue lines in both panels show the
corresponding diffraction peak centres from individual dislocation cells, measured
using spatially resolved monochromatic differential-aperture X-ray microscopy. The
error bar indicates one standard deviation. As predicted by the two-component
composite model, the cell strains in a are shifted to smaller q and those in b are
shifted to larger q.

line profiles. Quantitative analyses of extracted cell-wall and
cell-interior subpeaks frequently use theoretical descriptions of
dislocation broadened line profiles21–23 to extract dislocation
structure parameters from plastically deformed samples. Such
analyses often have the tacit assumption that all of the subpeak
broadening comes from the dislocations and therefore that cell-
to-cell strain variations are negligible, an assumption that must
now be re-evaluated in view of these measurements. In addition,
as the dislocation cell elastic strains originate as backstresses from
the dislocation walls, the observed variation in the cell-interior
strains strongly suggest that a similarly broad distribution exists
for the dislocation walls themselves. Cell-wall strain distributions
will contribute significantly to the width and shape of the line
profiles on the asymmetric tail side of the peaks. In principle, the

cell-interior and cell-wall strain distribution functions could be
removed from the line profile by a deconvolution algorithm, but
the profile would first have to be separated into cell-interior and
wall subpeaks and the strain distribution functions would have to
be known. Fortunately, Groma recently provided a more elegant
solution24 by deriving an asymptotic analytical expression for the
tails of a dislocation-broadened line profile. This expression should
be largely independent of the actual dislocation distribution and
relatively insensitive to the local stress variations reported here.

The existence of a broad distribution of dislocation cell elastic
strains also has important implications for theoretical models of
dislocation patterning and dislocation transport. At the dislocation
level, critically important phenomena such as dislocation bowing,
dislocation pinning and unpinning, unzipping of locks, and cross
slip are highly sensitive to the local stress field experienced by
the dislocations. Thus, theoretical models of dislocation patterning
and transport must frequently make assumptions about the
distributions of such stresses within a specimen. Converting
our measured axial elastic strains to axial stresses using the
elastic modulus in the 〈001〉 direction, E001 = 66.6 ± 0.5 GPa
(ref. 33), the stresses range from essentially zero up to 50% of
the macroscopic flow stress. Existing dislocation transport models
based on dislocation bowing and percolation theory5,6 that assume
such stress variations are negligible will have to be revisited in light
of the current findings.

On the other hand, at least one prominent dislocation
patterning model bases the entire evolution process on the presence
of stress variations such as those reported here. Hähner et al.
developed a theoretical model of dislocation cell formation17 to
explain the power-law size distribution of dislocation cells in
copper single crystals, deformed uniaxially along a 〈001〉 axis. The
model associates dislocation cell formation with a noise-induced
structural transition in a system far from equilibrium, where the
noise term reflects fluctuations in the stress experienced by mobile
dislocations traversing a sample. Extensions of this model18–20 relate
the stress fluctuations to variations in the local dislocation density
and generalize the two-component composite model to account
for a continuous spectrum of local dislocation densities and cell
stresses. The dislocation cell elastic strain measurements reported
here provide striking experimental support for the underlying
assumptions of this model.

We have presented the first quantitative, spatially resolved
measurements of elastic strains within dislocation cells. These
measurements provide critical data for validating and guiding
the development of detailed dislocation-based simulations and
models for every major facet of dislocation structure evolution and
dislocation transport.

METHODS

Tensile and compression specimens were prepared from 〈001〉-oriented
99.999+% Cu single crystals. The compression sample was cylindrical with
nominal dimensions of 10 mm in diameter by 20 mm in length. The tension
sample had 10-mm-diameter cylindrical grips and a 10-mm-long gauge section
with a 5-mm-wide square cross-section and 〈001〉 faces. The compression and
tensile samples were deformed to relatively large final true flow stresses of
≈200 MPa at true strains of ≈30%. All X-ray measurements were made on
samples cut (with an acid saw) from regions as close as possible to the centre of
the original gauge section.

The spatially resolved scanning monochromatic DAXM measurements
were conducted using an X-ray microbeam focused to ≈0.5 μm (refs 31,32) by
crossed Kirkpatrick–Baez focusing mirrors using the XOR/UNI beamline 34-ID
at the APS. Figure 1 is a schematic illustration of the diffraction geometry in
which diffracted X-ray beams from a (energy scanning) monochromatic
incident microbeam are detected using a CCD area X-ray detector; depth
resolution is provided by a 50-μm-diameter platinum wire diffracted-beam
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profiler as described previously in connection with elastic strain measurements
in cylindrically bent silicon (ref. 30). In this method, a two-dimensional depth
versus energy scan is carried out to determine the Bragg energy and Bragg angle
for scattering from a particular sharp peak in the CCD image. For depth, the
profiling wire is step-scanned parallel to the sample surface in a knife-edge
fashion using 0.7-μm steps (that is, 0.5 μm along the beam). This sequentially
blocks diffracted beams that were incident on individual pixels of the CCD and
allows the origin (along the microbeam) of the diffracted X-rays to be
determined in all three dimensions with an accuracy of ≈0.5 μm by
triangulation31,32. For each wire position, the energy is scanned through the
peak in 2 eV steps to determine the energy and depth at which the intensity is a
maximum; the energy at the peak corresponds to the Bragg energy of the
dislocation cell and the Bragg angle is determined from the microscope
calibration using the depth of the peak intensity and the pixel position of the
depth-resolved diffraction peak on the CCD. The X-ray energy, E ≈ 14 keV,
used in these experiments made it possible to obtain data from sample depths
up to ≈50 μm.

The depth-resolved intensity versus energy curve shown in the inset
depth–energy plot in Fig. 2 corresponds to a �E/E = �q/q profile for an
individual dislocation cell, which in turn directly provides the �q/q peak
positions in Fig. 2a,b. We note that the diffraction width for the cell interior is
quite sharp, as the full-width at half-maximum of the peak in the inset
corresponds to �E/E = �q/q ≈ 3×10−4 or about one-third of the smallest
tick spacing in Fig. 2. This is not much larger than our intrinsic energy width of
≈3 eV (including the microbeam convergence30), which gives an instrumental
resolution of �q/q ≈ 2×10−4 for the experimental conditions30. We note that
these data were intended to measure peak positions and are not adequate for
resolving detailed peak shapes.

Received 31 March 2006; accepted 21 June 2006; published 16 July 2006.
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28. Borbély, A., Blum, W. & Ungar, T. On the relaxation of the long-range internal stresses of deformed
copper upon unloading. Mater. Sci. Eng. A 276, 186–194 (2000).

29. Larson, B. C., Yang, W., Ice, G. E., Budai, J. D. & Tischler, J. Z. Three-dimensional X-ray structural
microscopy with submicrometre resolution. Nature 415, 887–890 (2002).

30. Yang, W. et al. Spatially resolved Poisson strain and anticlastic curvature measurements in Si under
large deflection bending. Appl. Phys. Lett. 82, 3856–3858 (2003).

31. Yang, W. et al. Differential-aperture X-ray structural microscopy: a submicron-resolution
three-dimensional probe of local microstructure and strain. Micron 35, 431–439 (2004).

32. Ice, G. E. et al. Polychromatic X-ray microdiffraction studies of mesoscale structure and dynamics.
J. Synchrotron Radiat. 12, 155–162 (2005).

33. Ledbetter, H. M. & Naimon, E. R. Elastic properties of metals and alloys. II. Copper. J. Phys. Chem.
Ref. Data 3, 897–935 (1974).

Acknowledgements
M.E.K. and M.D.R. acknowledge support from the Office of Basic Energy Sciences (BES), DoE, and
thank the National Center for Electron Microscopy at LBNL for access to the TEM. Research at ORNL
is supported by DoE BES Division of Materials Sciences under contract with UT-Battelle, LLC. The
XOR/UNI facilities on sectors 33 and 34 at the APS are supported by the US DoE, Office of Science.
Correspondence and requests for materials should be addressed to L.E.L.

Competing financial interests
The authors declare that they have no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/reprintsandpermissions/

622 nature materials VOL 5 AUGUST 2006 www.nature.com/naturematerials

Untitled-2   4 11/7/06, 11:59:58 am

Nature  Publishing Group ©2006



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [666.000 855.000]
>> setpagedevice


