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Abstract 
Polychromatic microdiffraction is an emerging nondestructive probe of local crystal 
structure that provides submicron-resolved three-dimensional (3D) maps of the local 
phase, crystalline orientation, and the local elastic-stress and dislocation tensors. The 
unique ability to characterize these critical materials properties before, during, and after 
deformation, provides new insights and guidance for theories that attempt to include 
realistic local properties to model materials evolution and inhomogeneous deformation. 
The recent installation of dedicated polychromatic microdiffraction beamlines on 
powerful synchrotron sources has enabled demonstration measurements and early 
experiments illustrate the promise of polychromatic microdiffraction to bridge the 
experimental gap between atomistic and continuum scales. New instrumentation will 
improve spatial resolution and accelerate data collection by two to four orders of 
magnitude. This will allow the technique to become routinely three-dimensional and will 
greatly extending insights into the roles that local structures and defect distributions play 
in inhomogeneous deformation. 
 
Introduction: 
Inhomogeneous deformation is a ubiquitous property of materials that arises both from 
macroscopic and microscopic inhomogeneity and from the self-organization of defects in 
materials. Deformation can be either elastic (reversible on the removal of stress) or 
plastic (irreversible). At the macroscopic level, inhomogeneous elastic and plastic 
deformation is familiar; things bend or stretch most where they are narrowest or where 
the stress is concentrated.  
 
At the mesoscale (~10 nm-10 µm) however, deformation physics is still an area of active 
research and much is still a mystery- in large part because there are few experimental 
tools that can nondestructively provide quantitative information on the local structure and 
how it evolves in 3D during deformation. Although finite-element calculations can model 
aspects of deformation in increasing complex heterogeneous samples, the essential local 
nature of materials behavior can only be captured by detailed models, that include local 
microstructure and length-scale-dependent materials physics.1 Indeed most materials are 
polycrystalline- possibly multiphase-with misorientations between grains leading to 
modelable local inhomogeneities, but with grain boundary networks that impose novel 
and as yet unknown local properties in the grain boundary regions.  Furthermore, inside 
single crystals and grains, dislocations organize spontaneously into networks during 
deformation.1, 2 Both the grain boundary/ interface behavior of materials and the self-
organization of defects into mesoscale structures are behaviors for which theoretical 
approaches are still emerging. These behaviors are critical because materials plasticity is 
in large part determined by mesoscale structure/defect interactions.2 



 
In order to make progress in the area of deformation it is essential to test theoretical 
models against experiments that include the critical structures and boundary conditions 
and which can follow the deformation process to clarify how structures are affected by 
and effect local materials behavior. With this understanding, there are three essential and 
interrelated tensor-property distributions that must be mapped: (1) the crystal orientation 
tensor UB

ij which describes the local elastic/plastic anisotropy; (2) the elastic strain 
tensor, εij, which measures how elastic forces are accommodated by the local 
environment and provides a key mechanism for mesoscale dynamics; and (3) the 
dislocation or Nye tensor, αij, which is a fundamental input for length-scale-sensitive 
crystal plasticity models.3 These tensors are interrelated, but are essential to test emerging 
theories of local crystal plasticity. For example, it is understood that the local elastic 
response in a single grain is determined predominantly by the average crystal structure, 
the crystal orientation and the applied stress tensor. Stress, a key driving force for 
mesoscale evolution can therefore be determined locally through the single crystal 
compliance matrix and the elastic strain tensor. In the small distortion approximation, the 
elastic stress/strain relationship for a single crystal is given by4,  
 

 

εij = Sijklσ kl   .        (1) 
 
Here εij is the second rank elastic strain tensor, Sijkl is the fourth ranked single-crystal 
compliance tensor and σkl is the second ranked stress tensor. Crystal orientation and 
phase, which together determine the local compliance matrix, and local measurements of 
elastic strain, are therefore essential to determine the local stress/strain relationship. 
 
Plastic deformation is similarly dependent on crystallographic orientation and the local 
stress tensor; various slip systems are activated depending on grain orientation and 
applied load.5 This leads to- for example- the anisotropic rotation of grains in 
polycrystalline materials depending on their orientation and the applied load.6-8 However, 
with plastic deformation, defects and evolving mesoscale structures play a critical role in 
the mechanical response to stress. It is recognized for example that dislocation walls and 
other features can present important barriers to dislocation motions.2  
 
Recent attempts to include length scales into models of deformation have identified the 
key role of the dislocation tensor, αij. We adopt the dislocation tensor description used by 
Larson et al.10 where, 
 

 

αij = κ ji − κ11 + κ22 + κ33( )Iij − eijk∂kε jk      (2) 
 

Here κij is the curvature tensor, I is the identity matrix and eijk is the Levi-Cevita 
permutation matrix. From equation 2 it is clear that careful measurements of the 
dislocation tensor require measurements of both the elastic strain tensor, εij , and the 
curvature tensor, κij . In fact, Larson et al. point out that whereas cases of pure elastic 
deformation can be achieved, cases of pure plastic deformation are more difficult to 
find.10 From an experimental perspective, Eq. 2 can be understood from the recognition 



that elastic strain gradients rotate lattice planes and smear Bragg reflections in very much 
the same way as do unpaired dislocations. 
 
Polychromatic microdiffraction can nondestructively map the crystal orientation tensor 
and hence the compliance tensor Sijkl , the elastic strain tensor σkl and the dislocation 
tensor αij in three dimensions. This unprecedented capability is just now being applied to 
resolve the behavior of local inhomogeneous deformation. This new information, 
together with emerging multiscale theories of deformation, experimental focused-ion-
beam-milled electron backscattering diffraction and emerging x-ray high-energy imaging 
methods11 is certain to revolutionize our understanding of deformation and other 
materials behavior. Here we introduce the techniques used in polychromatic 
microdiffraction and illustrate the potential of polychromatic microdiffraction with the 
results of recent experiments. We also identify existing resources for experiments and 
indicate future advances that will continue to extend capabilities. 
 
Polychromatic Microdiffraction with Differential Aperture Microscopy 
 
The diffraction of x-rays from crystals was first proposed by Max Von Laue12, to verify 
their regular internal spacing, Laue correctly conjectured that crystals had 3D repeat 
spacing that acts like a natural (3D) diffraction grating for X-rays.   This first diffraction 
application of X-rays resulted in the 1914 Nobel Prize for Physics and a comment from 
Einstein that the resulting Laue diffraction was one of the most beautiful discoveries in 
physics. Modern Laue images continue to provide beautiful pictures as evidenced by 
examples in this article. Subsequent research by the Braggs demonstrated that Laue 
diffraction is made possible by the polychromatic beams produced by x-ray sources, and 
that x-rays reflect off the mirror-like crystal planes when the scattering amplitudes from 
parallel crystal planes add constructively and hence satisfy Bragg's law.13  
 
Laue diffraction is now understood in terms of the three-dimensional conditions for 
satisfying Bragg's law, which are graphically represented by an Ewald's sphere 
construction (Fig. 1). 13 In the Ewald's sphere diagram, the conditions for Bragg's law are 
satisfied if the momentum transfer of scattering passes through a reciprocal-space Bragg 
point. Reciprocal space has units of inverse distance and the possible values of 
momentum transfer- for a given wavelength- lie on a sphere of radius, 1/λ centered on the 
inverse incident beam vector (Fig. 1). The reciprocal space pattern is determined by the 
geometrical structure and spacing of atoms in the crystal and rotates with the crystal real-
space structure. 
 
The Ewald picture of Laue diffraction illustrates several important points: (1) 
wavelengths that satisfy a Bragg condition change with crystal orientation and from 
reciprocal space point to reciprocal space point; (2) short wavelength x-rays are more 
likely to intersect a reciprocal space point; and (3) Laue images are actually weighted 
averages of line integrals through reciprocal space. 
 
In the modern implementation of polychromatic microdiffraction- or micro-Laue 
diffraction- achromatic focusing optics are used to condense an intense synchrotron x-ray 



beam to a submicron spot with a depth of field of 100's of microns.14 The beam is 
directed onto a sample and x-rays are diffracted into a detector mounted perpendicular to 
the beam axis. As the direct beam passes through the sample, wavelengths that satisfy the 
Bragg conditions are scattered out of the beam. If the sample is not a perfect single 
crystal, then the overall image from the pencil-beam/sample-intercept volume can be 
thought of as being composed of distinct Laue images from subgrain volumes along the 
beam path (Fig. 2).  
 
The overlapping Laue images from the subgrain volumes intercepted by the beam are 
resolved by the introduction of a differential aperture.15 As illustrated in Fig. 2 b, when a 
highly absorbing wire is passed near the sample surface, it intercepts x-rays coming from 
the scattering volumes; if the wire is moved in small steps, the difference between the 
pattern before and after a move arises from those rays that pass near the edges of the 
wire. By projecting back from individual pixels past the wire edges, the intensity 
distribution into each pixel can be reconstructed from along the length of the beam path. 
This method can have submicron resolution even with large pixels due to the large ratio 
of the wire-to-detector compared to the wire-to-sample distances. Automated programs 
now exist to determine the Laue patterns as a function of sub-surface depth into the 
sample, and methods to accelerate differential aperture microscopy based on multiple 
wires or coded apertures are under development.16 
 
Once the Laue patterns are determined along the beam path, it is possible to index the 
patterns and if the undeformed unit cell shape is known, determine the deviatoric elastic 
strain tensor.17 This indicates the non-hydrostatic strain. The full strain tensor can be 
determined if the energy of one reflection is measured.17 Polychromatic microdiffraction 
beamlines typically have special monochromators that allow them to switch between 
white-beam and polychromatic-beam conditions to make this measurement.18-20 
 
As described above, each position in a Laue pattern is actually a weighted radial line 
integral through reciprocal space (Fig. 1). The line integrals are weighted by the intensity 
distribution over the bandpass of the x-ray probe and are sensitive to the integrated 
intensity along radial lines through reciprocal space. For materials with uniform elastic 
strain and negligible densities of unpaired (geometrically necessary) dislocations, Laue 
patterns have sharp spots. The overall Laue pattern can be used to determine the local 
phase20, and the pattern can also be used to determine the local orientation. Typically 
orientations for samples with sharp spots can be determined to 0.01º and in some cases 
orientations to 0.001º are possible. 
 
In most materials however, there is a combination of elastic and plastic deformation that 
complicates the measurement of both the elastic strain and the dislocation tensors. When 
either an elastic strain gradient or unpaired (geometrically necessary) dislocations are 
present, the sharp Laue spots are streaked. If the spatial resolution is sufficient to provide 
single-crystal-like local Laue images, then the elastic strain can be calculated from the 
local Laue image, and the local dislocation tensor can be calculated from neighbor 
crystallographic orientations (Eq. 2). 
 



Although the local elastic strain/stress and the dislocation tensors can often be determined 
unambiguously (with sufficient technical care) it is also possible to extend the analysis of 
local defects through modeling. For example, various possible unpaired dislocation 
combinations can be fit to the experimental data to provide insights on the possible 
dislocation systems contributing to the local crystal deformation.21-23 Beyond this level of 
materials characterization, it is in principle possible to characterize the unpaired 
dislocation density based on subtle changes to the diffuse scattering near the Laue 
reflections.23 In practice this has not yet been demonstrated. The information that can be 
recovered by polychromatic microdiffraction is summarized in Fig. 3.  
 
Scanning techniques 
 
Several variants of polychromatic microdiffraction are made possible by standard 
polychromatic instrumentation. In addition to differential aperture scanning methods, 
monochromatic energy (wavelength) scanning methods can sometimes extend the 
capabilities of polychromatic microdiffraction to particularly challenging samples. For 
example, by scanning energy it is possible to determine reciprocal space points in 3 
dimensions for unknown phase identification24 and with calibration for integrated 
reflectivity information on each Laue spot. Similarly in highly strained materials 
monochromatic scans through reciprocal space allow for accurate determination of the 
local lattice parameters when streaking in white-beam measurements is too extreme to 
allow for accurate strain tensor measurements.  
 
Facilities 
 
The basic components for polychromatic microdiffraction are illustrated in Fig. 4. There 
are five key elements: (1) a brilliant synchrotron source; (2) an insertable nondispersive 
microbeam monochromator; (3) nondispersive focusing optics; (4) a precision sample 
stage; and (5) an x-ray sensitive area detector. Polychromatic microdiffraction facilities 
that resolve in three dimensions also have a differential aperture (6).  
 
Several facilities dedicated to polychromatic microdiffraction are currently in operation 
with more coming on line over the next few years. At the Advanced Light Source, station 
7.3.3 was probably the first dedicated polychromatic microdiffraction beamline.19 This 
beamline used the broad bandpass from the ALS bend magnet source as a white beam. 
An intermediate focus at an adjustable slit provided a convenient method of adjusting the 
beam size and the beam could be rapidly cycled between a polychromatic and a 
monochromatic beam using a specially-designed nondispersive 4-crystal monochromator 
(Fig. 5b). Owing to the rapid drop in x-ray source intensity above 12 keV, this station 
was best suited for near surface, 2D studies of crystalline structures. Recently the 
microdiffraction station has been moved to a wavelength shifter, which increases the 
number of Laue spots and makes the beamline more suitable for differential aperture 
microscopy by providing a higher-energy spectrum. 
 
Station 34-ID-E at the Advanced Photon Source is the first beamline with dedicated 
differential aperture microscopy capabilities.25 This beamline was developed following a 



successful demonstration on the APS beamline 7-ID. The type A source can be viewed 
either on axis for maximum monochromatic flux or off axis to smooth the spectra. The 
relative brilliance of beamline 34 is compared in Fig. 6 to other sources and illustrates the 
advantage of operation on a high-energy undulator. The optics of station 34-ID-E are 
very simple and include just the basic elements shown in Fig. 4. The undulator is 
typically adjusted to set the broad second harmonic at ~15 keV which provides a good 
combination of a large number of reflections and reasonable reflectivity. As illustrated in 
Fig. 6, the average off-axis brilliance for 34-ID is approximately two orders of magnitude 
greater than the average brilliance of a superbend source on the ALS or a bend magnet 
source on the on the Australian Light Source. 
 
Station 34-ID-E utilizes a special two-crystal monochromator (5a) with the second crystal 
heated to align the monochromatic and polychromatic image positions.18 This geometry 
is acceptable for the > 40 m long source distance of this beamline but is not appropriate 
for beamlines where the monochromotor is closer to the source.  
 
The VESPERS beamline at the Canadian Light Source (CLS)20 is a new polychromatic 
microdiffraction and fluorescence beamline built to allow for simultaneous diffraction 
and fluorescence microscopy. This beamline uses a pair of vertical focusing/deflecting 
mirrors together with a two-crystal monochromator to align the polychromatic and 
monochromatic beams (Fig. 5c). This new approach allows the robust simplicity of a 
two-crystal monochromator to be used on a beamline with a relatively short distance 
between the monochromator and the source. 
   
In addition to these beamlines, there are polychromatic microdiffraction capabilities at 
the Swiss Light Source (SLS), the National Synchrotron Light Source (NSLS) with 
additional facilities under development at SOLEIL, the ESRF, and the Australian Light 
Source. 
 
Example Applications 
 
Inhomogeneous subgrain rotations during deformation  
 
Measurements of near-grain-boundary and inhomogeneous intra-grain deformation in 
polycrystalline Ni tensile samples provide good examples of how polychromatic 
microdiffraction can provide new and quantitative information about materials behavior. 
In these studies, the misorientation near and across grain boundaries is measured before 
and after deformation. These experiment test the role of grain boundaries and free 
surfaces on inhomogeneous deformation, the role of grain boundaries on dislocation 
motions and how these behavior go beyond traditional explanations of texture 
development.  
 
It is well known-for example- that grains rotate during deformation and that the pattern of 
rotations leads to the development of preferred crystallographic orientation (texture). This 
behavior can be reproduced using simple models based on the initial grain alignment and 
the deformation axis; grain alignment and applied stress direction determine the activated 



slip systems. Grain-average (statistical) tests of existing models have been extensively 
conducted using x-ray and neutron techniques. These studies compare how stresses are 
accommodated (on average) in grains of a particular orientation or how different phases 
share an applied load.26-28 They can also test how stress is distributed in fine-grained as 
compared to coarse-grained samples. Although these measurements are extremely useful 
for understanding trends in the materials response to deformation, they cannot capture the 
effect of local misalignments and structure. More recent high-energy monochromatic 
diffraction experiments have tested the behaviors of individual grains.7-9 Measurements 
of the local environmental effects have however simply not been possible until now. 
 
To begin to address this lack of direct experimental data, Pang et al.29 have recently 
studied how neighbor grains respond across and near grain boundaries. As might be 
expected, if the grains are well aligned, they should rotate about the same amount, 
whereas grains that are highly misaligned should rotate different amounts and possibly in 
different directions. Fig. 7 illustrates the experimental setup. Samples with an average 
grain size of 30 µm were prepared from 99.97% pure Ni. Tensile specimens with 
dimensions of 8 mm in length by 300 µm thick were fabricated by electron discharge 
cutting. The sample surface was mechanically and then electrochemically polished.  
 
The sample was probed by a polychromatic x-ray beam with an energy range of ~ 8-25 
keV. The "diffracted volume" was a parallelepiped defined by the beam cross section and 
the penetration depth. Depth resolution was achieved using the differential aperture 
microscopy method developed by Larson et al.10 The volumetric resolution of the 
measurements is 0.5(W) x 0.5 (H) x 1.0 (D) µm3 and Laue images were collected down 
to ~30 µm beneath the surface. Indexing of these images yields the local grain orientation 
tensor. The grain boundaries along the diffracted volume were signaled by an abrupt 
change in the local orientation. 
 
Measurements concentrated on regions near triple junctions and grain boundaries and 
near the centers of individual grains. Local orientations along the lines through the pre-
selected positions were probed at 0% and 8% plastic strain. Orientations were determined 
with a precision of <0.02º at 0% strain. As dislocation density increases with deformation 
the angular resolution dropped to ~0.1º at 8% strain due to degradation of the peak 
shapes.  
 
The grain-boundary-surface normal and grain boundary angle, θ, between adjacent grains 
were determined by the orientation tensors measured at the center of each grain.30 Among 
the 49 grains measured there are 120 grain boundaries, and 17 of them are low angle 
(<15º) boundaries. The remaining boundaries are high-angle boundaries with 16 special 
boundaries having CSL=1,3,9 or 27. Low-angle and special grain boundaries have the 
tendency to cluster together forming 'special' triple junctions. Nine out of the 66 triple 
junctions are special triple junctions. 
 
For the grain boundary and triple junction regions, misorientations of volume elements 
across grain boundaries were calculated. Fig. 8 plots the change in misorientation, ω, 
after deformation as a function of original misorientation, θ, before deformation. From 



Fig. 8 it is clear that typically larger original misorientation, θ, leads to larger changes in 
misorientation, ω, after deformation. This behavior is easy to understand in light of the 
tendency of grains with different crystallographic orientation to rotate in different 
directions. The small ω observed in low-angle and near special grain boundaries and 
triple junctions suggests that these intercrystalline regions introduce only minor obstacles 
to dislocation motion. This is direct evidence to explain why specimens with a high 
density of special boundaries and special triple junctions have lower tensile strength and 
are more ductile. The large ω found in high-angle intercrystalline regions suggest that 
they are more effective in raising flow stresses as observed in macroscopic 
measurements.31 This behavior is consistent with a "rind" or "core" model for intra-
granular deformation which predicts largest increases in lattice curvature near the grain 
boundaries.32 
 
To further study how misorientations are accommodated inside single grains, 
measurements were made on a sample with larger grain size; the 99.96% pure Ni sample 
had an average grain size of ~200 µm and the dimensions of the sample are shown in Fig. 
9. The sample was vacuum annealed at 800º C for 4 hours. Polychromatic 
microdiffraction measurements were made on station 34-ID-E at the APS. Measurements 
were made on four grains labeled A-D and highlighted in Fig. 9. The measurements were 
made with a beam with a cross-section of 0.46 x 0.55 µm2. The beam penetrated ~ 30 µm 
beneath the surface normal. An orientation map collected at 0% strain over a region of 4 
× 0.5 mm2 with a step size of 5 µm around the center of the sample is overlaid on the 
overall sample profile (Fig. 9).   
 
Laue patterns were collected at the center of each grain at 0%, 10% and 15% strains. The 
Laue peaks are highly streaked at 10% and 15% deformation. Indexing of the streaked 
patterns is difficult, as the changes of orientation due to unpaired dislocation 
accumulation within the integrated depth of the gauge volume (~ 30µm) are much larger 
than the angular resolution of the CCD. Depth-resolved profiling was carried out at these 
four positions to determine the local Laue diffraction contributed at specific depths 
beneath the surface.  
 
Laue patterns for all grains indicate the presence of streaks, however the streaked pattern 
of each grain is different as it is dependent on the distinct dislocation activities within the 
grains. Depth-resolved information was obtained by reconstructing depth-specific images 
collected with the differential-aperture method. The peaks in the reconstructed images 
from the deformed sample are not as perfect as those found at 0 % strain. This suggests 
the deformation microstructure is finer than the 1 µm depth resolution. The orientation 
tensor of each sampling volumes was determined from the reconstructed images.  
 
The shape of the observed Laue streaks is interpreted by simulations of the diffracted 
Laue patterns and determines the scalar dislocation density distribution η. Deformation of 
the grains was described by the formation of GNDs and GNBs. For Ni, an FCC material, 
edge dislocation lines (ξ) are typically parallel to <112> with <110> Burgers vector (b) 
and [111] glide planes. Depth-resolved images were simulated with a series of slip 
systems combinations. The slip systems were then determined by comparing the 



simulations with the experimental results.  Figure 10 depicts the best-fit simulation 
pattern for grain A at 5µm in depth with b //

 

011 [ ] and ξ //

 

21 1[ ]. Splitting of 
“streaked” patterns was observed as depth increased. This indicates that at least two 
different slip systems combinations are present through the depth of the grains. For grain 
A, simulations show that combination of two slip systems of b // 

 

011 [ ] and ξ // 

 

211 [ ]and b // 

 

01 1[ ] and ξ // 

 

2 11 [ ] give a better fit to the experimental data. 
 
 
Electromigration 
 
Electromigration is another good example of how inhomogeneous grain and subgrain 
deformation is ubiquitous in materials behavior and how polychromatic microdiffraction 
can provide new information. Indeed, one of the most compelling motivations for the 
development of polychromatic microdiffraction was a need to measure elastic strain in 
interconnects in situ, under a SiO2 passivation layer. Some of the first polychromatic 
microdiffraction experiments were performed on interconnect samples wherein addition 
to elastic strains, lattice curvatures were detected and attributed to unpaired dislocations.  
 
Electromigration is the process of mass transport due to electrical current flow.  Although 
the phenomena has been long recognized, electromigration has attracted increased 
attention due to the continuing decrease of the current carrying "interconnect" line 
dimensions in integrated circuits. Decreasing interconnect cross sections have driven 
current densities toward ~1 MA/cm2 where electromigration is a serious limitation for 
device reliability.  
 
Although much is understood about electromigration, polychromatic microdiffraction is 
providing important new insights. Electromigration is known to arise from the 
momentum imparted by moving electrons, by the local electric field and by heat-
accelerated mobility of mass and surface diffusion. A schematic of electromigration in a 
CuAl interconnect is shown in Fig. 11.  Interconnect behavior during electromigration 
has- until recently- been modeled primarily assuming the development of the elastic 
strain fields that inhibit additional mass transport.33-37  
 
Recent experiments with polychromatic microdiffraction have now shown that in 
addition to elastic strains, plastic deformation arises during  electromigration and may 
play an important role in the eventual failure of interconnects.35-39 Experiments were 
performed primarily on beamline 7.3.3 at the Advanced Light Source. The interconnect 
samples consisted of patterned Al (0.5% wt. Cu) lines sputtered deposited on Si and 
buried under a glass passivation layer (0.7 µm thick).  The lines had a length of: 30 µm, a 
width 4.1 µm, and a thickness 0.75 µm. Electrical connections to the line were made 
through unpassivated Al (Cu) pads connected to the sample through W vias. Details on 
the experimental setting and data collection can be found elsewhere.36-40 Measurements 
of interconnect lines before electromigration typically found sharp diffraction spots 
indicating that the grains of the interconnect had few unpaired dislocations (Fig. 12a).  
 



During electromigration, the Laue patterns change depending on grain size, and position 
along the interconnect line. A typical response is shown in Fig. 12b. Several trends were 
noted: 
 
(1). Deformation was larger in big grains. 
(2). Small grains rotate. 
(3). Deformation is preceded by Cu diffusion which evaporates “hardening” precipitates 
near the cathode end of the interconnect and grows precipitates near the anode end of the 
interconnect. 
(4). Near the middle of the interconnect, unpaired dislocations initially develop parallel to 
the electrical field. 
(5) Little dislocation activity is observed near the anode end of the wire (Cu enhanced). 
 
Models of electromigration must now take into account these observed behaviors in 
schemes to improve interconnect reliability. Barabash et al. have proposed mechanisms 
to explain the observed grain behavior.38-40 
 
Plastic deformation near welds 
 
Welding is another critical materials technology where inhomogeneous deformation 
plays a crucial role. In welded parts, the strength of the final product is often determined 
by the welded material and not by the base metal. During welding, the local micro and 
meso structure of materials can be greatly modified, and depending on the process, the 
grain size can be increased or decreased, new phases can be introduced, and/or the 
material can be left with significant residual stress and plastic deformation. 
Polychromatic microdiffraction measurements have already been made on fusion welds41-

43, spot welds, and friction-stir welds44. Here we briefly describe observations made on 
Ni-based super alloy fusion welds. A typical fusion weld45 is illustrated schematically in 
Fig. 13. 
 
In a fusion weld, two parts are brought into close proximity, and the joint between two 
parts is raised to a sufficiently high temperature to melt the interface. There are three 
important zones: (1) the original base material that is far enough from the weld that it not 
affected by the welding process; (2) the heat affected zone where plastic deformation and 
residual stresses are introduced into the grains; and (3) the fusion zone where the base 
material hardens after being heated into a liquid and subsequently solidified. In addition 
weld scientists refer to the fusion line along the boundary between the heat-affected zone 
and the fusion zone and the centerline that defines the geometrical center of the weld. 
 
In-situ real time measurements of welds have found that during solidification, welds may 
exhibit transient phases 46-48, and it is well known that dendritic growth during 
solidification leads to inhomogeneous chemistry and possible multiple phases in alloy 
welds. X-ray and neutrons studies have also identified the development of residual stress 
in welded materials.  
 



Polychromatic microdiffraction has the ability to probe grains within the various zones 
and finds strikingly different deformation behavior in the different zones. We have 
analyzed the local dendrite-to-dendrite microstructure of the FZ and HAZ in RENE-5 
nickel-based single-crystal superalloy welds. The surface normal was in the [310] 
direction. Chemical composition of the alloy is shown in the table 
Table  
 
Alloy Cr Ti Mo W Re Ta Al Co Hf B C Σ 

Rene N5 7.0 1.0 2.0 5.0 3.0 7.0 6.2 8.0 .15 .004 .05 17.0 

 
As illustrated in Fig. 14, for this Ni-base super alloy weld, the Laue spots are sharp near 
the weld centerline, but grow near the fusion line. Largest deformations are in fact 
observed in the HAZ and close to the FL of the weld. The observed behavior is believed 
to result from the formation of inhomogeneous stresses, lattice rotations, and plastic 
deformation in different zones of the weld.41-43 Dissolution of the γ' - phase particles 
during heating and secondary precipitation of γ' during cooling is found, as well as 
formation and multiplication of dislocations. In the immediate vicinity of the FL, the 
spatial and temporal temperature gradients are maximized, which causes the formation of 
a high density of dislocations. Dislocations are concentrated in the γ matrix of the single 
crystal superalloy. 
 
Plastic deformation in single crystals 
Although it is clear that the presence of grain-boundaries, free surfaces and other 
interfaces play critical roles in the deformation of polycrystalline materials, the behavior 
of even single crystals is currently beyond the scope of existing theory. Larson et al.49 
have recently reported 3D measurements of deformation formation in perfect Cu single 
crystals by nanoindentation. These measurements can be directly compared to theoretical 
models, as the small volume of deformation can be both experimentally interrogated with 
polychromatic microdiffraction and can be theoretically modeled. Furthermore the 
measurements are highly reproducible and include well-understood boundary conditions. 
Other 3D measurements of single crystal Cu during tensile measurements50 are also 
underway. These measurements tie direct to the extensive body of surface measurements. 
 
Future 
The main drawback to differential aperture microscopy is the time required to map three-
dimensional volumes. Area detectors employed at current facilities require about 2-8 
seconds to readout an image. At best it takes at least one image for every volume element 
(voxel) of reconstructed data. In practice about 50-100 reconstructed depth-profiled 
images can be determined in 15 minutes (~10 seconds/voxel). More than 115 days are 
therefore required to map a volume resolved into 100x 100 x 100 voxels and even a 
single internal surface with 100 x 100 voxels requires about 1 day of measurements. 
However, on station 34-ID-E the data collection time required can be ~10 msec and could 
be made even shorter with slightly more efficient optics. The actual data collection time 
required for 106 voxels, is therefore less than 3 hours, ~103 faster than experimentally 



realized. To reach this goal, much faster detectors will soon be deployed on beamline 34. 
With 10-100 frames/second readout, we anticipate the ability to produce photograph 
quality images of tensor element distributions in 3D. This will enable a new capability: 
the ability to search for interesting physical features inside a sample, and then to follow 
the mesoscale structural evolution through processing steps. This will also allow for 
careful tests of mesoscale deformation models that include boundary conditions before 
during and after mesoscale evolution. When rapid readout capabilities are coupled with 
energy-sensitive x-ray pixilated arrays, it will be possible to accurately determine the 
local stress tensor rapidly without the need for monochromatic scanning. This additional 
feature will further evolve polychromatic microdiffraction into an indispensable tool for 
understanding inhomogeneous deformation. In addition, the technology exists to produce 
far smaller beams than are presently employed. Beams around 20 nm will allow for 
nondestructive measurements of embedded nanoscale structure on a length scale that will 
provide a direct link to atomic scale models.  
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Fig. 1. A two-dimensional modified Ewald’s sphere diagram. In reciprocal space, the 
momentum of an x-ray beam depends on its direction and wavelength. For short 
wavelength (green) the momentum is larger than for large wavelength (black). The 
momentum transfer is equal to the vector difference between the final and incident x-ray 
momentums. For a fixed wavelength all-possible momentum transfers lie on a sphere. 
The centers of the spheres for different wavelengths lie along the incident beam direction 
and touch at the 0,0,0 position (no momentum transferred). The Laue pattern observed by 
an area detector is made up of radial line integrals through reciprocal space. For a 
continuum source, lattice points that lie within the bounds of the minimum and maximum 
Ewald’s spheres and which have scattered beams within the solid angle of the detector 
contribute to the line integral. 
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Fig. 2. As a polychromatic x-ray beam penetrates a crystalline sample, it generates Laue 
patterns from each subgrain along the beam. The Laue patterns overlap at the detector. 
The overlapping Laue patterns can be resolved by passing an absorbing wire near the 
sample surface; intensity from the sample that passes near the edge of the wire is either 
passed or occluded by small wire motions.  
 



 
 
Fig. 3. (a). The number of reflections and symmetry can be used to identify phases. In 
addition, the orientation of the pattern can determine the local orientation of the grain(s). 
In the figure on the left, a GaN film is aligned to a SiC substrate. Small shifts in the 
relative orientation can be measured by zooming in on the Laue spots. (b). In this sample, 
the Bragg planes are curved and smear the Laue spots. (c). By measuring the angles 
between spots, it is possible to determine the local deviatoric strain tensor. If in addition, 
the energy of one spot is measured, then the full strain tensor can be determined. 
 



 
 
Fig. 4. The necessary parts of a polychromatic microdiffraction instrument are 
schematically illustrated. An intense source is used to pass either a polychromatic or a 
monochromatic beam onto the sample. The beam can be rapidly changed between a 
monochromatic beam and a polychromatic beam by inserting or removing a 
nondispersive monochromator. The beam is then focused with a nondispersive 
Kirkpatrick-Baez mirror system onto the sample. The sample is moved under the fixed 
beam with a precision sample stage. An x-ray sensitive CCD area detector collects the 
pattern. If the sample is resolved in 3 dimensions, then a wire that acts like a knife edge 
or differential aperture is passed near the sample surface. 



 
Fig. 5 Three schemes have already been employed to provide a nondispersive 
monochromator. At beamline 33-ID-E (top), the monochromator is ~40 m from the 
source and the beam displacement through the two-crystal system is about 1 mm (0.5 mm 
gap). The 25-microradian angular differences between rays that reflect off the 
monochromator compared to rays that pass the monochromator when it is removed is 
compensated by heating the second crystal, which optimizes the reflectivity at a slightly 
different Bragg angle. On beamline 7.3.3 (middle) a four-crystal system is used. The 
crystals are mounted so the beam can pass between the crystals when the crystal angle is 
set to near glancing conditions. On the VESPERS beamline two beams are deflected by 
upstream mirrors at slightly different angles. This compensates for the 100-microradian 
difference in the angles of the two beams before they reach the monochromator. 
 
 



 
Fig. 6. The brilliance of an APS undulator A peaks at the harmonics. Highest 
monochromatic brilliance is achieved with the undulator on axis. However, even off axis, 
the brilliance between the harmonic peaks is two orders of magnitude higher than for a 
bend magnet or super bend magnet source.  For polychromatic studies it is often useful to 
operate off axis where the spectrum is more uniform as a function of x-ray energy. 
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Figure 7. Schematic diagram of the experimental setup. The tensile sample is seated at 45° with 
respect to the incident polychromatic beam. Laue images are collected using a CCD. Orientations 
of the grains parallel to the tensile length are shown on the measured sampling regions with the 
color legend shown on the right. The regions of a grain selected for measurements are highlighted 
by white dots. 



 
 

 
 
Figure 8. Plotted above is the distribution of changes in misorientation, ω, for all the 
measured volume elements lying in the intercrystalline regions as a function of the 
original grain boundary angle, θ.  θ is defined as the misorientation between two 
neighboring grains before deformation. ω is defined as the misorientation between 
volume element in the grain boundary/triple junction region and the grain itself after 8% 
strain. The blue triangles are the measurements for the high angle low energy 
intercrystalline regions. 



 

 
 
 
 
 
Figure 9. Dimensions of the tensile sample. The red box highlighted the four grains 
measured in the experiment. 



 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 10. Comparison between experimentally obtained depth-resolved Laue images and 
the simulated images for depth = 15 µm. 



 

 
 
 
Fig. 11. Schematic of an electromigration test sample.



 
 
Fig. 12. (a) Laue spot before electromigration; (b) Laue spot after electromigration. 
 Arrow shows current direction.  



 
 
Fig. 13  Schematic of a fusion weld. 



 
 
Fig. 14 Photomicrography of the fusion zone, with Laue mages from various parts of the 
weld matched to the weld region. 
 
 
 
 
 


