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X-ray microbeam measurements of subgrain stress distributions in
polycrystalline materials
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Abstract

Three-dimensional (3D) measurements of strain tensor distributions with subgrain resolution are now possible due to an emerging class of
instrumentation: the 3D X-ray crystal microscopes. These instruments combine ultra-intense synchrotron X-ray sources and advanced X-ray
optics to probe polycrystalline materials with submicron spatial resolution. By employing polychromatic X-ray beams and a virtual pinhole
camera method, called differential aperture microscopy, 3D distributions of the local crystalline phase, orientation (local texture) and elastic
and plastic strain tensor distributions can be measured with resolution below the grain size of most materials. The elastic strain tensor elements
can typically be determined with uncertainties less than 100 ppm in brittle materials. Orientations can be quantified to∼0.01◦ and the local
unpaired dislocation density can be measured in ductile materials. Efforts are underway to improve the spatial resolution and increase the
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epth probed. Because the 3D X-ray crystal microscope is a penetrating nondestructive tool, it is ideal for studies of mesoscal
volution in materials. The unprecedented information that can be obtained with this new class of instrumentation is certain to a
nderstanding of the materials physics underpinning the behavior of polycrystalline materials.
ublished by Elsevier B.V.
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. Introduction

Although the behavior of most materials is depen-
ent on inhomogeneities with mesoscopic length scales of
.1–10�m, until recently no nondestructive tool existed with
oth the spatial resolution and the penetrating ability to study

rue three-dimensional (3D) mesoscopic structural evolution.
ow an emerging class of instrumentation is opening up this
ew frontier. The so-called 3D X-ray crystal microscope on
eamline 34-i.d. at the advanced photon source provides un-
recedented spatially resolved measurements of crystalline
hase, local texture (orientation), elastic and plastic strain.
tress in particular, is a key driving force for the evolution
f mesoscale structure in materials and has long been asso-
iated with aging and other changes in mesoscale structure
1,2]. Yet the materials physics of how local stress evolves
n materials, and how local inhomogeneities affect materials
ehavior is still elusive; experimental guidance has been lim-
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ited because three-dimensional stress distribution maps
mesoscopic spatial resolution have been difficult or im
sible to obtain. Nevertheless, there is compelling evid
of the importance of stress/strain inhomogeneities in ma
als. For example, in powder diffraction measurements,
well known, that the measured strain depends on the cr
lographic plane that is examined[3]. This is a consequen
of unequal stress loading between grains with different
entations and recent theoretical work has been devot
interpret the measured strains from many families of pl
in order to accurately determine average stress[4,5]. Simi-
larly, broadening of diffraction peaks is associated with l
stress/strain fluctuations termed microstress, to distingu
from average or macrostress[4,5].

The 3D X-ray crystal microscope measures the tota
cal stress tensor within a small volume. The total stress
superposition of type I (macroscopic stress); type II (in
crystalline fluctuations about type I stresses due to miso
tation and crystalline anisotropy); type III (intra-crystall
stresses). In general, engineers have concentrated o
I—macroscopic stresses—that describe an ensemble av
921-5093/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.msea.2005.02.035
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Fig. 1. Schematic of the 3D X-ray crystal microscope. The incident X-ray
beam is focused by nondispersive Kirkpatrick–Baez mirrors to a submicron
spot on the sample. A differential aperture cuts through the diffracted radi-
ation to identify the source of the diffracted intensity along the probe beam.
The diffracted pattern is measured by an X-ray sensitive CCD area detector.

over a small volume of the material that preserves force bal-
ance. Type I stress can be determined by integrating the
local stress measured by the 3D X-ray crystal microscope.
Types II and III stresses can then be recovered by subtract-
ing the type I contribution from the locally measured stress
distribution.

A schematic of the 3D X-ray crystal microscope[6–8] is
shown inFig. 1. In a typical experiment, a polychromatic
X-ray beam impinges on a nondispersive (focus indepen-
dent of wavelength) Kirkpatrick–Baez mirror pair. The total-
external-reflection elliptical mirrors focus the X-ray beam to
a submicron spot on the sample[9]. The sample is rastered
in the X-ray beam by a precision three-axis stage to select
a line through the sample for analysis. The Laue patterns
generated by each voxel illuminated by the X-ray beam are
collected by an X-ray sensitive CCD. The overlapping Laue
patterns from each voxel along the X-ray beam are separated
by a differential aperture that scans across the surface of the
sample[7]. From the separated Laue patterns, it is possible
to determine the phase, and orientation of crystalline struc-
ture within each voxel. In addition, it is often possible to
determine the deviatoric strain tensor and/or the deformation
tensor.

In order to determine dilatation (hydrostatic) strain, an
additional step is required: the energy of one reflection
must be determined. The reflection energy is determined
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2. Theory

White-beam Laue diffraction is a standard crystal-
lographic method used to determine crystal orientation
[15–17]. Although it has major advantages for microdiffrac-
tion, Laue diffraction is rarely used to measure strain/stress
because the precision of most Laue instruments is low com-
pared to modern monochromatic beam diffractometers, and
because the unit cellvolumecannot be determined with a
standard Laue measurement. Nevertheless, with suitable in-
strumentation, the Laue method can be used to precisely de-
termine the orientation (local texture) of individual grains and
their deviatoric strain (shape deformation of the unit cell).
Laue diffraction can also be extended, by measuring the en-
ergy of one or more reflections to determine the hydrostatic
strain and combined with the deviatoric strain, the full local
strain tensor. In order to measure straindistributions, a large
number of measurements must be collected which favors au-
tomated methods.

Single crystal diffraction directly measures the average
local strain tensor of the crystal through the orientation of
the unit cell and the distortion of the lattice parameters from
their (unstrained) values. This is distinct from powder diffrac-
tion averages and allows for direct calculation of the local
elastic stress. Consider, for example, a unit cell with lattice
parametersa andα and a Cartesian coordinate systemu ,
w here
t
u e
F thors
[

F that
u

y inserting a nondispersive monochromator into the X
eam and tuning to the energy of on the Bragg/Laue re

ion. The monochromator can be tuned over an∼10 keV
ange without displacing the X-ray probe focal posi
10].

Closely related to the 3D X-ray crystal microscope,
riangulation methods that have been used on X-ray m
copes at the ESRF[11,12]and SSRL[13], and on an earlie
rototype of the 3D X-ray crystal microscope at the A

14]. Triangulation can be significantly faster than differ
ial aperture microscopy, but is less amenable to autom
nd has lower intrinsic resolution.
i i i

hich is attached to the crystal. We adopt a notation w
he vectora1 is coincident with theu1 axis, a2 is in the
1u2 plane, andu3 is perpendicular to theu1u2 plane (se
ig. 2). Similar notation has been adopted by previous au

17–20].

ig. 2. Co-ordinates attached to the real-space unit cell. Note

1 = a1/|a1|; u3 = a1 × a2/a1||a2|sinα; u2 = a3 × a1.
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A position in the crystal can be specified either by a vector
in the Cartesian coordinatesvu or by a vector with unit cell
coordinatesv. The transformation from unit cell coordinates
to Cartesian coordinates is given by:

vu = Av

where

A =




a1 a2 cosα3 a3 cosα2

0 a2 sinα3 −a3 sinα2 cosβ1

0 0 1/b3


 . (1)

Here, theβis andbis are the reciprocal lattice parameters for
the unit cell.

A vector position attached to a crystal can move due to
rigid body translation of the crystal, due to rigid body rota-
tion of the crystal, or due to distortion of the crystal lattice
(strain)[21]. The average strain of a measured unit cell can
be determined by comparing the measured unit cell param-
eters to the unit cell parameters of undistorted material. Let
AMeasbe the matrix, which converts a measured vectorv into
the measured crystal Cartesian coordinates. LetA0 be the
matrix for anunstrainedunit cell, which convertsv into the
Cartesian reference frame of the measured (strained) crystal.
To ensure that there is no rigid body translation between the
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the two components:

εij =




ε11 − ∆

3
ε12 ε13

ε12 ε22 − ∆

3
ε23

ε13 ε23 ε33 − ∆

3




+




∆

3
0 0

0
∆

3
0

0 0
∆

3




(5)

where∆ = ε11 + ε22 + ε33.
Here, the first term is the distortion term and the second

term is the dilatation term. With microdiffraction measure-
ments, it is important to retain the full (nine parameter) in-
formation contained in the crystal strain tensorand local
grain orientation; the stress tensor can be determined from
the strain tensor and the anisotropic single crystal elastic con-
stants (stiffness modulii)[21].

Laue measurements directly determine the local crystal-
lographic orientation and deviatoric strain tensor elements
but not the dilatational component∆. For this component
the energy of one reflection must be identified as described
a
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easured unit cell and the unstrained unit cell, the orig
he unit cell vectors are made coincident. For convenie
e assumea1 of the unstrained unit cell lies along theu1 axis
nda2 of the unstrained unit cell to lie in theu1u2 plane.

A position vectorvu in the unit cell coordinates is found
he measured-crystal Cartesian coordinate reference fra
ositionA0v for the unstrained case and at positionAMeasv

or the strained case. With this definition, for the matr
MeasandA0 there is a transformation matrixT, which maps

rom unstrained to strained vectors:

Measv = TA0v (2)

The transformation matrix can include both distort
nd rotation terms and for unstrained crystalsT = I . From

he definition of the strain tensor,εij , the strain tensor i
he measured-crystal Cartesian-coordinate reference
s given by:

ij = Tij + Tij

2
− I ij. (3)

The strain tensor in the crystal reference frame can be
erted to a laboratory reference frame or to a sample refe
rame by using a rotation matrixR:

Sample
ij = RεijR−1 (4)

The strain tensor of Eq.(3) contains both a hydrosta
train (dilatation) and a distortion strain term. With the
rostatic strain,∆/3 defined as the mean strain compon
long each Cartesian axis, Eq.(3) can be written in terms o
t

bove.

. Instrumentation

Several experimental innovations are needed for a
ical 3D X-ray crystal microscope. For example, ellipti
otal-external-reflection mirrors with slope errors less t
1�rad are used to produce a small X-ray beam. T
irrors are made by differentially depositing Au onto X-
uality spherical substrates[9]. The small compact mirro
roduced by this method are easy to align and very st
e typically find that no alignment is required for months

eam operation. A special monochromator is also ess
or this class of instrumentation[10]. We use a small-offs
wo-crystal Si1 1 1 monochromator that is based on flex pi
otations. This instrument has been found to be very s
nd reproducible and allows for tuning over thousand
lectron volts with less than±1 eV uncertainty.

Particularly innovative is the use of a differential aper
o decode the origin of the intensity along the incident X
eam[7]. As shown inFig. 3, as the X-ray beam penetra

he sample it generates diffraction from the subgrains a
ts path. If a high Z wire is passed near the surface o
ample, it occludes some of the X-rays generated alon
-ray path. The wire position can be incremented by
icron steps parallel to the sample surface. The differ
etween the diffraction pattern before and after a small m
rises from rays passing near the front or back edge o
ire. Because the position of the wire can be determ
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Fig. 3. Schematic showing the principle behind differential aperture mi-
croscopy. Rays passing near the leading or trailing edge of the wire show
large changes in transmission as the wire is moved. The origin of the intensity
can be triangulated back to the source.

with high precision, and because of the large relative dis-
tance from wire-to-detector compared to from beam-to-wire,
the intensity at each pixel can be decoded to determine where
it originated along the beam. This method is called differen-
tial aperture microscopy.

4. Research directions

The 3D X-ray crystal microscope can both address
long-standing problems of fundamental interest to materi-
als physics, and provide specific insights and directions to
materials and process development programs. Examples of
fundamental issues that can be addressed by the 3D X-ray
crystal microscope include the role of stress on grain growth
and anisotropic deformation. For example, experiments are
currently underway to understand the role of 3D stress in
grain growth and coarsening of Al. Here, the morphology
and grain-boundary motions of individual buried Al grains
can be monitored and correlated to local elastic stress. Simi-
larly measurements of deformation in polycrystalline Ni in-
clude characterization of the elastic stress distribution. Here,
there is an interest in correlating local stress with local plas-
tic deformation, subgrain evolution and grain rotation. Al-
though these growth and deformation experiments are just

Fig. 4. (A) SEM image of a Sn film showing whiskers. The yellow lines
indicate the approximate surface region probed by the 3D X-ray crystal mi-
croscope. (B) False color maps indicating local cry stall ographic orientation
in two adjacent slices—2�m apart. Whiskers are clearly visible, projecting
out of the surface of the film near the left edge and center of the images.

now underway, they hold great promise as they can provide
direct guidance to growth and deformation computer sim-
ulation codes. To illustrate the unprecedented experimental
opportunities offered by the 3D X-ray crystal microscope we
describe two experiments currently underway.

4.1. Whisker development in Sn

The growth of Sn whiskers is a major problem hinder-
ing the development of lead-free solders. As illustrated in
Fig. 4A, whiskers develop from even thin Sn surface layers.
Despite long-standing interest in the growth of Sn whiskers,
there is continuing controversy over the key mechanisms
causing Sn whisker growth. To test various models there are
three key questions: (1) What is the orientation of whiskers
as compared to average texture? (2) What is the nature of
the grain-boundary network near whiskers? (3) What is the
stress distribution in and near whiskers? The 3D X-ray crys-
tal microscope is an ideal tool for addressing these key ques-
tions. Recent measurements with 2D X-ray microscopy have
begun to address the question of the average Sn texture com-
pared with the orientation of whiskers[22]. Recent mea-
surements with the 3D X-ray crystal microscope allow for
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a three-dimensional view of the whisker that includes the
interrelationship of the grain with its near-neighbor environ-
ment. In particular, as illustrated inFig. 4B, whisker crystal-
lographic orientation can be related to the crystallographic
orientation of neighbor grains and the grain boundaries can
be classified. In addition, by using differential aperture mi-
croscopy, the strain tensor within and near to a Sn whisker can
be measured. Since the local Sn environment is single crystal,
strain can be directly related to the local stress. Measurements
to characterize the stress distribution within a single whisker
are underway.

4.2. Grain-boundary stress behavior

Experimental measurements of grain-boundary properties
are an important area where the 3D X-ray crystal microscope
can provide new information that is essential for accurate
modeling of polycrystalline materials behavior. Recent mea-
surements with the 3D X-ray crystal microscope have demon-
strated the ability to precisely characterize grain boundary
type. In these measurements, the grain-boundary morphol-
ogy is measured to∼1�m and the crystallographic orien-
tation of the neighbor grains are determined within∼0.01.
Based on the misorientation between the two neighbor grains
and the grain-boundary normal, the grain boundary is clas-
sified according to coincidence site lattice theory. For exam-
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Fig. 5. (A) Near a grain boundary, the Laue patterns from two grains are
observed. The patterns can be indexed to precisely determine the orientation
of each grain. As shown in the indexed patterns from two nickel grains, many
reflections are recovered even from this simple fcc metal; (B) with differential
aperture microscopy, the 3D position of the grain boundary/X-ray beam
intersect can be determined. Assuming a locally planar grain boundary, three
noncolinear (linearly independent) intersects determine a grain-boundary
normal.

There is also a need to look deeper into materials and/or to
study materials with even finer grain size. Efforts are now un-
derway to develop nanofocusing optics with∼50 nm spatial
resolution. This will allow for measurements on materials
with characteristic structure an order of magnitude smaller
than currently possible. Efforts are also underway to extend
the microdiffraction X-ray method to neutron probes where
grains far below the sample surface can be probed.

Although new directions of 3D X-ray crystal microscopy
are still emerging, it is clear that this new class of instrumenta-
tion opens important opportunities for the study of materials.
The unique ability to study strain/stress distributions in 3D
with submicron resolution is certain to advance our under-
standing of materials.
le, as illustrated inFig. 5, the surface normal of the gra
oundary can be determined from the position of three g
oundary interceptsif the surface is assumed to be loca
at. Measurements of local stress distributions near the
oundary can be used to model the elastic/plastic resp
f the grain boundary to local stress. Of particular intere

he ability of grain boundaries of various types to carry s
oads. Measurements of the shear load capacity of va
rain boundaries will provide essential new information
odelers. Experiments following anisotropic plastic de
ation are currently underway, and measurements of e

train distributions near grain boundaries are planned.

. Future developments

The ability to map out statistically significant sample v
mes is limited primarily by detector readout speed.
CD camera can readout in about 2 s, whereas the exp

ime needed for good diffraction images varies from ab
to 50 ms. Even faster exposure times are possible

volving X-ray optics. We estimate that better mirrors
he removal of a graphite commissioning window from
eamline could decrease exposure times by a factor of 10

herefore quite reasonable to imagine an optimized 3D X
rystal microscope, which can collect images at∼20–200 Hz
his will accelerate our data acquisition by more than 2
ers of magnitude, will qualitatively improve measurem
f mesoscale dynamics, and will allow for the study of la
olumes with better spatial resolution.
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