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Three-Dimensional Orientation
Mapping in the Transmission
Electron Microscope
H. H. Liu,1 S. Schmidt,1 H. F. Poulsen,1 A. Godfrey,2 Z. Q. Liu,3 J. A. Sharon,4 X. Huang1,5*

Over the past decade, efforts have been made to develop nondestructive techniques for
three-dimensional (3D) grain-orientation mapping in crystalline materials. 3D x-ray diffraction
microscopy and differential-aperture x-ray microscopy can now be used to generate 3D orientation
maps with a spatial resolution of 200 nanometers (nm). We describe here a nondestructive
technique that enables 3D orientation mapping in the transmission electron microscope of
mono- and multiphase nanocrystalline materials with a spatial resolution reaching 1 nm. We
demonstrate the technique by an experimental study of a nanocrystalline aluminum sample
and use simulations to validate the principles involved.

Manymaterials are polycrystalline, mean-
ing that they are composed of a large
number of grains (crystallites) of dif-

ferent crystallographic orientations. A full three-
dimensional (3D) orientation mapping of such
polycrystalline grain structures (with information
about the position, size, morphology, and orien-
tation of each grain, as well as the topological
connectivity between the grains) is needed to re-

late the structure to properties. Such information
can be obtained with the 3D electron backscatter
diffraction technique (3D-EBSD) (1). This tech-
nique has a spatial resolution of ~20 nm, but it
requires serial sectioning of the sample as part of
the data collection process and, thus, is destruc-
tive. Recently, two nondestructive 3D x-ray tech-
niques that have a spatial resolution of, at best,
200 nm (2, 3) have been demonstrated. Elec-
tron tomography has been used to determine
the shape of isolated crystals with a resolution
down to 1 nm, but this method cannot be used
to obtain orientation maps (4). Furthermore, sev-
eral approaches (5–10) have been developed for
2D orientation mapping in the transmission elec-
tron microscope (TEM). In these approaches, the
crystal orientation is determined from diffrac-
tion patterns that are either recorded directly using
the diffraction mode (5–7) or reconstructed in-
directly from conical-scanning dark-field images
(8–10). These 2D methods are relevant when
the specimen thickness is smaller than the size
of the grains.

We describe here a technique for 3D orien-
tation mapping in the TEM (3D-OMiTEM) with
a spatial resolution on the order of 1 nm for spec-
imens that may be substantially thicker than
the average grain size. Similar to some of the
2D techniques (8–10), the data collection is based
on conical-scanning dark-field imaging. How-
ever, to enable the simultaneous reconstruction
of a complete 3D orientation map of all grains in
a sample volume, images are recorded at many
sample tilt angles. Furthermore, we have devel-
oped a new approach for the orientation deter-
mination and 3D reconstruction, based on the
GrainSweeper (11) and GrainSpotter (12) algo-
rithms originally developed for 3D reconstruction
of synchrotron diffraction data. In this approach,
the orientation of each voxel in the sample is de-
termined by a simultaneous analysis of all con-
tributing diffraction vectors derived from the
dark-field images over all beam and sample tilt
positions, thereby reducing the effects caused by
dynamical diffraction and multiple scattering. A
volume formed by adjacent voxels of the same
orientation is identified as a grain. The shape and
location of each grain are determinedwith the use
of a ray-tracing method based on the sample tilt
angles where the grain is visible in the dark-field
images. The angular resolution for the orientation
mapping is primarily determined by the step sizes
used for the conical scanning and the sample
tilting, whereas the spatial resolution is also de-
termined by the magnification used to record the
images. In general, however, more than 100,000
images are required to obtain nanoscale orienta-
tion maps.

To validate the principles of all procedures
involved in the data analysis, we used a software
package that incorporates dynamical diffraction
and multiple scattering effects (13) to simulate
electron diffraction from overlapping grains of
different orientations. This package was used in
combination with a 3D grain-orientation map
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of an aluminum polycrystal experimentally gen-
erated using 3D-EBSD to simulate a set of dark-
field images over a wide range of specimen and
beam tilt angles. The original grain size of the
aluminum sample is 2 mm,which is scaled down
by a factor of 100 to simulate a nanocrystalline
sample with grains of an average size of 20 nm
at a voxel resolution of 1 nm3. Figure 1A shows
a section through this “original” grain-orientation
map used as the input for the simulations. The
vertical direction is parallel to the sample thick-
ness direction, giving up to five overlapping grains
in the through-thickness direction. We performed
two simulations that generated conical-scanning
dark-field images over sample tilt angle ranges
of T60° and T90°, in each case with a step size
of 1°. These dark-field images were then used
as input data for the 3D-OMiTEM software.
Figure 1, B and C, shows the reconstructed
grain-orientation maps for the same section, for
the two cases. The black lines superposed on
Fig. 1, B and C, indicate the grain boundary
positions in the original map (Fig. 1A). The
mean mismatch error is 0.9 pixels (0.9 nm) and
0.5 pixels (0.5 nm) in the two cases, respective-
ly. The orientation difference for each grain
between the reconstructed maps (Fig. 1, B and
C) and the original map (Fig. 1A) is less than
0.2°. The good match in both the grain orien-
tations and the grain boundary locations suggests
that the algorithms used for the data collection
and analysis in the 3D-OMiTEM method are
valid.

We demonstrate the 3D-OMiTEM technique
by generating a 3D grain-orientation map of a
sample of nanocrystalline aluminum. An alumi-
num film of 150-nm thickness was produced by
pulsed electron beam evaporation (14). 2D obser-
vations from the surface plane and cross section

revealed the film to be composed of a mixture of
elongated grains and smaller equiaxed grains.
Using a tilt range from –30° to +30°, about 110,000
dark-field images were generated from a selected
area of 850 by 850 nm2 (14). Part of a 3D grain-
orientation map reconstructed using the new
technique is shown in Fig. 2. More than 100
grains with a wide spectrum of crystallographic
orientations are identified. The 3D shapes of many
grains are revealed as elongated, but equiaxed
grains of smaller sizes embedded in the analyzed
volume are also found, in good agreement with
the 2D observations. Based on a comparison of
the reconstructed grain structure with the dark-
field images of individual grains, the resolution
of the technique is estimated to be ~two to three
pixels (for the magnification range typically used
for analysis of nanocrystalline materials, one pix-
el corresponds to 0.2 to 2 nm).

The volume that can be mapped using 3D-
OMiTEM is determined by the TEM sample
thickness, which is typically 100 to 300 nm in
foils examined at standard operating voltages
(200 to 300 kV) and up to 1 mm in 1-MeV in-
struments, and by the electron illuminated area,
which can be as large as several tens of square
micrometers, depending on the magnification
used in the microscope. For a nanocrystalline
material with a grain size of 30 nm in a sample of
thickness 200 nm and at a magnification giving
a resolution of 1 nm, there will be on the order
of 10,000 grains in the analyzed volume, pro-
viding good statistics of 3D structural parameters.
The ability to observe changes in grain structure
in the interior of nanocrystalline samples under
conditions such as variable stress and temper-
ature will yield information on materials behav-
ior with minimized surface effects and will allow,
for the first time, direct testing of physically based

models of 3D structural evolution in nanocrystal-
line materials.
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Fig. 2. 3D grain-orientation map from part of a
150-nm-thick aluminum film specimen. The colors
represent different crystal orientations with a tol-
erance of 2°.

Fig. 1. (A) Section of a
rescaled experimentally
obtained 3D-EBSD grain-
orientation map of alu-
minum. The tilt axis is
parallel to the x axis.
(B) Reconstructed grain-
orientation map for the
same section based on
a sample tilt range of
T60°. (C) Reconstructed
grain-orientationmap for
the same section based
on a sample tilting range
of T90°. The same color
coding, representing crys-
tallographic orientation,
is used throughout. The
black lines in (B) and (C)
indicate the grain bound-
ary positions in the orig-
inal map (A).
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