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A B S T R A C T

Nanostructured metals possess various excellent properties and offer the potential for a wide range of applica-
tions. Improvements in the properties and performance of nanostructured metal components motivate a complete
characterization of the microstructures and crystallographic orientations of nanostructured metals with nanoscale
spatial resolution. Two well developed orientation mapping techniques for such characterization are electron
backscatter diffraction (EBSD) in the scanning electron microscope and precession electron diffraction (PED)
using diffraction spots in the transmission electron microscope. However, these methods can only characterize the
structure in two dimensions. It is still a great challenge to characterize grains in three dimensions, i.e. from the
interior of the nanostructured metals. Recently, three-dimensional orientation mapping in the transmission
electron microscope (3D-OMiTEM) was developed and further improvements of this technique are introduced in
this paper. Utilization of these orientation mapping techniques for structural and orientational characterizations
are demonstrated by examples of surface-deformed metals with gradient nanostructures, and a sputtered gold film
of nano-islands containing nanograins. The merits and challenges of each of these techniques are discussed and
suggestions for further developments are proposed.
1. Introduction

Nanostructured metals have attracted much research interest over the
past two decades on account of their excellent mechanical, physical,
chemical and other properties [1–6]. Already a number of applications of
nanostructured metals can be found in the fields such as microelec-
tronics, nanotechnology and catalysis. The properties and performance of
the components in micro-electronics structures and ensembles of cata-
lysts are, to a large extent, determined by the morphologies, sizes/vo-
lumes, crystallographic orientations, etc., of the individual nano-sized
grains in such nanostructured metals. To understand and further improve
nanostructured metals, a detailed and complete characterization of these
structural parameters, especially the crystallographic orientations, at
high nanoscale spatial resolution, is therefore required. Electron micro-
scopes are well adapted to fulfill such requirement because of their high
spatial resolution. In the past decades, various electron microscope
techniques have been developed for orientation determination. In these
ratory for Light Alloys (MOE), Co
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techniques the orientations are typically determined either using Kikuchi
patterns, both in the scanning electronmicroscope (SEM) [7,8] and in the
transmission electron microscope (TEM) [9,10], or using diffraction spot
patterns (including directly obtained patterns and reconstructed
diffraction patterns, i.e. by dark field conical scanning) in the TEM
[10–13]. Based on such spatially resolved data, individual orientations
can be displayed on a regular grid so that the characterized microstruc-
tures can be reconstructed. This method of microstructure reconstruction
based on crystallographic orientations is normally called orientation
mapping.

The most popular orientation mapping techniques include (but are
not limited to) electron backscatter diffraction (EBSD) in the SEM [7,8],
automated two-dimensional (2D) precession electron diffraction (PED) in
the TEM [14,15] and three-dimensional orientation mapping in the
transmission electron microscope (3D-OMiTEM) [16]. The angular res-
olutions of these techniques are 1–2� or better depending on the micro-
scope working conditions and the state of materials under investigation.
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Fig. 1. A low magnification ECC image showing a gradient structure observed
from the tangential section of a sample of pure Cu processed by high pressure
surface rolling [26]. The dashed white line marks the surface.
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Such angular resolutions are suitable for mapping nanostructured metals
produced by different processes as they are mainly characterized by
boundaries of misorientation angles larger than 1�. However, the dif-
ferences in the spatial resolution are significant among these techniques,
and this determines the selection of appropriate techniques for mapping
nanostructured metals of different characteristic scales.

In this paper, we provide a brief review on the use of the 2D and 3D
orientation mapping techniques for structural and orientational charac-
terizations in nanostructured metals with a particular focus on the spatial
resolution of these techniques. The use of SEM-based 2D EBSD and TEM-
based 2D PED techniques is demonstrated by examples of characterizing
surface deformation induced gradient nanostructures, where the struc-
tural scales vary over a wide range from about a few nanometers to
several hundred nanometers. The use of 3D-OMiTEM is demonstrated by
characterization of a gold nano-island film, where the structure is rela-
tively uniform and on a length scale of less than 100 nm. The micro-
structural parameters and crystallographic characteristics of these
Fig. 2. EBSD maps at various depths from the surface in HPSR-processed Cu [26] (sa
and (d) > 1200. The white dashed line in (a) indicates the surface. Non-indexed poin
shown in black.
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nanostructured metals are analyzed and some merits and challenges
regarding each technique are discussed, with further developments
suggested.

2. 2D Grain orientation mapping of gradient nanostructured
metals

Several different techniques involving surface plastic deformation
have been developed for generating gradient nanostructures at a metal
surface, including surface mechanical attrition treatment [17–19],
modified shot-peening [20,21], surface mechanical grinding treatment
(SMGT) [22], frictional sliding deformation [23–25] and high-pressure
surface rolling (HPSR) [26]. Two of the important characteristics asso-
ciated with the resulting surface gradient nanostructures are the micro-
structural gradient and the textural gradient [1,24], and each of these
results directly from the strain gradient and strain-rate gradient gener-
ated by the applied surface plastic deformation. The details of the
structural and textural gradients depend therefore on the processing
technique and the processing conditions, as well as on material param-
eters. Such precise characterization of the microstructural and textural
gradients is very important for guide the improvement of properties and
performance of metallic components treated to produce such gradients.

The range of grain sizes of a gradient nanostructured metal is argu-
ably the most important parameter to consider when choosing a relevant
grain orientation mapping technique. In this section, two examples of
grain orientation mapping, by 2D SEM-based EBSD and by TEM-based
PED techniques, are given to show how microstructural and textural
information can be obtained in surface gradient nanostructured metals.
me sample as shown in Fig. 1). (a) 0-300 μm, (b) 300-600 μm, (c) 600-1200 μm,
ts, which are related mainly to grain boundaries and second phase particles, are



Fig. 3. {111} pole figures generated from the EBSD data shown in Fig. 2 [27]. Note that some of the original EBSD data sets were divided into subsets along the depth
for plotting the pole figures.
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2.1. Grain orientation mapping by SEM-based EBSD

Fig. 1 shows a SEM electron channeling contrast (ECC) image of a
pure Cu sample processed by HPSR [26] covering the entire deformed
layer, from the surface (dashed line) to the coarse grains in the unde-
formed matrix 2 mm below the surface. The sample illustrates typical
features of a gradient microstructure.

Grain orientation mapping was carried out for a series of maps taken
along the depth direction in the HPSR-processed Cu, as shown in Fig. 2
[26]. In these maps, black dots indicate unindexed points. A gradient
Fig. 4. TEM-based PED orientation maps obtained in the topmost surface layer of a N
[33]. (a, b) SD and ND inverse pole figure maps. (c, d) PED patterns obtained from loc
figure obtained from the entire mapped region.
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structure from the topmost surface to the coarse-grained bulk is clearly
observed in Fig. 2(a–d). The black layer on the left side of Fig. 2 (a)
corresponds to the microstructure in the top ~10 μm in Fig. 1. In this
layer details of the microstructure cannot be resolved using EBSD on
account of both the fine grains and the high density of defects within the
grains. At depths of 10–600 μm, an indexing fraction rate of about
73–75% is achieved. The orientation maps (Fig. 2(a) and (b)) reveal a
lamellar structure parallel to the sample surface with a gradual increase
of the boundary spacing from 110 nm at a depth of ~20 μm to about
580 nm at a depth of 600 μm. The indexing fraction further increases to
i-based alloy plate sample processed by a surface mechanical grinding treatment
ations A and B as shown in (a) containing fine deformation twins. (e) {111} pole



Fig. 5. Examples of possible situations of grain overlapping that may cause difficulties in indexing grain orientation and generating reliable grain orientation maps. In
the map, red grains represent the grains that can be indexed; while blue grains represent the grains that cannot be indexed.
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84% in the depth range of 600–1200 μm, where a transition region is
formed, composed of the lamellar structure and slightly refined grains
(Fig. 2 (c)). At depths greater than 1200 μm, the indexing fraction is
about 95% (Fig. 2 (d)). As seen in the right side of Fig. 2 (d) the grains are
slightly deformed but otherwise are similar in appearance to those in the
unaffected annealed microstructure at depths larger than 2000 μm.

Fig. 3 shows {111} pole figures corresponding to the material at
different depths, and illustrates the evolution of texture in the HPSR
treated Cu sample with increasing deformation [27]. Here ND refers to
the normal direction of the surface-deformed plate and RD refers to the
rolling direction (the tangential direction of the rotating rollers used in
the surface-deformation process), which is parallel to the vertical direc-
tion of the EBSD map in Fig. 2. It is seen that in the surface region
(0-75 μm) a weak shear texture with dominant {001}<110> and{111}<
110> components is formed. One interesting observation is that the
shear texture is stronger in the volume 75-300 μm from the surface. At
larger depths (300-450 μm) the texture is dominated by the components
close to the Brass and Copper components. At still further depth from the
surface the texture becomes weaker. The development of well-defined
shear texture components in the surface region suggests that the HPSR
processing results in strong shear deformation at the surface, similar to
that reported during sliding [23] and SMGT [22].

As shown in Fig. 2, the topmost layer of the HRSR-processed Cu
cannot be indexed by the SEM-based EBSD technique, even though these
maps were obtained using a field-emission gun SEM. However, the
boundary spacing (grain size) can be estimated from high-magnification
ECC observations [26], where a finest boundary spacing of about 50 nm
is observed in this layer. SEM-based EBSD is nowadays the most popular
technique for orientation mapping. The spatial resolution depends on the
mean atomic number, Z, of the examined material, and on other oper-
ating parameters, such as the accelerating voltage, beam current, as well
as the internal strain and defect density of the examined material. Higher
spatial resolution than in the present experiment has been reported [28]
for example for fully recrystallized grains. However, it is generally agreed
that the practical spatial resolution under normal conditions is on the
order of 20–50 nm. The biggest limitation in the spatial resolution of
EBSD is related to the excitation volume resulting from electron beam
interactions in the examined material. Various methods have been pro-
posed to improve the spatial resolution of EBSD, such as reduction of the
accelerating voltage [29]. Another successful method where a higher
spatial resolution has been achieved is transmission EBSD (t-EBSD) [30,
31]. The essential point of this method is a reduction in the interaction
volume, achieved by changing the EBSD geometry to allow the use of thin
foil TEM samples. Such methods are still limited however by the
beam-sizes that can be formed in a SEM instrument. As outlined in the
next section a further improvement in orientation mapping can be
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achieved by using a TEM.
2.2. Grain orientation mapping by TEM-based PED

The TEM has much higher spatial resolution than the SEM, mainly
due to its much smaller electron beam spot size. As such, a series of
orientation mapping techniques in the TEM have been developed,
including automated crystal orientation mapping based on PED.

The TEM-based PED method a proven and a useful quantitative
technique allowing grain size and texture analysis with a spatial resolu-
tion down to a few nanometers [15,32]. This technique has been used
already for mapping grain orientations in the surface gradient nano-
structures of several metals and alloys [33–35] generated by the appli-
cations of different surface plastic deformation treatments. Fig. 4 shows
an example of orientation maps obtained in a commercial Ni-based su-
peralloy plate processed by flat surface mechanical grinding [33]. In this
figure, the plate surface normal direction is defined as ND and the
grinding direction is defined as SD [33]. Also shown in this figure are
inverse pole figure maps for SD and for ND covering only the topmost
1.3 μm-thick layer [33] of a deformed sample (Fig. 4(a)). A clear gradient
structure is seen, composed of a 350 nm-thick layer of mixed equiaxed
and lamellar nanograins, and a 650 nm-thick lamellar nanograin layer.
Deformation twins (indicated by arrows) as fine as 8 nm can be also
recognized by indexing the PED patterns; examples are shown in Fig. 4(c)
and (d). Based on the PED orientation mapping, the crystallographic
texture of the surface deformed layer was identified as a mixture of a
strong shear texture component, {001}<110>, and a minor Copper
component, {112}<111>. The formation of shear texture components is
a result of the shear deformation introduced by the surface grinding
process.

One of the difficult challenges for the TEM-based PED method is
determination of crystallite orientations in the topmost layer of gradient
nanostructures, as even in a thin-film sample there may be overlapping
grains in the through-thickness direction, with the recorded diffraction
signal arising from more than one grain. Fig. 5 shows examples of
possible situations where grains overlapping through the sample thick-
ness may generate difficulties in achieving correct indexing of the grain
orientations. The situation on the far left shows the ideal case in which
the sample thickness consists only of a single grain and therefore results
in a single diffraction pattern that can be easily indexed. When two or
more grains are overlapping along the electron beam direction (the
remaining cases shown in Fig. 5), more complicated diffraction patterns
will be arise, and in these patterns one or more sets of diffraction patterns
may dominant depending on their orientation or volume dominance. The
orientation-dominated situation will arise in the case of one grain has a
low index zone axis close to the beam direction and thus forms a



Fig. 6. A gold nano-island film and its orientation mapping [41]. (a) TEM image
showing the distribution of gold nano-islands in the prepared film. (b) Plane
view of a reconstructed 3D orientation map. (c) Enlarged view of the area
marked by the red square-frame in (b). (d) Five cross-sectional (through thick-
ness) views of the reconstructed 3D orientation map of the gold nano-island
film. The colours in the maps represent the crystallographic orientations of
the grains; the white dashed lines in (b) indicate the locations where the Y-Z
cross-sectional views in (d) are obtained.
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diffraction pattern with a high intensity. In the case of a large grain with
such an orientation dominance, the diffraction pattern may be dominated
by one spot pattern, even though the electron beam passes through more
than one grain. A more general case, resulting in a more complicated
diffraction pattern, is where several grains with similar dominance of
orientation and volume overlap in the through-thickness direction, and
the corresponding diffraction pattern is a superposition of patterns with
similar intensities from the overlapping grains. This will lead to confu-
sion in the PED template-matching procedure. Additional the fact that
the PED technique assigns one orientation to each mapped location may
also result in errors in the orientation map, as no depth information
regarding the origin of diffraction signal for the indexed grains is avail-
able. As such grains that appear to be adjacent on the projected 2D map
may not in fact be neighboring grains in the sample volume.

The challenges in quantitative crystallographic characterization using
TEM-based spot diffraction methods, including PED, have been discussed
in detail by Bobler and Kübel [36]. In their study tilt series data were
collected over an angular range of 10� for a nanocrystalline Pd thin film
to see how the overlapping grains were revealed at different tilts. It was
found that many overlapping grains appeared and disappeared depend-
ing on the tilt angle and the evaluation parameters chosen for the
cross-correlation between the experimental and simulated (template)
diffraction patterns. The results of this study also revealed that some
orientations were more dominant than others during the
template-matching procedure between experimental and simulated
diffraction patterns, and that a measure of high reliability was not a
sufficient criterion to exclude overlapping grains.

The challenge in indexing superimposed diffraction patterns that may
arise from overlapping grains is an inherent problem in the study of
nanostructured materials for any TEM-based technique, including the 2D
dark field conical scanning technique [12,13], as well as for the
SEM-based t-EBSD method [30,31]. In order to overcome this limitation
and to distinguish the diffraction signal from overlapping nanograins, 3D
orientation mapping techniques are thus required where diffraction
signal from overlapping nanograins can be resolved, allowing accurate
three-dimensional spatial information.

3. 3D grain orientation mapping of a gold nano-island film

Noble metal (i.e. Au, Ag) nano-island films or nanoparticle films have
a diverse range of applications in fields such as catalysis, energy, biology,
and nanotechnology and have recently attracted much attention [5,6].
The performance and reliability of these nanomaterials are controlled by
structural parameters such as the morphology [37] and the crystallo-
graphic orientations of the films [38], as well as of any defects present
(such as multiple twin structures [39]). Detailed characterization of these
structural parameters is therefore essential both to allow the develop-
ment of improving synthesis methods and to facilitate a better under-
standing the functionality of this class of nanomaterials. Traditional SEM
and TEM methods have been used to characterize the crystallographic
and morphological characteristics of nano-islands or nanoparticles. In
such materials, however, each nano-island or particle may consist of a
group of grains that may also overlap in the thickness direction of the thin
film, and as such a three-dimensional technique is required for a full
characterization of the morphology and crystallography of the
nano-islands or nanoparticles in these films [36,40].

In a recent study [41], a gold nano-island film, deposited by ion
sputtering at room temperature in a vacuum, was characterized by an
improved 3D-OMiTEM. The raw data for 3D grain orientation mapping
are dark field images acquired by combining dark field conical scanning
[16] and sample tilting. The data acquisition was carried out using a
JEM-2100 TEM equipped with a fast TVIPS camera and the EM-Tool
software system, allowing image recording at a speed of more than 20
fps. This data acquisition speed is 10 times faster than the first imple-
mentation of the 3D-OMiTEM technique [16]. Detailed procedures of the
dark field conical scanning procedure at each sample tilt are described in
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[41]. The conical scanning process was repeated at different sample tilts
over the range of -70� to þ70� at steps of 1� using an EM-21311HTR
single high tilt holder. In total, more than 200,000 dark field images
were recorded for the orientation analysis and 3D reconstruction.

In addition to an enhancement in data collection speed, significant
improvements have been achieved in the data processing since this
technique was first proposed [16]. These include tomographic alignment
at different sample tilts, carried out by calculating the image drift using a
subpixel image registration algorithm [42], and tilt axis correction
determined from the fast Fourier transformation (FFT) of the average
intensity projection of all bright field images [43]. An adaptive spatial
filter [44] was also used to improve the signal-to-noise ratio of the dark
field images. Additionally, reliable intensity transformation [45] and
binarization functions [46,47] have been applied to the dark field im-
ages. The final 3D orientation map was reconstructed using a
dictionary-based forward indexing algorithm. The final reconstructed
data set comprised a volume of 200� 1024� 1024 nm3 with a resolution
of 1 nm3/voxel. An in-house code modified from the algorithm described
in Ref. [48] was applied to identify the grains in the 3D orientation map.
Values of equivalent sphere radius (ESR) were calculated [49,50] for
both the islands and the grains inside each island.

Fig. 6 (a) shows a bright field TEM image of a region of the film where
the gold nano-islands are uniformly distributed. It can be seen some
islands are equiaxed whereas others have an elongated rod shape. Fig. 6
(b) shows a plane view of the reconstructed 3D orientation map of the
same area. Note that the sample coordinate system shown in Fig. 6 (b)
was defined with the X direction parallel to the sample tilt axis, the Z
direction parallel the electron beam, and the Y direction as a cross
product of the Z and X directions. Fig. 6 (c) shows an enlarged view of the
area marked by a square frame in Fig. 6 (b). Several remarkable features
of these results can be noted, including: (1) there is a one-to-one corre-
spondence between the islands seen in the bright field image (Fig. 6 (a))



Fig. 7. Histograms showing sizes, expressed at the equivalent spherical radius (ESR), of gold nano-islands (a) and grains inside the nano-islands (b). (c) Relationship
between the number of grains inside individual islands and the ESR of gold nano-islands [41].

Fig. 8. Unit triangle projections showing the distribution of orientations of the
grains in the gold nano-island film [41].

Fig. 9. Distribution of misorientation angles across the grain boundaries in gold
nano-islands [41]. Insets show the rotation axes corresponding to the misori-
entation peaks at 40� and 60�.
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and in the orientation map (Fig. 6 (b)); (2) most of the islands are
composed of a cluster of grains of different orientations; and (3) the
grains within a given island vary significantly in size. To illustrate this
further Fig. 6 (d) shows five slices of the 3D orientation map, illustrating
the morphological and crystallographic features through the film thick-
ness (Z-direction). It is seen that for some islands the grains penetrate
through the film thickness while for others the grains overlap on top of
each other.

In the final reconstructed 3D orientation map, more than 500 islands
and 7000 grains can be identified. Histograms of the ESRs calculated for
the islands and for the grains are shown in Fig. 7(a) and (b), respectively,
with both showing a wide distribution. The average ESRs of islands and
grains are 13 nm and 5.3 nm, respectively. The smallest diameter of a 3D
reconstructed grain is only 3.4 nm (ESR ¼ 1.7 nm), highlighting the high
spatial resolution of the improved 3D-OMiTEM technique. Fig. 7 (c)
shows the correlation between the number of grains inside individual
islands and the ESR of the gold nano-islands. It is seen that on average the
number of grains inside an island increases with increasing island ESR,
although the values vary within a certain range. From a stereological
analysis, the average number of grains within one island should be (13/
5.3)3 ¼ 14.8, which is in a good agreement with the measured average
number of 14.

Fig. 8 shows the distribution of the X, Y and Z axis directions for all
the identified grains in a standard unit triangle projection. It can be seen
that the gold island film has a very weak texture, indicating that the
grains in the nano-island film are rather randomly oriented.
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Fig. 9 shows the distribution of misorientation angles for all identified
grain boundaries in the mapped nano-island volume, using a cut-off angle
of 5�. Two clear peaks, around misorientation angles of 40� and 60� are
seen. Their corresponding rotation axes are given in the two inset unit
triangles, and showing strong a strong concentration of axes near<110>
and <111>, respectively. These observations indicate that the presence
of large fractions of Σ9 and Σ3 boundaries in the islands, which is
considered to be related to the formation of first order (Σ3) and second
order (Σ9) growth twins in the gold nano-islands during the sputtering
process.

3D orientation mapping based on the acquisition of diffraction pat-
terns for every pixel, at every tilt, is possible [51,52] if individual
diffraction signals from superimposed diffraction patterns can be sepa-
rated [13], for example using the principal component analysis method
[53]. However, such a direct diffraction tomography technique for 3D
grain orientation mapping is not yet available. Instead, the present 3D
orientation mapping technique has been developed based on dark field
conical scanning over a large region of reciprocal space and using a series
of sample tilts [16]. This technique enables a precise and complete



G. Wu et al. Nano Materials Science 2 (2020) 50–57
identification of the size, orientation, location and neighborhood rela-
tionship of grains in the sample volume.

Remaining issues with this technique include the data acquisition
speed, possible distortions of the 3D grain orientation map caused by the
missing wedge effect, and the robustness of 3D reconstruction algorithm.
As can be seen in Fig. 6 (d) many grains are seen to be elongated in the
film thickness direction. Part of the reason for this elongated morphology
is related to the “missing wedge” effect [54], which arises due to the
restricted available tilt angle range in this experiment of �70� for data
acquisition. However, the aspect ratio of the grains that penetrate the
film thickness (Fig. 6 (d)) is obviously larger than 1.1, which is the value
expected for the distortion in the film thickness direction from a “missing
wedge” effect using a tilt angle range of �70� [54]. Therefore, the
elongated morphology of the grains is believed to be real and may result
from grain growth taking from the sputtering conditions used for the
sample preparation. To remove any “missing wedge” effects, for better
detailed morphological characterization of the shapes of grains and
islands, a tilt angle of 180� or larger for data acquisition is required. In
this regard the use of a 360� rotation TEM sample holder [55,56] is
currently being explored for the OMiTEM technique.

4. Concluding remarks

In this paper we have shown how two-dimensional SEM-based EBSD
and TEM-based PED techniques can be applied to obtain grain orienta-
tion maps, providing useful information on microstructural and textural
gradients. The resulting data clearly demonstrate that surface plastic
deformation can serve as an approach to produce surface gradient
nanostructures in metals and alloys with characteristic microstructural
and textural gradients. However, limitations and challenges still remain
for both types of technique. The SEM-based EBSD technique, despite
significant technological development in recent years, is still limited by
the EBSD signal source volume to a resolution in the order of 20–50 nm,
which is insufficient to measure accurately orientations of nanograins in
the topmost layer of gradient nanostructuredmetals. The TEM-based PED
method has been proven to be able to measure the orientation of grains as
small as a few nanometers. However, at this length scale it remains a
challenge to correctly distinguish and solve superimposed diffraction
patterns from overlapping grains aligned along the beam direction. A
similar problem exists also for the TEM-based 2D dark field conical
scanning technique and for the SEM-based t-EBSD method.

As a demonstration of an improved version of the 3D-OMiTEM
technique we have shown that it is possible to successfully characterize
the 3Dmorphological and crystallographic characteristics of a gold nano-
island film. For this a volume of 200 � 1024 � 1024 nm3 was recon-
structed, within which a 3D orientation map of islands and grains has
been generated and analyzed. The diameter of the smallest grain iden-
tified is 3.4 nm, demonstrating the high spatial resolution of the 3D-OMi-
TEM technique. In some islands many grains penetrate the full film
thickness, while other islands are composed of many grains overlapping
each other in the film through-thickness direction. Grains penetrating the
film thickness show clear elongation along the film thickness direction,
though such an elongation is partly attributable to the “missing-wedge
effect” due to the limited tilt angle range used for data collection. Further
improvement of the data acquisition using a 360� rotation sample holder
in TEM is required for a more accurate evaluation of the grain geometry,
and such an effort is underway.
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