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ABSTRACT

Global Digital Image Correlation (DIC) is applied on the electron diffraction patterns acquired by the
“on-axis” Transmission Kikuchi Diffraction (TKD) technique. High-angular resolution (HR-TKD) mappings
of the grain internal disorientations and the associated geometrically necessary dislocation densities are
then derived at a nanoscale resolution. Tailored for the fine characterization of nanomaterials in the scan-
ning electron microscope (SEM), the method is illustrated on a nanostructured high-purity aluminium
processed by severe plastic deformation (SPD) and its performances are discussed in the light of imaging
by transmission electron microscopy (TEM) and by SEM using a forescatter electron detector (FSD).

As compared to coarse grain polycrystalline materials, nanos-
tructured metallic materials (NMM) show outstanding mechani-
cal properties such as superior strength. This stems from their
extreme grain refinement as obtained for instance by high en-
ergy ball milling [1] or by severe plastic deformation (SPD) [2].
In order to understand the plastic deformation mechanisms and
the grain fragmentation processes [3] leading to such microstruc-
tures, crystallographic orientations are commonly investigated by
means of electron diffraction techniques. In the scanning electron
microscope (SEM), assessing grain internal disorientations and ge-
ometrically necessary dislocation (GND) densities at both high spa-
tial and angular resolutions remains a challenging task, which the
present article addresses in the case of aluminium deformed by
equal channel angular extrusion (ECAE).

As a first challenge, a nanoscale spatial resolution is required.
The common Electron backscattered diffraction (EBSD) technique
has an effective lateral resolution of about 50 nm [4]. Character-
izing nanocrystalline materials is only possible in heavy elements
such as platinum [5]. To overcome such limitations, Keller and
Geiss [6] introduced the Transmission Kikuchi Diffraction (TKD)

technique in 2012 where a 50-150 nm thin foil is observed in
transmission in the SEM. Reaching spatial resolutions between 3
and 10 nm [6,7], which is not far from the one nanometre achiev-
able in Transmission electron Microscopy (TEM) [8], TKD was first
applied to NMM by Trimby et al. [9]. In 2015, Fundenberger et al.
[10,11] proposed an “on-axis” configuration where the scintillator
is placed beneath the specimen, perpendicularly to the electron
beam. It results in faster acquisition times, in a lower pattern dis-
tortion [12,13] and in a slightly better lateral spatial resolution
[13,14] than the “off-axis” one. Regarding the depth resolution of
TKD orientation mapping, it varies in opposite ways with incident
energy [15,16]. It is about a few tens of nanometres [7,16] while
the diffraction signal in TEM originates from the whole sample
thickness, which may contain several grains.

As a second challenge, the angular resolution should be as ac-
curate as possible to follow the structural evolution during early
grain fragmentation processes. SEM-based techniques standardly
use the Hough transform-based indexation (HTI) [17] which deter-
mines crystallographic orientations with a precision around 0.5°.
New techniques are emerging, namely the dictionary [18] and the
spherical harmonic transform [19,20] based approaches, having an
improved noise robustness and an accuracy of 0.1-0.2°. Regard-
ing TEM, orientations are determined either from Kikuchi lines
[21,22] or from diffraction spots using the Precession Electron
Diffraction Automated Crystal Orientation Mapping (PED-ACOM)
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Fig. 1. (left) Scheme of the “on-axis” TKD detector head which includes a forescatter electron detector (FSD) and a scintillator. The projection geometry is defined by the
sample-to-detector distance (DD) and the position of the pattern centre (PC). (right) EDP before and after background correction. Both patterns are acquired approximately
at the same location using the two sets of acquisition parameters summed up in Table 1. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

technique [23] with typical angular resolutions of 0.3° [24] and
0.8-1.1° [8,24], respectively. Refinement algorithms accounting for
the spot intensities enables to close this gap [25].

Disorientation angles and GND densities deduced from both
SEM and TEM orientation mappings [26,27] are directly impacted
by angular uncertainties, which are fateful at low disorientation
angles (< 1°) [28]. For SEM-based techniques, lattice curvature and
elastic strains are measured with an accuracy up to 1074 [29] using
high angular resolution EBSD (HR-EBSD) technique [30]. Basically,
it uses digital image correlation (DIC) techniques to recover the
displacement field between a reference and a target high-quality
electron diffraction patterns (EDP). HR-EBSD is currently experi-
encing substantial developments in terms of pattern registration
[31-35], SEM calibration [36] or determination of the absolute ori-
entations [37] with recent applications to “off-axis” [38] and “on-
axis” [35] TKD. Since the performances strongly depend on the pat-
tern quality, most studies focus on single crystals or slightly de-
formed materials. Here, we further show that it has also a great
potential for characterising strongly plastically deformed and fine
grain polycrystalline materials.

To this end, the high-spatial resolution of the “on-axis” TKD
technique is coupled with the high-angular resolution of the DIC
(HR-TKD) to characterize, in terms of grain internal disorientations
and GND densities, the nanostructure of a high purity aluminium
as obtained after 10 passes of ECAE. Results are discussed in the
light of a recent SEM imaging technique based on a forescatter
electron detector (FSD) as well as TEM imaging.

A thin foil obtained by twin-jet electro-polishing is investigated
using a Zeiss Supra 40 FEG-SEM. A Bruker e Flash HR+ camera is
attached to a Bruker OPTIMUS detector for the on-axis TKD. The
latter (scheme in Fig. 1) includes a FSD and an horizontal phosphor
scintillator placed beneath the sample. Besides the Kikuchi diffrac-
tion signal, both detectors capture the incoherent background and
the diffraction spots, which are not selective in depth. The FSD
consequently images the entire sample thickness whereas only the
non-absorbed Kikuchi signal stemming from the vicinity of the un-
derside of the sample is considered to map the orientations by
TKD. Note that the bands are barely visible in the absence of back-
ground correction in Fig. 1 due to the large dynamics in the inten-
sities of the raw patterns caused by both spots and inelastic scat-
tering.

Thanks to its three diodes, the FSD provides coloured images
whose contrast varies in a very sensitive way and depends on
many parameters such as the sample thickness, chemical composi-
tion or crystal orientation. Here, given that there is a single phase
and considering the thickness relatively constant on the observed
areas, the FSD image in Fig. 2a mainly displays an orientation con-
trast. The lateral resolution is also sufficient to observe dislocations
as highlighted by the close-up in Fig. 2a’. Thus, FSD imaging allows
to visualise the ECAE deformed structure in terms of intra-granular
orientation changes and dislocation arrangements. The microstruc-
ture is composed of elongated, 50-200 nm thick grains, character-
istic of a microstructure strongly sheared after 10 passes of ECAE.
GND walls form within the grains and reflect incompatibility of
the heterogeneous deformation within grains. Thus, a substructure
is formed inside the elongated grains leading to their fragmenta-
tion. Here, the subgrain boundaries are highlighted by the sudden
colour changes of the FSD contrast in Fig. 2a’, making the FSD im-
age at some point easier to interpret than the TEM bright field im-
age in Fig. 2d. FSD imaging remains nevertheless qualitative. Quan-
titative parameters, such as the fraction and nature of low angle
grain boundaries (LAGB) or the GND densities, are required to bet-
ter characterize grain fragmentation processes.

Complementary to FSD imaging, orientation mapping with both
high spatial and high angular resolutions is paramount. Knowing
the spatial arrangement of deformation structures thanks to the
FSD in Fig. 2a, acquisition parameters for the TKD orientation map-
ping can be chosen accordingly, in particular the step size which is
here of 6.5 nm. As indicated by the area delimited by a dotted-
line in Fig. 2a, a second map is also realised at a magnification of
500,000. The latter aims at characterizing the striations appearing
in the FSD image and will be discussed later. Table 1 sums up the
experimental settings for both mappings, for which 600x600 px>
(2x2 binning) EDP with a 16-bits grayscale are recorded for the
DIC analysis to be performed later on. The latter analysis uses the
SEM calibration provided by the indexing software.

The grain internal disorientations in Fig. 2b are derived from
the crystallographic orientations as determined by the Bruker’s ES-
PRIT 1.9 software, where the resolution of the HTI is set to its
maximum. Within each grain, the local disorientation angles are
measured with respect to a reference point denoted by a white
cross in Fig. 2b. The latter is associated to the reference pattern
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Fig. 2. (a) FSD image of pure aluminium after 10 passes of ECAE observed at a magnification of x 95,000 with a probe current of 0.13 nA. Grain internal disorientations
and norm of the Nye’s dislocation tensor deduced from the Hough-transform based indexation (b and c respectively) and from DIC (e and f respectively). (d) Bright field
image using a TEM. The latter is actually a patchwork of three images acquired with different tilts. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 1
SEM settings for data acquisition.

Magnification ~ Voltage [keV]  Current [nA]  Working distance / Step size [nm]  Exposure [ms] |/ Averaging
Detector distance [mm]

x95,000 30 1.25 6.9/18.8 6.5 95 ms [ x2

x500,000 30 1.25 2.5/24.4 3 25 ms [ x3
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Fig. 3. (a) FSD observation of the striated grain within the region delimited by a dotted-line in Fig. 2a. (b) TEM observation of the same region. Note that it suffers from the
contamination during the previous TKD mapping. (c)-(h) HR-TKD mappings of the deviatoric elastic strains ey, e12 , €13, €22, €23 and the rotation angle wq, for which a line

profile is plotted. The reference pattern is spotted by a black cross in (c).

considered during the subsequent DIC analysis. Domains disori-
entated up to 11° are present, while the orientations stay rela-
tively constant within domains, consistently with the FSD con-
trast (Fig. 2a). In order to evidence the grain fragmentation, the
GND densities are derived from the lattice curvature k, approx-
imated with a finite difference scheme applied on the disorien-
tations @ =( 6; 6, 65 )T as follows [27] (frame drawn in
Fig. 3): kj=A0;/Ax;, where Ax; is the step size of the orientation
map in the direction x;. By neglecting the elastic strains, which is

a reasonable and usual assumption for the study of plastically de-
formed materials by means of HR-EBSD [39,40], the Nye’s disloca-
tion tensor o [41] is obtained from o = tr(x).J — kT. Its entrywise
norm o = \/W is shown with wm~! units in Fig. 2c and Fig.
2f. It can be converted to m~2 by dividing it by the magnitude of
the burgers vector b. Here, if b=0.286 nm, 1 um~! corresponds to
3.5 x 10 m—2,

In order to recover both disorientation angle and axis more ac-
curately than the HTI method, a ‘global’ DIC analysis recently pro-



posed by the authors [35] and implemented in the ATEX-software
[42] is conducted. This ‘global’ approach considers EDP as a whole
through a large and unique region of interest (ROI). If its principle
is similar with recent and independent works [31-33], the method
stands out by its automated EDP pre-alignment based on Fourier-
Mellin and Fourier transforms cross-correlation. This initial guess
fairly accounts for the effects of rotations, enabling the analysis
to deal with the large disorientations or orientation discontinuities
present in the material analysed here. It also improves the compu-
tational efficiency of the subsequent inverse-compositional Gauss-
Newton (IC-GN) algorithm [35]. Used for subpixel registration, the
IC-GN algorithm iteratively measures the relative deformations be-
tween the target ROI and the reference, which are modelled by
a first-order homography shape function. The SEM calibration pa-
rameters as well as their variations across the orientation map are
only considered afterwards to analytically deduce the deviatoric
elastic deformation gradient tensor from the DIC measurements.
This constitutes another originality of the approach.

The signal-to-noise ratio is relatively low as compared to HR-
EBSD standards, as shown by the reference EDP of the striated
grain extracted from both datasets in Fig. 1. This is due to plas-
tic deformation, which blurs EDP, in addition to the short expo-
sure times set to prevent beam drift effects (see Table 1). Never-
theless, the accuracy on the internal disorientation angles and axis
is significantly improved as compared to HTI method, as shown in
Fig. 2e and f, respectively. The norm of the Nye’s tensor derived
from the DIC analysis and shown in Fig. 2f is revealing fine details,
including GND walls and sharp subgrain boundaries. It also reveals
some LAGB. Importantly, note that most of these details are missed
by the HTI method, due to the uncertainty in the disorientation
axis. Most of GND patterns are unclear or barely visible, and most
of the dislocation structures are completely absent below ~ 2° of
disorientation.

In order to investigate the striated grain, a FSD observation at
a higher magpnification of the area delimited by the dotted-line
in Fig. 2a is performed and shown in Fig. 3a. The striations ap-
pear in the FSD image as an alternation of diffuse domains of
about 25 nm width separated by narrower and darker regions, in
which no dislocation is visible. TEM imaging in Fig. 3b leads to
the same observations. Both imaging techniques suggest that only
small elastic lattice rotations and/or strains are present. Now, both
the SEM and the DIC are pushed to their limits by using a step
size of 3 nm while shortening the exposure time and therefore
the EDP quality. The DIC analysis indeed reveals the presence of
elastic strains and rotations in Fig. 3c-h, while there is no GND
density. Note that elastic strains are determined with respect to
the reference pattern designated by the black cross in Fig. 3c. Con-
sequently, they are relative to a material point that is not neces-
sarily strain free. Due to the uncertainty on SEM calibration, these
mappings are rather qualitative but nevertheless illustrate the high
sensitivity of the technique. According to the in-plane rotation wi,
in Fig. 3g, the crystal alternatively switches from one orientation
to the other, with a maximum amplitude of about 0.2°. Moreover,
the line profile indicates that the angular resolution is better than
0.05°, enabling to observe variations undetectable by current in-
dexation techniques.

To make high resolution mapping with steps of a few nanome-
tres, it is preferable to use the on-axis TKD configuration rather
than the off-axis TKD configuration. Indeed, the measurement time
is much shorter which allows limiting the drift. In comparison with
TEM-based techniques, the coupling of “on-axis” TKD orientation
mapping with DIC and its association to FSD imaging to give a
qualitative description and a quantitative analysis of deformation
nanostructures, presents some advantages and a few drawbacks.
The tri-colour code of the FSD imaging limits the ambiguous cases
that can occur in grayscale images of TEM bright field, where a

given grey intensity can correspond to different orientations. More-
over, dislocations can be visualized as in TEM, although the lat-
eral spatial resolution is slightly larger. Regarding the orientation
mapping, for TEM the spatial resolution is related to the electron
beam size which can be as small as 0.5 nm with a field emission
gun (FEG). For TKD, this resolution degrades to be around a few
nanometres depending on the thickness of the sample. This is due
to the larger beam broadening through the sample when working
at lower electron energy in the SEM. However, this lower electron
energy becomes an advantage concerning the depth resolution of
TKD orientation mappings. Only a layer of a few tens of nanome-
tres located at the outlet face of the incident beam contributes
to the captured Kikuchi signal [16]. Thus, TKD is of valuable in-
terest for the study of NMM where several grains can be con-
tained in the sample thickness. Conversely, the non-selectivity in
depth of the TEM techniques leads to superimposed patterns mak-
ing orientation determination cumbersome [43]. Finally, the angu-
lar resolution of the TEM-based techniques is about 0.3° on orien-
tation [24,25], which is comparable to that of the Hough-transform
based indexation in the SEM-based techniques. As illustrated in
this article, such an uncertainty deteriorates the sensitivity of the
GND density measurement with the consequence that a part of the
grain substructure information is missed. From this standpoint, DIC
is applied to the EDP so that small disorientations of the order of
0.01-0.1° are captured. Note that TKD and HR-TKD are benefiting
from the greatest sensitivity of the Kikuchi bands to the orienta-
tion as compared to diffraction spots. As pointed out by Leff et al.
[44], a possible solution for the TEM-based techniques to improve
the angular resolution would be to apply the DIC to the automated
orientation mapping on Kikuchi patterns [22].

In conclusion, coupled with the DIC, the on-axis TKD technique
enables a qualitative description and quantitative analysis of the
deformed nanostructures.

+ FSD imaging offers a fine and qualitative complementary obser-
vation of the deformation nanostructures, from which the ac-
quisition parameters of the orientation mappings can then be
chosen accordingly.

Both high-spatial (3 nm) and high-angular (<0.05°) resolutions
are simultaneously achieved for the mapping of internal disori-
entations and the GND densities.

Considering the material investigated here, i.e. nanocrystalline,
plastically deformed, displaying large disorientation gradients
and composed of a light element (aluminium), the technique
should be easily applicable to a wider range of materials.
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