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1. Introduction

1.1 Context
For reminder, the present work was conducted as part of the first author’s

PhD at the University of Lorraine from 2017 to 2020 (Ernould, 2020).

It deals with the development of a high-angular resolution method for

the measurement lattice rotations and elastic strains in the scanning electron

microscope (Ernould, Beausir, Fundenberger, Taupin, & Bouzy, 2020a,

2020b, 2021). This kind of technique is known as the HR-EBSD or, more

recently, the HR-TKD technique, depending on whether it is applied to

electron backscatter diffraction (EBSD) patterns or transmission Kikuchi

diffraction (TKD) patterns. In the following, “HR-EBSD/TKD” will be

employed when no distinction is needed regarding the SEM-based

configuration used.

The HR-EBSD/TKD technique determines the elastic deformation

gradient tensor Fe between two points of the crystal from the displacement

field between their respective diffraction patterns, knowing the projection

geometry and assuming a traction free-surface surface. However, this is a

very delicate task for which two main research efforts can be identified.

The first one is the projection geometry, i.e., the position of the pattern

center (PC) and the sample-to-detector distance (DD), as well as its varia-

tions across the orientation. These parameters need to be determined

accurately, namely about 0.05% of the pattern width (Britton et al., 2010;

Maurice, Dzieciol, & Fortunier, 2011). The second one is the measurement

of the displacement field with subpixel accuracy using digital image registra-

tion techniques (Villert, Maurice, Wyon, & Fortunier, 2009, p. 200;

Wilkinson, Meaden, & Dingley, 2006a, 2006b) (see Chapter “Measuring

elastic strains and orientation gradients by scanning electron microscopy:

Conventional and emerging methods” by Ernould et al. for more details).

The present work focuses on measuring the displacement field sought

by HR-EBSD/TKD techniques. The latter can be perfectly described

by a linear homography, i.e., a line but not edge preserving transformation

often met in photogrammetry to model projections, as demonstrated in

Chapter “Development of a homography-based global DIC approach for

high-angular resolution in the SEM” by Ernould et al. Such a shape function

implies eight parameters, from which the components of the deviatoric

deformation gradient tensor bFe
are analytically deduced knowing the pro-

jection geometry. Because the homography assumption is valid at the scale
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of the scintillator, a unique and large region of interest is considered by the

digital image correlation (DIC) analysis. The proposed method is therefore a

global DIC approach. It contrasts with the original “local” approach

(Wilkinson et al., 2006a, 2006b), which relies on shift measurements

between several small square subsets picked up across the patterns.

The implementation of the method is detailed in Chapter “Implementing

the homography-based global HR-EBSD/TKD approach” by Ernould et al.

Patterns are first pre-aligned bymeans of Fourier-Mellin and Fourier-transform

based cross-correlation algorithms to estimate their relative in-plane rotation

and translation, respectively. These measurements provide an initial guess of

the homography at the beginning of the subsequent inverse-compositional

Gauss-Newton (IC-GN) algorithm. It is an iterative optimization algorithm

in the spatial domain used for subpixel registration. It is modified by integrating

a correction of optical distortions caused by camera lenses. The whole method

is validated numerically in Chapter “Numerical validation and influence of

optical distortions on accuracy” by Ernould et al., which also tackles the neces-

sity of such a correction.

1.2 Content of the chapter
This chapter proposes five applications of the method: three plastically

deformed metals and two semiconductors. For the former, aim is to charac-

terize deformation structures in terms of grain internal disorientation angle

and geometrically necessary dislocation (GND) densities. For the latter,

focus is on measuring elastic strains. In both cases, the EBSD and the

on-axis TKD techniques are used.

In a first step, the SEM used is presented. Definitions of the grain internal

disorientation angle and of the GND densities are given. Pattern filtering is

detailed and illustrated.

In a second step, applications to plastically deformedmetals are proposed.

Dislocations structures in an interstitial free (IF) steel subjected to 15% tensile

deformation are characterized by means of HR-EBSD. The contribution of

the global cross-correlation based initial guess on performances is quantified.

Two on-axis HR-TKD analyses are also carried out in quenched and tem-

pered martensitic steel as well as in nanocrystalline aluminum obtained by

severe plastic deformation. The microscope used is pushed to the maximum

of its possibilities in the latter example.

In a third step, elastic strains in semi-conductors are investigated. On-axis

HR-TKD measurements in the vicinity of Si1-xGex epitaxial layer are
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compared to nano-beam electron diffraction (NBED) in the transmission

electron microscope (TEM). Regarding the HR-EBSD technique, GaN

single crystal containing threading dislocations bounding domains dis-

orientated by about 0.1° is considered.
Finally, results are discussed and summarized before concluding this

series of five chapters.

2. SEM and data analysis

2.1 Scanning electron microscope and cameras
The experimental datasets studied in this chapter are acquired using a Zeiss

Supra 40 SEM equippedwith a Schottky field emission gun (Fig. 1). This tech-

nology offers a probe size close to the nanometer, compared to 3 to 5nm for

thermionic emission guns (Brisset, Repoux, Ruste, Grillon, & Robaut, 2008).

This is essential for the characterization of nanocrystallinematerials bymeans of

on-axis TKD. Moreover, electron beam brightness, i.e., the current density

per unit solid angle, is of the order of 107 A.cm�2.sr�1 (compared to 105).

This lowers exposure times and thus beam drift considerations, which is of

particular interest for on-axis TKD analyses. The latter are indeed performed

at a magnification of �36,000 to �500,000 in the following.

Fig. 1 Zeiss Supra 40 FEG-SEM used in this study.
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The microscope is equipped with two Bruker e-Flash HR+ cameras:

one for EBSD and the other associated with the Bruker Optimus™ detector

head for on-axis TKD. These cameras have a charge-coupled device (CCD)

photographic sensor with maximum resolutions of 1600�1200 or

1200�1200 pixels and 8- or 16-bit grayscale. A Bruker Argus™ sensor

is attached to each camera. It detects backscattered electrons (EBSD)

or forward-scattered electrons (TKD on-axis), but will be referred to as

FSD detector (forescatter electron diodes) thereafter. As detailed in

Chapter “Measuring elastic strains and orientation gradients by scanning

electron microscopy: Conventional and emerging methods” by Ernould

et al., FSD contrast is highly sensitive to crystal orientation, topography,

as well as phases. It provides qualitative information about the sample surface

(EBSD) or the entire thin foil thickness (on-axis TKD). Therefore, FSD

images will help to assess the relevance of HR-EBSD/TKD measurements.

2.2 Factors limiting accuracy
Diffraction patterns are indexed by the Bruker ESPRIT 1.9 commercial

software. It uses the Hough-transform, whose resolution is set to

maximum. Calibration principle is based on the iterative fitting technique

(Krieger Lassen, 1999). Its accuracy is about 0.5% of the pattern width.

Although this is insufficient for accurate elastic strain measurement

(Britton et al., 2010; Villert et al., 2009), it is considered anyway when

deducing the deviatoric deformation gradient tensor bFe
from the measured

homography. Consequently, phantom strains of the order of 10�3 are to be

expected (see section 3.4.3 in Chapter “Measuring elastic strains and orien-

tation gradients by scanning electron microscopy: Conventional and emerg-

ing methods” by Ernould et al. for more details). Probe displacement is

accounting for, knowing the sample and camera tilt angles of EBSD scans.

It is neglected regarding on-axis TKD, the largest map being barely three

microns wide.

Optical distortions of our cameras are unknown and the correction is

disabled during the IC-GN algorithm. However, neglecting optical dis-

tortions is assumed reasonable in the proposed examples, i.e., those distor-

tions are expected to introduce relative errors of <10% based on

Chapter “Numerical validation and influence of optical distortions on

accuracy” by Ernould et al. Indeed, applications in the plastically deformed

metals focuses on lattice rotations in the presence of disorientations up to

about 10 degrees. Regarding the on-axis TKD application to Si1-xGex, elas-

tic strains are expected to be about 2% while no notable rotation is present.
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Finally, both small rotations and elastic strains (�2�10�3) will be mea-

sured from an EBSD dataset in GaN single crystal, courtesy of Dr. Haithem

Mansour. It is acquired using another SEM equipped with an optical

distortion-free Oxford Symmetry camera. The projection geometry is

determined in Aztec software by coupling the moving screen technique

with pattern matching.

2.3 Disorientation angle and GND densities
The grain internal disorientation angle Δθ between the reference (“A”) and
each of the other pixels in the grain (“B”) is calculated from their respective

orientation matrices gA and gB, which are derived from the Euler angles

obtained by Hough-transform based indexing (HTI). The disorientation

angle is

Δθ ¼ min
k

arccos
tr Δgkð Þ � 1

2

� �� �
, (1)

where

Δgk ¼ sk:gB
� �

: sk:gA
� ��1

(2)

is the “disorientation” matrix for the k-th symmetry of the crystal. This

disorientation is decomposed into three rotations wi
HTI with respect to the

axes X
!

i of the sample frame:

wHTI
i ¼ �eijk:Δgij:

Δθ
2: sin Δθð Þ , (3)

where eijk is the permutation symbol of Levi-Civita. Note that,

wij ¼ �eijkwk, (4)

which means:

w1 ¼ w32 ¼ �w23

w2 ¼ w13 ¼ �w31

w3 ¼ w21 ¼ �w12

8><
>: : (5)

The homography is initialized from these rotations in case of an

indexing-based initial guess (see section 4.1 in Chapter “Implementing the

homography-based global HR-EBSD/TKD approach” by Ernould et al.).
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According to the Nye-Kr€oner theory (Kr€oner, 1958; Nye, 1953), the

Nye’s dislocation density tensor is

α ¼ curl ε + tr κeð Þ:I � κTe , (6)

where ε is the elastic strain tensor and κe the lattice curvatures. The latter are
approximated with a finite difference scheme:

κij ffi Δwi=Δxj, (7)

where Δwi is the difference of rotation wi between two neighboring points

separated spatially by Δxj in the j-th direction. The Nye tensor is computa-

tion as follows

α¼

∂ε12
∂x3

�∂ε13
∂x2

∂ε13
∂x1

�∂ε11
∂x3

∂ε11
∂x2

�∂ε12
∂x1

∂ε22
∂x3

�∂ε23
∂x2

∂ε23
∂x1

�∂ε21
∂x3

∂ε21
∂x2

�∂ε22
∂x1

∂ε32
∂x3

�∂ε33
∂x2

∂ε33
∂x1

�∂ε31
∂x3

∂ε31
∂x2

�∂ε32
∂x1

2
666664

3
777775

+

∂w12

∂x3
+
∂w31

∂x2

∂w13

∂x1

∂w21

∂x1
∂w32

∂x2

∂w23

∂x1
+
∂w12

∂x3

∂w21

∂x2
∂w32

∂x3

∂w13

∂x3

∂w31

∂x2
+
∂w23

∂x1

2
666664

3
777775, (8)

and its entrywise norm is:

αk k ¼ ffiffiffiffiffiffiffiffiffiffiffi
αij:αij

p
: (9)

Due to the two-dimensional nature of orientation mappings, it is not

possible to compute the entire Nye tensor. Spatial derivatives along the sur-

face normal direction (X3
	!

) in Eq. (8) are unknown. Only α13, α23 and α33
components are fully assessable (El-Dasher, Adams, & Rollett, 2003;

Pantleon, 2008; Sun, Adams, & King, 2000). The α12 and α21 components

are determined by neglecting the contribution of elastic strains, which is

partly unknown. Finally, the components α31 and α32 are not computable,

neither the contribution of lattice curvatures nor that of elastic strains being

fully assessable. Finally, the αij components have units of inverse length. In

this chapter, they are expressed in μm�1, or in m�2 by dividing them by the

norm b of the Burgers vector.
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2.4 Data analysis and pattern filtering
Acquisition parameters will be detailed for each application, but in all cases,

16-bits diffraction patterns are recorded. Apart from the application in GaN,

patterns are saved without any background correction in a *.bcf file by the
Bruker ESPRIT 1.9 software, which is then imported into ATEX-software,

developed at our lab (Beausir & Fundenberger, 2017). It is also responsible

for the automatic selection of the reference patterns.

As detailed in Chapter “Implementing the homography-based global

HR-EBSD/TKD approach” by Ernould et al., the software also provides

a user graphical interface and send instructions to the Fortran program con-

ducting the DIC analysis. Unless otherwise stated, patterns are pre-aligned

by the proposed global cross-correlation-based initial guess, from which the

homography is fully initialized. Regarding the IC-GN algorithm, a conver-

gence criterion Cconv of 0.001 pixel and a maximum number of iterations

nmax of 200 are set.

At the end of the analysis, the Fortran program returns a file containing,

among others, the elastic strain components εij and the crystal rotations wij in

the sample frame. The left polar decomposition of the deformation gradient

tensor is considered for their computation. Then, grain internal disorienta-

tion and GND densities are calculated and displayed in ATEX-software.

During the DIC analysis, patterns are filtered according to the four

following steps:

1) The continuous background due to inelastic scattering is removed.

Unless a background image is available, a logarithmic high-pass spatial

filter is applied:

ŝ x, yð Þ¼N 2: log s x, yð Þ+1½ ��
Xn
i¼�n

Xn
j¼�n

log s x+ i, y+ jð Þ+1½ � (10)

where s(x,y) etbs x, yð Þare the initial and filtered intensities andN¼2n+1

is the kernel size.

2) A Gaussian filter with a radius of 1 or 2 pixels is applied to reduce noise

and improves the convergence speed of the IC-GN algorithm without

loss of accuracy (see section 3.3.2 in Chapter “Numerical validation and

influence of optical distortions on accuracy” by Ernould et al.).

3) Intensities are zero-mean and normalized, i.e., their average is 0 and their

standard deviation is 1. Extremes values are truncated at �3.5.

4) If necessary, a mask containing noise is applied to the reference pattern in

order to hide dust on the scintillator or the transmitted beam and diffrac-

tion spots in the central region of on-axis TKD patterns.
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Fig. 2 illustrates these steps from an on-axis TKD pattern of size a

600�600-pixels. As compared to EBSD and conventional TKD, on-axis

TKD patterns show a much larger dynamics in intensities (Fig. 2A).

After applying a logarithmic high-pass filter of sizeN ¼71 pixels, intensity

is relatively uniform across the whole pattern (Fig. 2B). A Gaussian

filter of radius one pixel is applied, and the intensities are zero-mean

normalized (Fig. 2C). If it is the reference pattern, a mask containing

noise is applied to diffraction spots and the transmitted beam (Fig. 2D).

To do so, pixels having an intensity twice higher than the standard

deviation are considered in descending order. Given a pixel, it is added

to the mask which propagates to neighboring pixels and so on as long as

intensities are decreasing.

3. Deformation structures in plastically deformed
metals

Plastically deformed metals are characterized in terms of grain internal

disorientation angle and GND densities. A thin foil of tempered 9Cr-ODS

(oxide dispersed strengthened) martensitic steel is first observed using

on-axis TKD. Then, a sample of IF steel deformed by 15% in uniaxial

tension testing is characterized by EBSD. It shows disorientations up to

12°, allowing to experimentally evaluate the contribution of the global

cross-correlation (GCC) based initial guess on the numerical efficiency of

the IC-GN algorithm. Note that they are some differences with already

published results (Ernould et al., 2020a). More specifically, the number of

iterations was reduced thanks to some code improvements as mentioned

in the discussion of Chapter “Implementing the homography-based global

HR-EBSD/TKD approach” by Ernould et al.

Fig. 2 Filtering steps of an on-axis TKD pattern. (A) Raw pattern. (B) After removing
the continuous background using a logarithmic high-pass filter. (C) After normalizing
intensities. (D) After applying a mask with noise on diffraction spots and one the
transmitted beam.
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3.1 On-axis HR-TKD analysis in quenched and tempered
9Cr-ODS steel

3.1.1 Material and acquisition parameters
9Cr-ODS martensitic steel is austenitized at 1050 °C for 10min, quenched

with helium gas, and tempered at 600 °C for 20min before air cooling.

Strong plastic shear deformations are generated during martensitic transfor-

mation. Then, partial recovery of strains and dislocation substructures occurs

during the tempering treatment. A thin foil is obtained by twinjet electro

polishing is characterized by means of on-axis TKD.

Acquisition parameters are summed up in Table 1. The thin foil is

mapped at a magnification of �37,000 with a step size of 10nm. To ensure

the best possible lateral spatial resolution, a low probe current of 1.25nA is

used (low current mode) while the accelerating voltage is maximal (30kV).

At this scale, beam drift is a major problem. Diffraction patterns with

medium resolution of 600�600 pixels are consequently acquired with an

exposure time of 40ms without frame averaging. Anyway, the sharpness

of the diffraction contrast is mostly degraded by plastic deformation and

Table 1 Acquisition parameters of the on-axis TKD dataset in ODS steel.

On-axis TKD configuration

Working distance (WD) 3.75mm

Sample-to-detector distance (DD) 24.63mm

Sample tilt 0°

Detector tilt 0.4° (with respect to the horizontal)

Orientation map

Magnification �37,000

Step size 10nm

Map size 3.09�2.32μm2 (71,688 points)

Pattern acquisition

Accelerating voltage 30kV

Probe current 1.25nA (central aperture: 60μm)

Pattern resolution 600�600 pixels (pixel size: 40μm)

Exposure time 40ms

Frame averaging 1
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cannot be significantly improved by longer exposure times. Note that the

pattern displayed in Figs. 2 and 3 is the reference of the large grain in the

center of the map in Fig. 4A, where the reference patterns are spotted

by white crosses. Its signal-to-noise ratio is one of the highest among all

the dataset.

A square subset of size 512�512 pixels (green region in Fig. 3A) and a

circular subset of radius 235 pixels (blue) are considered by the GCC-based

initial guess and the IC-GN algorithm, respectively. However, points

belonging to the mask (highlighted in red in Fig. 3B) are excluded from

the second subset. Since the mask is specific to each reference pattern,

the number of points within the subset slightly varies from one grain to

another.

3.1.2 Grain internal disorientation and GND mappings
Fig. 4 compares on-axis HR-TKD results with those obtained from HTI.

The noise on the grain internal disorientation angle derived from crystallo-

graphic orientations is about 0.5° (Fig. 4A and red profile in Fig. 5A). The

uncertainty in the disorientation axis strongly reduces the sensitivity of the

GND calculation (Fig. 4B). Only subgrain boundaries with disorientation

greater than �2.5° stand out from the background, as shown by the three

peaks in the red profile in Fig. 5B.

Fig. 3 (A) Position, size and shape of the regions of interest used for the DIC analysis of
on-axis TKD patterns acquired in ODS steel. (B) Exclusion of points belonging to the
mask from the subset used for subpixel registration. The pattern displayed is the refer-
ence of the large central grain of the map (marked with a white cross in Fig. 4A).
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Alone, the GCC-based initial guess already yields to a noise reduction on

the disorientation angle (Fig. 4C). This is particularly visible at low disori-

entations (<1,5°), consistently with the error of less than 0.25° determined

during the numerical validation (section 3.2.1 in Chapter “Numerical

Fig. 4 On-axis TKD map in ODS steel. (A) Grain internal disorientation angle derived
from HTI. White crosses indicate the reference patterns. (B) Associated norm of the
Nye tensor. Similarly, (E) and (F) correspond to the results of the HR-TKD analysis.
(C) Grain internal disorientation angle estimated by the GCC-based initial guess alone.
(D) Experimental FSD image.
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validation and influence of optical distortions on accuracy” by Ernould

et al.). Moreover, the initial guess ensures a convergence of the IC-GN algo-

rithm at almost any point of the map. The presence of sudden orientation

changes is not a hindrance as the initialization strategy is path-independent

(see section 4.1.1 in Chapter “Implementing the homography-based global

HR-EBSD/TKD approach” by Ernould et al.).

The indexing software is not dedicated to on-axis TKD patterns. The

Hough transform tends to identify Kikuchi band edges rather than their

centers due to the asymmetry of band contrast in transmission (Niessen,

Burrows and Fanta, 2018). This can lead to systematic error on the disori-

entation angle between two subgrains, hence the relatively constant gap

between disorientation profiles in Fig. 5A. Therefore, a comparison

between the GCC-based and the indexing-based initial guess strategies will

be performed later considering EBSD patterns.

The true solution being unknown, the FSD image (Fig. 4C) allows the

relevance of the maps obtained by on-axis HR-TKD (Fig. 4E,F) to be

Fig. 5 Profiles of (A) the grain internal disorientation angle and of (B) the entrywise
norm of the Nye tensor determined by HR-TKD (black) or from indexing (red). The loca-
tion of the profile is drawn in red in Fig. 4A. (C) Detail of the FSD image in Fig. 4D com-
pared to (C0) the GND density by HR-TKD in Fig. 4D. (D) Distribution of the entrywise
norm of the Nye tensor for different approaches.
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qualitatively assessed. Indeed, FSD contrast essentially shows an orientation

contrast, the foil thickness being assumed constant over the observed region

(�7μm2) and a single phase being present (aside from chromium nano-

precipitates, which appear as pink or purple spots).

Despite the medium resolution and quality of the patterns as compared to

HR-EBSD standards, the proposed method succeeds in highlighting fine

details of the deformed microstructure. Isolated dislocations in the FSD

image (Fig. 5C) are also visible in the GND density map (Fig. 5C‘). Note

that the FSD image provides information on the entire thickness of the foil,

whereas electrons contributing to Kikuchi diffraction patterns stem from the

bottom face of the sample. Therefore, some details of the FSD image may

not be catch by on-axis HR-TKD.

Due to insufficient accuracy on calibration and possible presence of

optical distortions, elastic strains are uncertain. They are shown as an indi-

cation in Fig. 6, but they are neglected in the calculation of the entrywise

norm of the Nye tensor in Fig. 4F. Taking them into account does not

significantly change the latter. It is slightly noisier, as suggested by the lower

peak height of the distribution in Fig. 5D,where the blue curve (considering ε)
is to be compared to the black one (ε neglected). Apart from their magni-

tude, the elastic strain mappings (Fig. 6) appear to be generally plausible,

with some details qualitatively matching FSD observations as highlighted

Fig. 6 Elastic strain mappings in ODS steel. The ε33 component is not computed,
the traction-free surface assumption being questionable due to the presence of
near-surface precipitates.
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by the close-up in Fig. 6A‘. Note that ε33 map is absent. Indeed, the traction-

free surface condition is not considered here since the material contains

surface-near nanoprecipitates (Hardin et al., 2015).

Good agreement is observed in Fig. 4 between the disorientation angle

obtained by HTI, the GCC-based initial guess alone or the HR-TKD anal-

ysis. Only the roughly triangular grain in the right side of the map shows

discrepancies up to �2°. The GCC-based initial guess (Fig. 4C) suggests

the disorientation angle is underestimated by indexing (Fig. 4A) and over-

estimated by HR-TKD. Patterns are of relatively poor quality in this grain.

The measured elastic strains clearly exceed the elastic limit of the material,

which disturbs the determination of rotations and can explain this

overestimation.

3.2 HR-EBSD analysis in 15% deformed IF steel
3.2.1 Material and acquisition parameters
An IF steel sheet is deformed by 15% in uniaxial tension testing and

characterized by EBSD. The surface is polished manually with abrasive

SiC #1600 paper before using diamond polishing suspension containing

particles of size 9μm and 3μm. Colloidal silica suspension is used as final

polishing.

The acquisition parameters are summarized in Table 2. Patterns of

600�600 pixels (Fig. 7A) are acquired by averaging two frames with an

exposure time of 75ms each. This is still particularly short as compared to

exposure times encountered in the literature: 2000ms (Maurice, Driver,

& Fortunier, 2012; Wilkinson, Meaden, & Dingley, 2006a) or 3�350ms

(Shi, Roux, & Hild, 2019) for instance. The used SEM lacks stability.

Drift becomes visible as horizontal lines in the GND density mappings when

setting a longer exposure.

Dead pixels are filtered, and the continuous background is subtracted

with a logarithmic high-pass filter of size 51 pixels before reducing noise

with a Gaussian filter of radius 1 pixel (Fig. 7B). Dust and a fiber deposited

on the scintillator are hidden by applying amask on the lowest intensities and

by defining a circular region of 55 pixels in diameter (highlighted in red),

respectively. Note that the pattern displayed is the reference of one the most

internally disoriented grain within the map.

Three initial guess strategies are studied through this application. The

first one is based on indexing. The two others are the partial and the com-

plete initializations of the homography from the GCC-based method
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(sections 4.1.2 and 4.2.4 in Chapter “Implementing the homography-based

global HR-EBSD/TKD approach” by Ernould et al.). The patterns are

pre-aligned from a square region of size 512�512 pixels, while a circular

region of radius 245 pixels is considered by the IC-GN algorithm.

Table 2 Acquisition parameters of the EBSD dataset in 15% deformed IF steel.

EBSD configuration

Working distance (WD) 15.26mm

Sample-to-detector distance (DD) 16.29mm

Sample tilt 70°

Detector tilt �5.4° (with respect to the vertical)

Orientation map

Magnification �1600

Step size 220nm

Map size 72.2�54.2μm2 (79,376 points)

Pattern acquisition

Accelerating voltage 20kV

Probe current 7.1nA (largest aperture: 120μm)

Pattern resolution 600�600 pixels (pixel size: 40μm)

Exposure time 75ms

Frame averaging 2

Fig. 7 (A) Raw and (B) filtered reference pattern of the most disoriented grain in the IF
steel dataset.
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3.2.2 Grain internal disorientation and GND mappings
The grain internal disorientation angle and the entrywise norm of the Nye

tensor obtained from indexing (Fig. 8A,B) are faced to those measured by

HR-EBSD after a complete initialization of the homography from

Fig. 8 Grain internal disorientation angle and entrywise norm of the Nye tensor derived
(A, B) from indexing and (C, D) by HR-EBSD with a complete initialization of the
homography according to GCC-based measurements. Black crosses in (A) indicate
the reference of each grain. (E) Disorientation angle by HR-EBSD when using an
indexing-based initial guess. (F) Virtual FSD image.

ARTICLE IN PRESS
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CGG-based measurements (Fig. 8C,D). For better color visualization, the

disorientation angle is plotted between 0 and 8° except in the regions out-

lined by black dashed lines. The latter are subject to larger disorientations

and the scale is thus extended to 12°.
Like with the ODS steel, the benefits of the proposed method are

particularly visible in terms of GND density. The entrywise norm of the

Nye tensor in Fig. 8D is calculated from its assessable components in

Fig. 9, in which the left column shows the αi3 (i¼⟦1;3⟧). These com-

ponents are fully known as explained in Section 3.1.2. In such a plastically

deformed material, the contribution of elastic strains is usually marginal

( Jiang, Britton, & Wilkinson, 2015; Wilkinson & Randman, 2010), as

illustrated by the contribution of elastic strains to α13 in Fig. 9D.

Therefore, α12 and α21 components in Fig. 9E,F are relevant, despites the

two-dimensional nature of the measurement prevents elastic strains to be

accounted for.

The indexing-based and the GCC-based initial guesses lead to the same

results, except in some cases (7.4% of the map), where the indexing-based

strategy leads to a divergence or convergence of the IC-GN algorithm to an

ostensibly wrong local optimum. Divergence is materialized by black pixels

in Fig. 8E and motivated the development of the GCC-based method, as

explained in section 4.1.3 in Chapter “Implementing the homography-

based global HR-EBSD/TKD approach” by Ernould et al.

Finally, an FSD image is simulated in Fig. 8F. It is computed in the

same way as an FSD detector in practice. The intensities of three regions

distributed in the lower third of raw patterns (as shown in fig. 5 in

Chapter “Measuring elastic strains and orientation gradients by scanning

electron microscopy: Conventional and emerging methods” by Ernould

et al.) are integrated and each of the so-obtained values is associated with

a color channel (blue, green, or red). It is to be compared qualitatively to

the HR-EBSD mappings.

3.2.3 Performances of the global cross-correlation based initial guess
3.2.3.1 Influence on initial and final residuals
To remember, the residuals are the differences in intensity between the ref-

erence and the target subsets, as defined in eq. (17) in Chapter “Implementing

the homography-based global HR-EBSD/TKD approach” by Ernould et al..

In the following, they are multiplied by
ffiffiffiffiffiffiffiffiffiffiffiffiffi
N � 1

p
, where N is the number of

points forming the subset, so that it is easier to interpret them (the average and

standard deviation of the reference subset and the target subset are thus 0 and 1,

respectively).

18 Cl�ement Ernould et al.

ARTICLE IN PRESS



For each one of the �79,000 points within the dataset, the average

μ ¼ 1

N

XN
i¼1

|δ X ið Þ

 �

| (11)

and the standard deviation

Fig. 9 (A, B, C) α13, α23 and α33 components of the Nye tensor. They account for the
contribution of both curvatures and elastic strains. (D) aElastic strain contribution in
the α13 component. (E, F) α12, α21 components computed from the curvatures only
because the contribution of elastic strain is not fully computable.

19Applications of the method

ARTICLE IN PRESS



σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

δ X ið Þ

 ���� ���� μ


 �2

vuut , (12)

of the absolute residuals |δ | over the subset are computed at the beginning

(initial residuals) and at the end (final residuals) of the IC-GN algorithm. The

distribution of μ is plotted in Fig. 10B. Dash-lines and solid lines are asso-

ciated with initial and final residuals, respectively. The colors indicate the

initial guess strategy. Note that the distribution of σ is not displayed because

it follows a very similar trend to that of μ.
Partial or complete homography initializations from the GCC-basedmea-

surements lead to identical final residuals (superimposed black and blue lines in

Fig. 10B,C). Final residuals are higher when using an indexing-based initial-

ization (red) due to divergence of the IC-GN algorithm at some points.

Divergence explains the presence of slight peaks around 0.8 and 1 in the μ

Fig. 10 (A) Image of the final absolute residuals along with their distribution in the case
of a complete initialization from the GCC-based measurements. This example considers
one of the most disoriented points in the map (Δθ	12°). (B) Distribution of the average
of the initial and final absolute residuals for different initialization strategies. (C) Average
of the absolute residuals as a function of the grain internal disorientation angle.
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distribution, as indicated by arrows in Fig. 10B. In all cases, the average of the

final absolute residuals is always greater than 0.2. This is attributable to noise.

Indeed, Fig. 10A shows the final absolute residuals between two of the most

disoriented patterns in the map. They do not reveal any particular mis-

alignment after image registration while their average value (0.26) is represen-

tative of the dataset, as indicated by the blue arrow in Fig. 10B.

Regarding the average of the initial absolute residuals (dash-lines curves

in Fig. 10C), it is twice lower for the proposed GCC-based method (blue

and black) than for the indexing-based initial guess (red). The partial

homography initialization leads to initial absolute residuals having a higher

average than with a complete initialization. This is because the latter

better account for of gnomonic distortions, as illustrated in fig. 13 in

Chapter “Implementing the homography-based global HR-EBSD/TKD

approach” by Ernould et al.

3.2.3.2 Angular deviation between the initial guess and the solution
The true solution being unknown, lattice rotations determined by

HR-EBSD following a complete initialization of the homography from

GCC-based measurements are taken as reference. This reference is denoted

as the solution in the following. Differences in lattice rotations or disorien-

tation angle between the initial guess and this solution are called angular

deviations, or absolute angular deviations when reasoning in absolute value.

First, the distribution of the angular deviation on the disorientation angle

is plotted in Fig. 11A. The indexing-based initial guess, in red, shows a twice

higher standard deviation as compared to the GCC-based one, in black

(0.44° versus 0.22°, respectively). No distinction is made between the partial

Fig. 11 (A) Distribution of angular deviations on the disorientation angle between the
initial estimate and the solution. (B) Distributions of angular deviations on lattice
rotation δwij.
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or complete initializations as the estimation of rotations is just the same.

It only depends on GCC measurements. Both distributions are centered

on the solution within 0.1°, with a slight overestimation of disorientations

by the GCC-based approach as compared to indexing (0.11° versus 0.05°,
respectively).

Beyond the disorientation angle, the disorientation axis is also important,

especially since it must be known to warp the initial target subset correctly.

Lattice rotations with respect to each axis of the basis are displayed in

Fig. 11B. Overall, angular deviation between the initial guess and the solution

is about 1° for indexing (dotted lines). Although disorientation angle derived

from HTI is mostly estimated within �0.5° (Fig. 11A), which is in line with

literature, the disorientation axis lacks accuracy. Benefits of the proposed

GCC-based approach are illustrated by the narrower distributions in

Fig. 11B (solid lines), whose standard deviation is 0.21°, 0.22° and 0.28° for
rotationw21,w23 andw13, respectively. The larger error observedwith the latter

component is consistent with the numerical validation in Chapter “Numerical

validation and influence of optical distortions on accuracy” by Ernould et al.

(section 3.2.2). The horizontal shift measured is here affected by the more

pronounced asymmetry of gnomonic distortions between the top and bottom

of the patterns. Rotation w13 may be responsible for the above-mentioned

overestimation of the disorientation angle by the GCC-based method.

3.2.3.3 Consequences on convergence speed of the IC-GN algorithm
Fig. 12A shows the distribution of the number of iterations for each of the

three initialization strategies. As compared to a complete initialization, a

Fig. 12 (A) Distribution of the number of iterations of the IC-GN algorithm for different
initial guess strategies. μ and σ denote the average and standard deviation of a distri-
bution, respectively. (B) Number of iterations as a function of the grain internal
disorientation angle.
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partial initialization and an indexing-based initialization require �11% and

�96% more iterations in average, respectively. Thus, the numerical cost of

the pattern pre-alignment method is offset by the approximately twice as fast

convergence of the IC-GN algorithm in this example.

For all initial guess strategies, the average number of iterations increases

with the disorientation angle in Fig. 12B. These results are correlated with

the average of the initial absolute residuals in Fig. 10C. When using an

indexing-based initial guess, the IC-GN algorithm diverges almost sys-

tematically from 9° of disorientation. The GCC-based method ensures a

reasonable convergence of the IC-GN algorithm for the whole range of

disorientation studied. Nevertheless, it should be noted that in cases where

the disorientation reaches 12°, lattice rotation is mainly carried by w21 (�9°),
as visible from the patterns in the top left corner of Fig. 10.

3.3 Characterization of a deformed nanostructure in the SEM
For this last application in a deformed metal, nanocrystalline aluminum

obtained by severe plastic deformation (Estrin &Vinogradov, 2013) is inves-

tigated by on-axis TKD. Objective is to highlight the ability of on-axis

HR-TKD to provide simultaneous high-spatial and high angular resolu-

tions. The interest of FSD imaging is also discussed in the light of

bright-field imaging in the transmission electron microscope (TEM).

3.3.1 Material and acquisition parameters
A thin foil of pure aluminum that has undergone ten passes of equal channel

angular extrusion is obtained by twin jet electropolishing. The smallest

available aperture (20μm) is selected to optimize image sharpness of FSD

imaging in Fig. 13A–F. At low magnifications (�100, �1000 and �4000),

FSD imaging mainly provides information on sample thickness. The

thinnest areas appear in green while the thickest ones are purple. Regions

thin enough to acquire Kikuchi patterns are thus easily identified. At

higher magnifications (�16,000 and above), the sample thickness is

assumed constant over the observed area. Color variations correspond then

essentially to an orientation contrast, chemical contrast being absent in pure

aluminum.

A region of approximately 1.3μm2 is first mappedwith 6.5nm step size at

�95,000 magnification (Fig. 13F). Acquisition parameters are summarized

Table 3. The analyzed area is composed of elongated grains. They contain

subgrain boundaries along their transverse direction, which is about 50 to
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200nmwide, as shown by sudden color changes. From this standpoint, FSD

contrast is easier to interpret than the black and white bright-field image by

TEM in Fig. 13G. This is especially true since the latter image is actually a

patchwork of several TEM images acquired at different sample tilt angles. It

should be pointed out, however, that TEM imaging is here suffering from

contamination of the foil during the previous on-axis TKD analyses.

One of the grains shows striations. They will be characterized by making

a second map with a step size of 3nm at a magnification of �500,000. The

acquisition parameters are summarized in Table 4 and the location of the

analyzed region is delimited by a white dotted line in Fig. 13F.

For both maps, 600�600-pixel patterns are recorded. They are filtered

in a way similar to the ODS steel. Fig. 14 shows the reference pattern of the

striated grain reference pattern after filtering for each of the two maps

Fig. 13 FSD imaging at several magnifications of nanocrystalline aluminum obtained by
severe plastic deformation and comparison with bright field imaging in the TEM.
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(�95,000 and �500,000). A 512�512-pixel square subset is used for the

GCC-based initial guess. A circular subset of radius 241 pixels (�95,000)

and 211 pixels (�500,000) is considered during subpixel registration.

3.3.2 Grain internal disorientation, GND and elastic strains mappings
Fig. 15 compares the grain internal disorientation and entrywise norm of the

Nye tensor derived from indexing and by on-axis HR-TKD.White crosses

in Fig. 15A spot the location of the reference of each grain. Differences in

noise and sensitivity of GND densities are like those already observed for the

ODS or IF steel datasets. The on-axis HR-TKD technique allows the quan-

tification of GND densities at subgrain boundaries disoriented by several

degrees, but also to visualize the emergence of dislocation structures associ-

ated with low-angle grain boundaries (<2°), consistently with details in the

FSD image.

Table 3 Acquisition parameters of the on-axis TKD dataset in nanocrystalline
aluminum at a magnification of �95,000.

On-axis TKD configuration

Working distance (WD) 6.9mm

Sample-to-detector distance (DD) 18.8mm

Sample tilt 0°

Detector tilt 0.325° (with respect to the horizontal)

Orientation map

Magnification �95,000

Step size 6,5 nm

Map size 1.309�0.959μm2 (25,619 points)

Pattern acquisition

Accelerating voltage 30kV

Probe current 1.25nA (central aperture: 60μm)

Pattern resolution 600�600 pixels (pixel size: 40μm)

Exposure time 95ms

Frame averaging 2
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The SEM is now pushed to its limits in order to characterize the striated

grain in Fig. 13F. When observed by FSD (Fig. 16A) or in bright-field in a

TEM (Fig. 16B), these striations appear as diffuse domains of about 25nm

wide. In particular, no dislocations are visible in the TEM image. In

Table 4 Acquisition parameters of the on-axis TKD dataset in nanocrystalline
aluminum at a magnification of �500,000.

On-axis TKD configuration

Working distance (WD) 1.9mm

Sample-to-detector distance (DD) 24.4mm

Sample tilt 0°

Detector tilt 0.325° (with respect to the horizontal)

Orientation map

Magnification �500,000

Step size 3nm

Map size 0,291�0,102μm2 (3289 points)

Pattern acquisition

Accelerating voltage 30kV

Probe current 1.25nA (central aperture: 60μm)

Pattern resolution 600�600 pixels (pixel size: 40μm)

Exposure time 25ms

Frame averaging 3

Fig. 14 Filtered reference pattern of the striated grain adapted from the datasets
acquired at (A) �95,000 and (B) �500,000.
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Fig. 15 Grain internal disorientation angle and entrywise norm of the Nye tensor
derived (A, B) from indexing and (C, D) by HR-TKD with a complete initialization
of the homography according to GCC-based measurements. White crosses in
(A) indicate the reference of each grain.

Fig. 16 (A) FSD imaging in the SEM and (B) bright-field imaging in the TEMof a detail in the
striated grain. (C–I) Elastic strain components and rotationw21 accompanied with a profile.
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agreement, the GND density obtained by HR-TKD is zero in this region in

Fig. 15D. Similar striations are observed in the elastic strain maps by on-axis

HR-TKD. Rotations w32 and w13 are not displayed for the sake of space, as

they do not show any trend, unlike w21 in Fig. 16F from which a profile is

extracted. It suggests the angular resolution is close to 0.01°.

4. Elastic strain measurement in semiconductors

The previous examples tackled the measurement of orientation gradi-

ents for the calculation of GND densities in plastically deformedmetals. This

section focuses on measuring elastic strains in semiconductors. Elastic strains

of the order of 2% associated with the parametric mismatch between a silicon

substrate and a germanium enriched layer are first investigated by on-axis

HR-TKD. A GaN single crystal containing disoriented domains of the

order of a tenth of a degree is then analyzed by HR-EBSD.

4.1 On-axis TKD analysis in Si0,69Ge0,31 epitaxial layer on Si
substrate

4.1.1 Material and acquisition parameters
The thin foil, courtesy of Dr. Jean-Luc Rouvière from CEA Leti, is imaged

by FSD in Fig. 17A. It contains a 28.5nmwide Si0.69Ge0.31 layer highlighted

by a red dash line. It is obtained by epitaxial growth along its longitudinal

direction on a silicon substrate. The interface between this layer and the sub-

strate has a normal aligned with the [001] direction of silicon, as schematized

by a lattice cell in Fig. 17B. The latter FSD image, acquired at �300,00

magnification, mainly shows chemical contrast. The germanium enriched

Fig. 17 (A) FSD image of the silicon foil containing an epitaxial germanium enriched
highlighted by the red dash line. (B) FSD observation of the layer at �300,000 magni-
fication and scheme of its lattice cell orientation relative to silicon.
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layer is in purple, and silicon appears in green. The uniform colors suggest

there is no orientation change nor chemical heterogeneity (except at the

interface).

Table 5 details the acquisition parameters of the on-axis TKD delimited

by a white dashed line in Fig. 17B. Low probe current and maximum accel-

eration voltage are used to improve spatial resolution as much as possible, the

step size being 3 nm. Since optical focusing on a single crystal is difficult, the

specimen is brought very close to the polar piece in the event the electron

beam is slightly divergent. This also increases the sample-to-detector dis-

tance, which favorized the angular sensitivity of the HR-TKD technique.

In addition, patterns are recorded using the largest resolution possible,

namely 1200�1200 pixels.

Patterns are filtered by applying a logarithmic high-pass filter of size

71 pixels followed by a Gaussian filter of radius 2 pixels (Fig. 18A).

Unfortunately, white balance between both side of the detector is inequal.

The left side is brighter as illustrated by the green-delimited close-up. This

Table 5 Acquisition parameters of the on-axis TKD dataset in Si0,69Ge0,31/Si.

On-axis TKD configuration

Working distance (WD) 1.70mm

Sample-to-detector distance

(DD)

23.85mm

Sample tilt 0°

Detector tilt 0.025° (with respect to the horizontal)

Orientation map

Magnification �300,000

Step size 3nm

Map size 0.373�0.077μm2 (12,096 points)

Pattern acquisition

Accelerating voltage 30kV

Probe current 1.25nA (central aperture: 60μm)

Pattern resolution 1200�1200 pixels (pixel size: 20μm)

Exposure time 120ms

Frame averaging 1
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manual setting is particularly difficult, because of the significant intensity

dynamic in on-axis TKD raw patterns. A vertical mask is added to prevent

the interface between the two halves of the pattern from dealing as an anchor

during the DIC analysis (red band in Fig. 18B). The IC-GN algorithm is

applied considering a circular region of radius 521 pixels centered at

X0¼ [568 670]T (Fig. 18B).

4.1.2 Elastic strain profiles
Elastic strains are expressed in a frame, whose X and Y directions are collin-

ear with [001] and 110
 �

directions of Si0.69Ge0.31. Profiles in Fig. 19A are

adapted from (B�ech�e, 2009), who characterized a similar specimen using

nanobeam electron diffraction (NBED) in the TEM. They are to be com-

pared with those by on-axis HR-TKD in Fig. 19B.

Elastic strains by HR-TKD in Fig. 19B corresponds to a 280nm long

profile, whose position within the scan is indicated by a black arrow in

the εxx map in Fig. 19C. The black cross spots the reference, whose pattern

is displayed in Fig. 18A. It is selected away from the Si0.69Ge0.31 layer to be

assumed strain-free (note that εxx is constant in the reference neighborhood).
Lattice parameter of silicon and germanium is aSi¼ 0.5431nm and

aGe¼0.5657nm, respectively. From these values, lattice parameter of

Six-1Gex is deduced (de Gironcoli, Giannozzi, & Baroni, 1991):

aSiGe xð Þ ¼ aSi + 0:02005:x + 0:00263:x2: (13)

For x¼0.1, Eq. (13) yields aSiGe¼0.5495 nm. Hence, the misfit with respect

to the silicon substrate,

Fig. 18 (A) Filtered reference pattern and (B) subset considered by the IC-GN algorithm
(red regions do not belong to the subset).
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f ¼ aSiGe � aSi
aSi

, (14)

is 0.012. As shown by FSD imaging in Fig. 17A, the substrate width is much

larger than the layer’s one along its normal direction, so it can be seen as

infinite. Based on this, the theoretical dilatation εxx
th is computed as follows

(see appendix C.2 in B�ech�e, 2009):

εthxx ¼
f

CSiGe
11

2CSiGe
12 + CSiGe

11

� �
(15)

Material stiffness constants are C11
SiGe¼154,24 GPa and C12

SiGe¼ 59,06 GPa

according to (Levinshtein, Rumyantsev, & Shur, 2001):

CSiGe
11 ¼ 165,8� 37,3:x

and

CSiGe
12 ¼ 63,9� 15,6:x: (16)

Finally, it arises εxx
th ¼2.1%.

Fig. 19 Elastic strain profiles in Si0.69Ge0.31 epitaxial layer measured by (A) NBED in the
TEM (B�ech�e, 2009) and compared to (B) on-axis HR-TKD measurements. (C) Mapping of
the εxx component by on-axis HR-TKD highlighting the prominent beam drift during
acquisition.
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The Si0.69Ge0.31/Si thin foil was manufactured to validate the NBED

method (B�ech�e, 2009; B�ech�e, Rouvière, Cl�ement, & Hartmann, 2009;

Rouviere, B�ech�e, Martin, Denneulin, & Cooper, 2013). The maximum

elastic strain measured by this technique in Fig. 19A fits the theoretical value

of 2.10%. It is not the case with on-axis HR-TKD, εxx being only 1,23%.

However, HR-TKDmeasurements should not be directly compared to εxx
th .

Both NBED and on-axis HR-TKD measurements were performed with

the same step size of 3nm, but the acceleration voltage is 10 time greater

in the TEM, namely 300kV. The physical meaning of the measured elastic

strains is consequently not the same.

On the one hand, the theoretical value considers a bulk specimen.

NBED measurements are average values over the entire foil thickness,

whereas the diffraction signal in TKD stems from the vicinity of the electron

beam outlet surface. At 30kV, the resolution in depth of TKD is about

65nm in silicon and 30nm in germanium (Brodu & Bouzy, 2017), increas-

ing the sensitivity of this technique with stress relaxation at the surface.

On the other hand, the physical spatial resolution is rather 10nm laterally

for on-axis TKD (Niessen et al., 2018; Shen et al., 2019). It is degraded by

beam broadening along the sample thickness, while this phenomenon is

marginal in the TEM. Finite-elements analysis is therefore necessary to

assess εxx near the surface, but also to convolve numerical simulation results

by the size of the diffraction volume. The latter can be estimated by

Monte-Carlo simulation. At given primary electron energy, this volume

depends on atomic number and sample thickness (Brodu & Bouzy,

2017). Accounting for the probe size is therefore even more important here,

as the foil is quite thick for TKD. Moreover, elastic strain gradients are

pronounced along the measurement direction X as εxx changes from �0

to�2% over only�14nm of distance (half the width of the enriched layer).

This explains the peak in Fig. 19B is about 66% broader than the investigated

layer, namely 50 and 30nm, respectively.

If the gap observed between theory (2.10%) andHR-TKD (1.23%) is con-

sistent, elastic strain profiles in Fig. 19B remain preliminary results. Effort must

also be made on calibration. Regarding shear components, εxy is almost zero

along the profile, its extreme values being �4�10�4 and 2�10�4. As out-

lined by (Alkorta, 2013), this component is not affected by uncertainty un

the projection geometry, contrary to εxz and εyz. For these components, phan-

tom strains of the order of x*/DD are induced, where x* is the uncertainty in
PC location. Here, this uncertainty is expected to be 0.5% of the pattern width

(Villert et al., 2009), i.e., about 6 pixels. Phantom strains of about 5�10�3 are

potentially present, especially considering possible optical distortions.
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Despites all this, it worth noting elastic strain levels away from the

Si0.69Ge0.31 layer are close to zero. Overall, on-axis HR-TKD profiles

are significantly less noisy than those made by NBED. Good repeatability

is also observed from one line to another in Fig. 19C (when ignoring

beam drift).

This work should be continued using an equipment better suited for

high-spatial and high-angular resolutions. Granted, magnification is very

large for an SEM (�300,000) but the SEM used is primarily tailored for

imaging and sorely lacks stability. Despites efforts to limit beam drift (no

frame averaging, no stage movement and high voltage initiated several hours

prior measurement), the vertical germanium enriched layer in the FSD

image (Fig. 19C) appears tilted by nearly 45° in the εxx map. The beam drift

is extremely marked to the point of affecting themeasurement. A shift of 6 to

12nm is observed between each line of the map in Fig. 19C although the

acquisition time of a line is less than 15 s.

4.2 HR-EBSD analysis in GaN single crystal
4.2.1 Material and acquisition parameters
An Si doped GaN standard sample of 3.5mm thickness deposited by metal

organic vapor phase epitaxy on a sapphire substrate is characterized by

EBSD. As shown by FSD imaging in Fig. 20A, it contains threading dislo-

cations separating slightly disoriented domains. This application thus focuses

on measuring both small elastic strains (<2�10�3) and rotations (<0.3°).
The dataset inGaN is courtesy of Dr. HaitehmMansour, who did his PhD

at our lab (Mansour, 2016). Diffraction patterns are acquired using another

SEM than in previous examples. It is equipped with an Oxford Symmetry

camera, which is optical-distortion free as lenses are replaced by tapered opti-

cal fibers. Acquisition parameters are summarized in Table 6. An orientation

map of the observed region in Fig. 20A is performed with 40nm step size, at

15kV and 10nA probe current. Note that the sample to detector distance

could have been increased, to enhance angular sensitivity.

Pattern resolution is 1244�1024 pixels and their signal-to-noise ratio is

the highest of all the proposed applications. Raw intensities are divided by

those of an image of the continuous background and a Gaussian spatial filter

with radius of 1 pixel is applied. The filtered reference pattern is displayed in

Fig. 20B, where the considered used by the IC-GN algorithm is plotted in

green overlay. It is an ellipse whose major and minor axes are 1135 and 925

pixels, respectively. The traction-free surface condition is applied using

the material stiffness coefficients measured by (Polian, Grimsditch, &

Grzegory, 1996).
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Table 6 Acquisition parameters of the EBSD dataset in GaN single crystal.

EBSD configuration

Working distance (WD) 14.47mm

Sample-to-detector distance

(DD)

14.14mm

Sample tilt 69.99°

Detector tilt �5.98° (with respect to the vertical)

Orientation map

Magnification �12,000

Step size 40nm

Map size 5.16� 3,32 μm2 (10,707 points)

Pattern acquisition

Accelerating voltage 15kV

Probe current 10nA

Pattern resolution 1244�1024 pixels (pixel size: 19.6μm)

Exposure time 100ms

Frame averaging 3

Fig. 20 (A) Images FSD of GND single crystal. Dark spots are threading dislocations.
(B) Filtered reference pattern whose location is indicated by black cross in (C) the
map of the disorientation angle derived from indexing. (D) Disorientation angle mea-
sured by HR-EBSD.
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Since low disorientations are expected according to indexing Fig. 20C,

the homography is simply initialized as the identity matrix. Actually, further

analyses with the GCC-based method yield the same HR-EBSD results.

Apart from some outliers involving disorientations about 0.2 to 0.4°,
indexing by Aztec-software catches disorientations as low as 0.05°, consis-
tently with HR-EBSD measurements in Fig. 20D. Here, the refined-

accuracy mode is enabled. The resolution of the Radon-transform is refined

in the vicinity of detected peaks associated with Kikuchi bands in the

Hough-space (see section 2.4.1 in Chapter “Measuring elastic strains and

orientation gradients by scanning electron microscopy: Conventional and

emerging methods” by Ernould et al.). Branches of hyperbola are also

accounted for when fitting Kikuchi bands.

4.2.2 Results of the HR-EBSD analysis
Elastic strain and rotation mappings by HR-EBSD are plotted in Fig. 21.

Elastic strain components are in the range�1�10�3. Overall, εi3 elastic

strain components (right column) are close to zero, which supported the

Fig. 21 Elastic strains and lattice rotations measured by HR-EBSD.
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validity of the traction-free surface assumption. Out-of-plane shear compo-

nents ε13 and ε23 are non-zero very locally, i.e., where threading dislocations
are visible in the FSD image (Fig. 20A). Regarding rotations, disoriented

domains observed in Fig. 20B are primarily tilted with respect to the sur-

face’s normal. Indeed, rotation w21 in Fig. 21C reaches up to 0.2° while

the two other components are mostly below 0.05° in absolute value.

The sensitivity of the proposed HR-EBSD approach is sufficient to

highlight distortion fields in the vicinity of dislocation cores. Fig. 22 pro-

poses a close-up of the mappings in Fig. 21 in the vicinity of a threading

dislocation (Fig. 22J). One can see lobes, in the manner of a clover. They

are highlighted by black lines drawn manually. Both the shapes and signs

are similar to theoretical elastic strain and rotation fields induced by a screw

dislocation line near a free surface, as can be simulated using dislocation

models (Eshelby & Stroh, 1951) or piezoelectric dislocation frameworks

(Han & Pan, 2012; Shi, Asbeck, & Yu, 1999; Taupin, Fressengeas,

Ventura, Lebyodkin, & Gornakov, 2014).

The components of the Nye tensor and its entrywise norm are displayed

in Fig. 23. The sensitivity of GND densities is better than 5�10�3 μm�1,

which is 1�1013 m�2 at 40nm step size when considering a magnitude of

the Burgers vector of 0.52nm. All threading dislocations visible in the FSD

image (Fig. 23A) can be found in α12 and α21 mappings (Fig. 23B,D). The

latter do not account for elastic strains, unlike αi3 components (Fig. 23C,E,

G). Similarly to the application in IF steel (Fig. 9D), α13 is taken as an exam-

ple again, to discuss the relative importance of the contributions of lattice

Fig. 22 Close-up of elastic strain and rotations mappings in Fig. 21 in the vicinity of a
threading dislocation, and corresponding FSD image adapted from Fig. 20A. Black lines
are drawn manually to highlight the trend.
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curvatures and elastic strains to GND densities. These contributions are

plotted separately in Fig. 23C’ and C”, respectively. The magnitude of

curvatures is typically 4–5�1013 m�2 near dislocation core, while it is about

3�1013 m�2 for curl(ε). Neglecting elastic strains is thus no longer accept-

able in the presence of disorientations about 0.1°.
In order to better quantify the resolution of the technique on lattice rota-

tions and elastic strains, differences between adjacent pixels are computed

along the rows and columns of the map. Then, the standard deviation of

these differences is computed for each component. In average, it is

1.0�10�4, and the maximum and minimum are 1.4�10�4 and

6.1�10�5, respectively. Actually, values are distributed into two groups.

The standard deviation is 1.1–1.4�10�4 for all rotation and in-plane

strain components while it is about 7.0�10�5 for the remaining

Fig. 23 (A) FSD images where threading dislocations are faithfully recovered by the
HR-EBSD analysis according to (B–E,G) the components of the Nye tensor or (F) its
entrywise norm. The contributions of (C’) lattice curvatures and (C”) elastic strains
regarding (C) the α13 component shows that the latter is not negligible at such low
disorientations.
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components (ε13, ε23, ε33). However, the calculation is biased as it is not pos-

sible to discriminate between measurement noise and the actual variation in

the material. This explains the largest standard deviations are associated with

the components having in overall the highest magnitude in Fig. 21.

Moreover, the relative importance of these two contributions depends on

the step size.

Here, step size is 40nm. Since it is close to the limit of the HR-EBSD

technique, the contribution of noise is preponderant. Nevertheless, the step

size remains quite large when considering the very localized distortions cau-

sed by threading dislocations. Therefore, differences between neighboring

pixels and their standard deviation are recomputed, but pixels where the

norm of the Nye tensor is larger than 3�10�13 m�2 are ignored (orange

or red regions in Fig. 23F). Now, standard deviation is in average

7.5�10�5 when considering all components. The highest standard devia-

tion is 1.1�10�4 for ε11, then it is between 7 and 9�10�5 for rotations

and other in-plane strain components, and between 5 and 3�10�5 for

out-of-plane strain components. A resolution of at least 1�10�4 on lattice

rotations and elastic strains is therefore a reasonable claim.

5. Discussion

Performances of the proposed global HR-EBSD/TKD approach are

illustrated through various applications, both from the point of view of the

material and of the characterization technique. The method is applied to

semiconductors as well as to plastically deformed polycrystalline metals,

using both EBSD and on-axis TKD techniques. This section first reviews

the main results and highlights the originality of these applications. The

on-axis HR-TKD technique is then specifically discussed in the light of

TEM-based techniques.

5.1 Main results and originality
From its origin (Troost, Sluis, & Gravesteijn, 1993; Wilkinson, 1996, 1997),

the HR-EBSD technique is typically applied to semiconductors to assess its

accuracy. SixGe1-x or Si are particularly used. Here, GaN single crystal is

used as a model material. The elastic strain state being unknown, no claim

in accuracy is, however, intended, rather sensitivity. The latter appears better

than 1�10�4, in line with literature. This enables to catch distortions caused

by some isolated dislocations, as shown in Fig. 22. Those dislocations are also
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clearly visible in GND density mappings in Fig. 23, which are particularly

noise sensitive as their computation involves spatial derivates (see

Section 2.3).

The lateral resolution of EBSD limits threading dislocation to be finely

observed. Nevertheless, the proposed method is promising for the study of

larger defects, like nanopipe or giant screw dislocations (Pirouz, 1998).

Recently, (Yu, Liu, Karamched, Wilkinson, & Hofmann, 2019) mapped

rotation and elastic strain field in the vicinity of an edge dislocation in tung-

sten by transferring the local HR-EBSD approach to off-axis TKD. They

compared their measurements to numerical simulations convolved by the

probe size. This echoes remarks regarding the application in SiGe/Si

(Fig. 19), which will be further discussed in the next section.

Mapping elastic strains at the nanoscale in the SEM is pioneering work.

As underlined in Chapter “Measuring elastic strains and orientation gradi-

ents by scanning electron microscopy: Conventional and emerging

methods” by Ernould et al., accurate SEM calibration is an arduous task.

Until present, publications focus on EBSD patterns, not TKD ones.

Simulation of Kikuchi patterns acquired in transmission (Winkelmann

et al., 2021) is nevertheless a first major step in this direction. Note that

no mention is made regarding optical distortions or the way the projection

geometry was determined in (Yu et al., 2019) or in (Tang et al., 2019), who

first performed off-axis and on-axis HR-TKD using the local approach,

respectively. To address the presence of diffraction spots, (Tang et al.,

2019) placed 16 small subsets of 128�128-pixels aside from the pattern cen-

tral region, while lattice rotations are limited to a few tenths of a degree.

Regarding global HR-TKD approaches, applications have only been pro-

posed by the present authors until now (Ernould, 2020; Dhinwal,

Ernould, & Beausir, 2022; Ernould et al., 2020a, 2020b). The smoothness

of elastic strains profiles in SiGe/Si (Fig. 19) as well as their qualitive agree-

ments with the expected solution encourages further developments of the

method at our lab. This implies the quantification of optical distortions of

our cameras and use of more advanced calibration procedures, like the

one by (Pang, Larsen, & Schuh, 2020), who shared their MATLAB code.

Applications to plastically deformed metals are difficult because of the

presence of larger rotations and the degradation of diffraction contrast

(Britton & Wilkinson, 2011; Maurice et al., 2012). Accurate elastic strain

measurements in metallic materials is usually limited to slightly deformed

samples. Regarding global HR-EBSD, (Shi et al., 2019) reported strain

measurement uncertainty of 3.6�10�5 at the onset of plasticity in
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polycrystalline 316L stainless steel. From this standpoint, the applications in

quenched ODS steel, 15% deformed IF steel or nanostructured aluminum

are challenging and original. Such microstructures are barely characterized

by HR-EBSD/TKD since elastic strain measurement is compromised. As

underlined by (Tanaka &Wilkinson, 2019), the accuracy of their calibration

technique, degrades in the vicinity of an indent as compared to other regions

of an IF steel specimen annealed at 700 °C for 1h.

For all applications proposed using the Zeiss Supra 40 FEG-SEM and

indexing by the Bruker ESPRIT 1.9 software, dislocation structures below

�2° disorientations are completely missed by standard HTI (Figs. 4B, 8B,

and 15B). Analysis of the results in IF steel show that HTI succeeds in deter-

mining the disorientation angle, but it lacks accuracy regarding the disori-

entation axis (Fig. 11). Granted, no smoothing was applied to crystal

orientations, but GND densities describe discontinuities of the crystal.

With smoothing, the components of the Nye tensor would be strongly

underestimated. Their estimation is already limited by the two-dimensional

nature of EBSD/TKD maps. Moreover, the contribution of elastic strain is

not assessable with indexing. This must be kept in mind when investigating

slightly disoriented materials (<1°), this contribution being no longer neg-

ligible (Fig. 23C”).

Despites the medium quality and resolution of the Kikuchi patterns, the

proposed HR-EBSD/TKD approach succeeds in highlighting deformation

structures, in particular fine details of the microstructures like isolated

dislocations in ODS steel (Fig. 5). Beyond its angular resolution on the dis-

orientation angle, its ability to determine the disorientation axis is essential.

The gain as compared to indexing is of course particularly visible at low dis-

orientation (<2°) but also at larger ones. More specifically, GND densities at

subgrain boundaries involving disorientation up to 10–12° are quantified in
the nanocrystalline aluminum sample (Fig. 15D). This is very uncommon as

the HR-EBSD/TKD technique usually register patterns belonging to the

same (sub)grain.

All results in deformed metals are here obtained at the expense of elastic

strains, but their contribution to GND densities is negligible as compared to

lattice curvatures ( Jiang et al., 2015; Wilkinson & Randman, 2010).

Moreover, knowledge of grain internal disorientations and GND densities

is of paramount interest for understanding deformation mechanisms as well

as for the development or validation of crystal plasticity models (Admal,

Po, & Marian, 2018). Although questionable, it must be recognized that

elastic strain mappings look nevertheless qualitatively relevant according

to FSD imaging (Fig. 6 and in Fig. 16).
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These results are promising given the SEM used lacks stability and its

camera is not particularly tailored for HR-EBSD/TKD as compared to

the one used for the application in GaN. The results in plastically deformed

materials have therefore still a great margin of progress, just by improving the

input data. In the previously cited work by (Shi et al., 2019), patterns with a

resolution up to 4K and much higher signal-to-noise ratio are registered.

Pattern filtering and weighting of the residuals in the IC-GN algorithm is

another major area of improvement, which is detailed by (Shi et al.,

2019, 2021).

5.2 Towards a fusion of calibration, indexing and HR-EBSD/TKD
techniques?

Comparing global HR-EBSD/TKD measurements with lattice rotations

derived from HTI may be disappointing in that new indexing methods

(Chen et al., 2015; Foden, Collins, Wilkinson, & Britton, 2019;

Hielscher, Bartel, & Britton, 2019; Lenthe, Singh, & Graef, 2019;

Nolze, Hielscher, & Winkelmann, 2017; Nolze, J€urgens, Olbricht, &

Winkelmann, 2018; Winkelmann, Jablon, Tong, Trager-Cowan, &

Mingard, 2020; Winkelmann, Nolze, Cios, Tokarski, & Bała, 2020) deter-

mine orientations within up to 0.1–0.2° (Friedrich, Bochmann, Dinger, &

Teichert, 2018; Lenthe et al., 2019; Ram, Wright, Singh, & Graef, 2017;

Singh et al., 2018) for a well calibrated system (Ram et al., 2017). They

are not used in this work since most of them were published in parallel

and it should be remembered that the experimental part of this work was

strongly impacted by the pandemic.

Overall, this chapter underlines that besides uncertainty in crystallo-

graphic orientations, the ability of indexing techniques to provide an

accurate disorientation axis should be deeper investigated. Retrieving dis-

orientations with 0.05° accuracy from indexing (Fig. 20C) is impressive.

Unfortunately, it still results in noisy GNDmaps in GaN (Fig. 24A), because

orientation gradients are also marginal. Note that indexed orientations are

denoised with a tolerance angle of 0.1° to eliminate outliers. By smoothing

and adjusting the scale, threading dislocations start appearing in Fig. 24B.

The latest release of AZtecCrystal-software employs the weighted bur-

gers vector technique (Wheeler et al., 2009) to better evidence dislocation

structures. Sensitivity on GND density is improved as compare to Fig. 24,

based on the application in GaN single crystal available on the constructor’s

website (Oxford Instruments, n.d.), to which the reader is referred. The

implementation of the weighted burgers vector technique is an improve-

ment that can be transferred to HR-EBSD/TKD measurement as well.
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Here, it should be kept in mind that the contribution of elastic strains is not

negligible and that patterns in such a material (Fig. 20A) have overall a much

better signal-to-noise ratio than most applications.

Actually, the question that should be raised is: to which extent can

HR-EBSD/TKD complement indexing in plastically deformed materials?

The HR-EBSD/TKD technique has been historically designed to charac-

terize semiconductors. Rotations about a degree or more present in

deformed metals rapidly appears as a limiting factor for measuring elastic

strains. They have motivated the continuous development of the local

approach since 2006 and the emergence of global ones more recently, as

detailed in Chapters “Measuring elastic strains and orientation gradients

by scanning electron microscopy: Conventional and emerging methods”

and “Development of a homography-based global DIC approach for

high-angular resolution in the SEM” by Ernould et al.. Deformed metals

characterized in the present work constitute underexplored applications

of the HR-EBSD/TKD technique. Yet, it arises in this chapter that the

method can complement orientation mappings although elastic strains are

questionable or simply ignored in the GND calculation.

Assuming HR-EBSD/TKD is offering a gain in accuracy for the char-

acterization of plastically deformed materials, is the computational cost and

data storage worth it? From this standpoint, distinction between indexing,

calibration and HR-EBSD/TKD techniques is becoming unclear. For long,

indexing was associated with low-resolution patterns, andHR-EBSD/TKD

with high-resolution patterns leading to computationally expensive analyses.

Fig. 24 Entrywise norm of the Nye tensor derived from indexing in GaN. (A) No smooth
and same scale as the HR-EBSD measurements in Fig. 23F. (B) With a smooth and an
adjusted scale.
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Nowadays, the frontier between these two fields is vanishing. For instance,

real-time indexing of high-resolution patterns (about 1000�1000 pixels) is

performed by AZtec-software. On the contrary, dictionary and spherical

harmonic indexing techniques rather consider low-resolution patterns with

sometimes no visible Kikuchi bands, but their numerical cost is much higher

than HTI. In some case, it is even comparable with HR-EBSD/TKD

analyses. The datasets in ODS steel and IF steel consist of �70,000

and�80,000 patterns of size 600�600 pixels, respectively. Their analysis

lasts 4h each when using a workstation with an Intel® Xeon® W-2145

processor (16 cores at 3.7GHz). Using two Intel® Xeon® E5–2660 v3 pro-
cessors with 20 cores each running at 2.6GHz, dictionary indexing with

refinement (Foden et al., 2019) requires 3.5h to process �9000 patterns

of size 128�128 pixels.

Increasing synergies between all these techniques are expected in the

future. They are more and more similar because of the algorithms they

use, the comparison of experimental patterns with dynamical simulations or

the need to take into account common phenomena such as optical distortions.

In terms of algorithms, simulation-based pattern matching is involved in

recent progresses in indexing (Nolze et al., 2018), calibration (Friedrich

et al., 2018; Winkelmann, Nolze, et al., 2020) and HR-EBSD/TKD

(Kurniawan, Zhu, & DeGraef, 2021). The use of a reference simulated pat-

tern has long been judged inadvisable for the HR-EBSD/TKD technique

due to insufficient SEM calibration (Maurice et al., 2010). This is about

to change. Global optimization is another common denominator of recent

publications. Global image registration is at the heart of the revival of the

HR-EBSD/TKD technique over the past few years (Ernould, 2020;

Ernould et al., 2020a, 2021; Ruggles, Bomarito, Qiu, & Hochhalter,

2018; Shi et al., 2019; Vermeij, De Graef, & Hoefnagels, 2019;

Vermeij & Hoefnagels, 2018; Zhu, Kaufmann, & Vecchio, 2020). It is also

an trend observed regarding calibration techniques (Pang et al., 2020; Shi

et al., 2021; Tanaka & Wilkinson, 2019; Winkelmann, Jablon, et al.,

2020). Similarly to HR-EBSD/TKD, indexing and calibration need to

account for optical distortions to become more and more accurate

(Britton et al., 2010; Ernould et al., 2021; Maurice et al., 2011;

Tanaka & Wilkinson, 2019; Winkelmann, Jablon, et al., 2020). More gen-

erally, the discussion in Chapter “Numerical validation and influence of

optical distortions on accuracy” by Ernould et al. already pointed out that

very similar DIC algorithms can be used to register diffraction patterns or

to calibrate optical distortion models (Dufour, Hild, & Roux, 2014).
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Without being exhaustive, it is quite clear that general trend is towards a

fusion of techniques for pattern calibration, indexing and elastic strains

assessment at once, provided that pattern quality allows it, which would

be reminiscent of (Maurice & Fortunier, 2008).

5.3 On-axis HR-TKD: A compromise between SEM and TEM
In this chapter, the SEM used was pushed to the maximum of its capabilities

when measuring elastic strains at the nanoscale in Si0,69Ge0,31 epitaxial layer

(Fig. 19) or when characterizing deformation structures in a deformed nano-

structure (Figs. 15 and 16).

For the first application, elastic strain profiles are qualitatively compared

to NBED measurements in the TEM (B�ech�e, 2009) (Fig. 19A,B).

Quantitatively, εxx measured by on-axis HR-TKD (1.23%) is about twice

lower than theory (2.10%). As already explained in Section 4.1.2, this is

attributed to stress relaxation at the surface as well as the larger physical lateral

resolution of the on-axis TKD technique. Further comparison with finite

element analysis and probe size estimation by means of Monte Carlo simu-

lations are required for a quantitative validation of the method.

Elastic strains profiles by on-axis HR-TKD are less noisy than those

obtained by NBED, whose resolution is limited to 1�10�3 (Usuda

et al., 2003) or 6�10�4 (B�ech�e et al., 2009). (Cooper, Denneulin,

Bernier, B�ech�e, & Rouvière, 2016) compared different techniques for mea-

suring elastic strains in the TEM. Beam precession in the nanobeam preces-

sion electron diffraction (NPED) technique (Rouviere et al., 2013)

improves measurement accuracy to 2�10�4. It is the most accurate tech-

nique along with dark field holography. Therefore, on-axis HR-TKD

has a sensitivity to elastic strains like that achievable with TEM.

Regarding the characterization of deformed microstructures, the

on-axis HR-TKD technique has several advantages over TEM, and few

disadvantages.

First, FSD imaging is an asset for qualitative visualization of orientation

gradients prior to orientation mapping. FSD contrast is indeed very sensitive

to orientation change without the need to acquire images at different sample

tilts, as in bright field imaging in the TEM. In addition, the use of three-color

channels limits ambiguities as compared to grayscale images, where the same

intensity can correspond to different orientations. The lateral spatial resolution

of TEM is superior, with a probe size of up to 0.5nm. Therefore, TEM imag-

ing remains more suitable for visualizing dislocation networks, although FSD

imaging can achieve this in some cases as shown in Fig. 25.
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The lower accelerating voltage of SEM leads to a wider beam broadening

as it goes through the sample, but it also allows the TKD technique to be

selective in depth. The superimposition of diffraction patterns is thus less

likely than for TEM, whose non-selectivity in depth can make the pattern

analysis cumbersome in nanocrystalline materials as there are several grains in

the thickness. This difference was recently highlighted by (Mariano, Yau,

McKeown, Kumar, & Kanan, 2020), who compared the ability of TKD

and PED-ACOM (Precession Electron Diffraction - Automated Crystal

Orientation Mapping) (Rauch & Veron, 2005) to map nanoparticles.

Finally, the application in nanocrystalline aluminum sample showed that

high effective spatial resolution (3–10nm) as well as high-angular resolution

(0.01–0.03°) can be achieved simultaneously in a SEM using the on-axis

HR-TKD technique (Fig. 16). Lattice rotations are measured from the dis-

placement of Kikuchi bands, which is more sensitive to orientation changes

than that of the diffraction spots considered by the PED-ACOM technique.

The latter technique has an angular resolution on crystallographic orienta-

tions of the order of 0.8–1.1° (Morawiec, Bouzy, Paul, & Fundenberger,

2014; Viladot et al., 2013) and down to 0.3° using refinement algorithms

matching experimental patterns to simulated ones (Rauch & V�eron,
2014). As suggested by (Leff, Weinberger, & Taheri, 2015), the angular res-

olution of TEM could be improved by working with Kikuchi lines already

Fig. 25 FSD image of dislocation network in ODS steel.
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used for the determination of crystallographic orientations (Fundenberger,

Morawiec, Bouzy, & Lecomte, 2003; Zaefferer & Schwarzer, 1994).

In conclusion, the on-axis HR-TKD technique offers a compromise

between TEM and SEM. While it is clear that a more expensive TEM is

necessary for the most demanding applications in terms of lateral spatial res-

olution, the on-axis HR-TKD technique allows an equivalent resolution on

elastic strains, as well as a superior angular resolution on rotations, to be

achieved. Moreover, the depth selectivity of the method makes it a partic-

ularly suitable for the study of nanocrystalline materials, whose microstruc-

ture can be more easily visualized by FSD imaging prior orientation

mapping.

6. Summary

• The proposed global HR-EBSD/TKD technique is applied to semicon-

ductors and plastically deformed polycrystalline metals using EBSD and

on-axis TKD techniques.

• Despite medium pattern quality and resolution, the sensitivity of the

method allows fine details of the microstructure to be observed in plas-

tically deformed metals. The relevance of the results is validated quali-

tatively by comparison with FSD imaging, whose contrast is very

sensitive to orientation changes. Significant improvement over a stan-

dard analysis from on Hough-transform based indexing is achieved

regarding the characterization of deformation structures, although accu-

rate elastic strain measurement is compromised.

• For these materials, the contribution of elastic strains in the calculation of

geometrically necessary dislocation densities appears negligible as com-

pared to curvatures, which is in agreement with the literature ( Jiang

et al., 2015; Wilkinson & Randman, 2010). Conversely, elastic strains

must be accounted for when disorientations are small (�0.2°).
• In ideal experimental conditions like in the GaN single crystal, the

method achieve a sensitivity better than 1�104 on elastic strain and rota-

tion components, thus catching distortions caused by isolated threading

dislocations. At 40nm step size, this results in a sensitivity on GND den-

sities of about 1�1013 m�2 (5�10�3 μm�1).

• The on-axis HR-TKD technique allows an effective lateral spatial res-

olution of 3 to 10nm and an angular resolution of 0.01 to 0.05° to be

reached simultaneously in the SEM. The resolution on elastic strains
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is comparable to the most accurate TEM methods (2�10�4). Since

Kikuchi bands are considered rather than diffraction spots, the sensitivity

of on-axis HR-TKD on rotations is superior by on order of magnitude.

• The sensitivity of FSD contrast enable a fine observation of the micro-

structure before acquiring TKD orientation maps.

7. General discussion, perspectives, and conclusion

7.1 General discussion
This work is in line with several research axes of our lab. On the one hand, it

proposes an original high-angular resolution approach for the characteriza-

tion of microstructures in the scanning electron microscope. On the other

hand, this method is coupled to EBSD, but also to an emerging experimental

technique: on-axis TKD. This new configuration for the acquisition of elec-

tron diffraction patterns in transmission in the SEM was developed in our

laboratory shortly before the beginning of the first author’s thesis

(Fundenberger et al., 2015, 2016). By coupling advanced experimental

and data processing methods, this work aims to improve the observation

and thus understanding of deformation mechanisms, particularly in poly-

crystalline materials.

In most crystalline materials, the occurrence of grain internal disorienta-

tions during plastic deformation is correlated with the formation of disloca-

tion structures with a non-zero net Burgers vector, such as subgrain

boundaries, dislocation cells or dislocation pile-ups. Their characterization

requires the precise determination of the disorientation angle and axis as well

as elastic strains, from which geometrically necessary dislocation densities

can be calculated according to the Nye-Kr€oner theory (Kr€oner, 1958;
Nye, 1953).

The literature review (Chapter “Measuring elastic strains and orientation

gradients by scanning electron microscopy: Conventional and emerging

methods” by Ernould et al.) and experimental results have highlighted

the limitations of a standard processing of indexed crystal orientations when

investigating deformation structures. Currently, real-time Hough-transform

based indexing is the standard, but more accurate and noise robust tech-

niques have been proposed in parallel of the present study. They are

expected to replace HTI in the future as their speed increases and as they

are implemented in user-friendly software. Beyond the uncertainty of crys-

tallographic orientations, the applications proposed in this chapter clearly

point out the necessity of determining the disorientation axis with accuracy.
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The disorientation angle alone, even when it is known within 0.1°, is not
sufficient to finely observed dislocation structures in terms of geometrically

necessary dislocation densities for disorientations less than �1°.
The so-called high-angular resolution techniques (HR-EBSD/TKD)

have been specifically designed to measure relative crystal rotations as well

as elastic strains, with an accuracy on the order of 1�10�4 (Villert et al.,

2009; Wilkinson et al., 2006b). Although the local method has undergone

many improvements since 2006, the presence of rotations larger than a few

degrees remains its second largest source of error, after uncertainty in the

projection geometry ( J€apel, 2014). The latter is propagated by the use of

iterative remapping, and several questions are still surrounding the imple-

mentation of the method (section 4.1 in Chapter “Measuring elastic strains

and orientation gradients by scanning electron microscopy: Conventional

and emerging methods” by Ernould et al.). Therefore, this study progres-

sively turned towards the development of an alternative method, potentially

better suited to the characterization of plastically deformed polycrystalline

materials, in which the LEM3 laboratory is particularly interested. The

method remains nevertheless applicable to single crystals or semiconductors,

as shown by the applications to SiGe/Si and GaN (Section 4), which are of

particular interest for the electronics industry.

In Chapter “Development of a homography-based global DIC approach

for high-angular resolution in the SEM” by Ernould et al., the literature

review is extended to digital image correlation techniques for surface dis-

placement and strain measurement. This has resulted in a novel global

approach for HR-EBSD/TKD (Ernould et al., 2020a), which follows rec-

ommendations from literature.

Elastic strains and rotations are measured from a unique and large subset,

avoiding questions or bias regarding number, size or position of small subsets

used by the local approach. More importantly, the weighting of shift mea-

surements when computing the solution is totally suppressed. The relative

deformation of the subset is modeled by a linear homography, i.e., a plane

geometry transformation involving eight parameters. It perfectly describes

the displacement field on the scintillator between the reference and the tar-

get patterns, according to the mechanical model of the HR-EBSD /TKD

technique. A homography not only accounts for the effects of lattice rota-

tions and elastic strains at the scale at the scintillator scale, but also for the

scale and translation induced by the displacement of the probe during scan

(i.e., variations in projection geometry). The components of the deviatoric

deformation gradient tensor are then deduced analytically from the mea-

sured homography, knowing the projection geometry and its variations.
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The registration of the diffraction patterns by a numerically efficient

inverse composition Gauss-Newton (IC-GN) algorithm is conducted inde-

pendently of the projection geometry (section 2 in Chapter “Implementing

the homography-based global HR-EBSD/TKD approach” by Ernould

et al.). This differentiates the proposed method from the local HR-EBSD

approach with remapping, but also from other global approaches published

in parallel to this thesis, which considers the projection geometry during

image registration (section 4.2 in Chapter “Measuring elastic strains and ori-

entation gradients by scanning electron microscopy: Conventional and

emerging methods” by Ernould et al.). The proposed method also integrates

a correction of optical distortions in the IC-GN algorithm. Its principle is

transferable to other global approaches based on a Gauss-Newton algorithm.

Finally, the developed approach includes a global cross-correlation based

initial guess to pre-align patterns disoriented up to about 10 degrees (sections

3 and 4.2 in Chapter “Implementing the homography-based global

HR-EBSD/TKD approach” by Ernould et al.). It ensures the convergence

of the IC-GN algorithm despite the presence of large rotations and/or elastic

strains while being robust to the possible presence of discontinuities such as

subgrain boundaries.

The method is programmed in FORTRAN and implemented in

ATEX-software (Beausir & Fundenberger, 2017) developed at our labora-

tory. The accuracy and speed of uninterpreted code, as well as a graphical

interface, make it quite easy to use. In addition to plotting and processing

HR-EBSD/HR-TKD results, this software offers a complete environment

for the analysis of EBSD/TKD data.

In Chapter “Numerical validation and influence of optical distortions on

accuracy” by Ernould et al., themethod is validated numerically from several

thousand images obtained by deformation of a dynamically simulated pat-

tern, in the absence and presence of first order radial distortion. The whole

range of disorientation (0 to 14°) and equivalent elastic strain (0 to 5�10�2)

that the HR-EBSD/TKD technique can face has been investigated. This

study quantifies the error committed when radial optical distortion is

ignored. It demonstrates the need for a correction, contradicting the claim

in the literature that neglecting the radial distortion induces a negligible error

when the disorientation is small (<2°). Maximum errors greater than

1�10�4 (and 100% relative) are indeed observed on elastic strain compo-

nents for distortion levels typical of EBSD cameras (fig. 9 in

Chapter “Numerical validation and influence of optical distortions on

accuracy” by Ernould et al.). More generally, it would be surprising if the

HR-EBSD/TKD technique could dispense with a correction of optical
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distortions, while the errors induced by the latter are a major problem in the

measurement of surface deformations in experimental mechanics (Pan,

2018; Pan, Yu, Wu, & Tang, 2013).

Several experimental applications of the method to EBSD and on-axis

TKD patterns have been proposed considering materials with various

thermomechanical states (Chapter “Applications of the method” by

Ernould et al.).

Deformation structures have been characterized in plastically deformed

metals, which constitute an underexplored field of application of the

HR-EBSD/TKD technique. Plastically deformedmetals are a very complex

application, the plastic strain degrading diffraction contrast and thus worsen-

ing the calibration uncertainty. Yet, the method provides a real improve-

ment due to its high sensitivity. It manages to accurately measure crystal

rotations despite the medium quality of the diffraction patterns. Indeed, fine

dislocation structures are revealed consistently with FSD imaging, whereas

they are completely missed by standard analysis based on crystallographic

orientations from HTI. Granted, elastic strain measurement in those mate-

rials is compromised, but their contribution to geometrically necessary dis-

location densities appears negligible as compared to lattice curvatures

(Fig. 9).

The study of deformed micro- or nanostructures is facilitated here by

pre-realigning diffraction patterns using global cross-correlation techniques.

This ensures a convergence of the IC-GN algorithm in the presence of grain

internal disorientations up to 10–12°, no matter the presence of discontinu-

ities such as subgrain boundaries. In particular, this is highlighted in nano-

crystalline aluminum obtained by severe plastic deformation. Usually

reserved for transmission electron microscopes, such a material is here inves-

tigated by means of on-axis HR-TKD. It simultaneously achieves high spa-

tial resolution (3 to 10nm) and a high angular resolution (0.01–0.03°) in a

scanning electron microscope.

Finally, more standard applications have been considered, namely GaN

single crystal and Si0.69Ge0.31 epitaxial layer. In the first case, a sensitivity of

at least 1�10�4 is obtained on elastic strains and lattice rotations. The rota-

tions being close to a tenth of a degree, the contribution of the elastic strains

is no longer negligible in the calculation of GND densities, for which the

noise floor is close to 5�10�3 μm�1 (1�1013 m�2) at 40nm step size. In

the second case, elastic strain mappings are performed at the scale of a

few nanometers by means of on-axis HR-TKD. Strain profiles are qualita-

tively in good agreement with the theory and nanobeam electron diffraction
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measurements in the TEM (B�ech�e, 2009). Further developments are nev-

ertheless necessary for quantitative elastic strain assessment. Stress relaxation

caused by sample thinning must be accounted for as well as the physical spa-

tial resolution of the technique. Despite technical limitations (uncertainty on

the calibration and neglected optical distortion), the experimental results

encourage further developments of the method.

7.2 Perspectives
Beyond the perspectives of improvement of the method discussed later, sev-

eral practical limitations must be overcome. First, this work has highlighted

the need to characterize optical distortion caused by camera lenses. Second,

advanced calibration routines proposed recently must be implemented at

our laboratory to reduce the uncertainty on projection geometry (Pang

et al., 2020; Shi et al., 2021; Tanaka & Wilkinson, 2019; Winkelmann,

Nolze, et al., 2020). It will then be possible to consider a quantitative val-

idation of elastic strain measurement by the proposed method. A bending

test is often considered to do so (Plancher et al., 2016; Shi et al., 2019;

Villert et al., 2009). Theoretical elastic strain and rotation fields induced

by a screw dislocation line near a free surface in GaN can also be simulated

using dislocation models (Eshelby & Stroh, 1951) or piezoelectric disloca-

tion frameworks (Han & Pan, 2012; Shi et al., 1999; Taupin et al., 2014)

and compared to HR-EBSD measurements, in the spirit of (Yu et al.,

2019) who used off-axis HR-TKD. The latter work can be transferred to

on-axis TKD, for which study in SiGe/Si is in progress.

Attempts to characterize the optical distortions of our on-axis TKD cam-

era have been initiated. The electron beam is focused on the scintillator

while no sample present (Fig. 26A) and a “map” of several square millimeters

is acquired at very lowmagnification (Fig. 26B). The position of the probe is

easily identified by the white spot on the unfiltered images (Fig. 26B‘,B”).

Aim is to obtain a grid of spots by superimposing all patterns. If there is no

optical distortion, the spot spacing logically equals the map step size. This

approach is inspired by (Mingard et al., 2011), who placed a thick block with

a regular array of holes drilled through between the scintillator and a source

light (Fig. 26C). Beam focusing on the scintillator is however inconclusive

because the probe remains close to the scintillator’s center as shown in

Fig. 26D, where letters C1 to C4 denotes the corners of the “orientation

map” in Fig. 26B.

Fortuitously, this study reveals that the scan direction differs by about 10°
from that expected. Although scan rotation is off (0°), rows of the map do
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not correspond to a displacement of the probe parallel to the top edge of the

scintillator. This angle must be taken into account when estimating the PC

displacement within the orientation map. This experiment illustrates the

need to verify the veracity of the information provided by the microscope

and camera software.

Fig. 26 (A) Scheme of the on-axis TKD detector on which the beam is focused.
(B) Dimensions of the acquired “map” and filtered patterns associated with its corners mar-
ked by letters C1–C4. (B’, B”) Unfiltered images corresponding to the lower corners C3 and
C4. (D) Superposition of unfiltered patterns associated with positions C1–C4. Panel C: Image
adapted from Mingard, K., Day, A., Maurice, C., & Quested, P. (2011). Towards high accuracy
calibration of electron backscatter diffraction systems. Ultramicroscopy, 111(5), 320–329
showing the setup used for optical distortion determination.
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Yellows arrows in Fig. 26B highlight readout artifact of the detector,

which were recently pointed out by (Shi et al., 2021). They motivate further

improvement of the method, especially in image filtering and residuals

weighting during the IC-GN algorithm, as already discussed in section

Chapter “Implementing the homography-based global HR-EBSD/TKD

approach” by Ernould et al. Many code optimizations are still possible,

starting with the parallelization of the IC-GN algorithm on GPU. The anal-

ysis times could be further reduced by optimizing the convergence defini-

tion of the IC-GN algorithm. The DIC analysis should be as free as possible

from the bias linked to the user, who currently determines the filter param-

eters from a visual inspection of the images. In the work by (Shi et al., 2019),

noise is reduced according to the residuals obtained after a first image

registration.

Stochastic algorithms that are less sensitive to local optima than the

IC-GN algorithm are likely to be developed as already mentioned in

Chapter “Development of a homography-based global DIC approach

for high-angular resolution in the SEM” by Ernould et al. As suggested

by a recent work for pattern calibration (Tanaka & Wilkinson, 2019),

genetic algorithm can be used for image registration as part of the

HR-EBSD/TKD technique. Such kind of algorithm can also be used

when computing the solution from the measured homography. The

deviatoric deformation gradient tensor is currently deduced analytically

for a given projection geometry. In the future, the projection geometry

and its variations could be the degree of freedom of an optimization prob-

lem. They could vary within a range corresponding to their uncertainty so

that the solution best satisfies the free surface condition of the sample

(σi3¼0, in the sample frame).

The execution speed of the code, parallelized on CPU, is comparable to

some emerging indexing methods. The proposed applications have been

analyzed in a few hours, so that another use of the method could concern

the determination of crystallographic orientations. Within a grain, pixels

of the orientation map could be reindexed from the orientation of the ref-

erence (which would then be precisely determined beforehand) and the

relative rotations of the crystal obtained by HR-EBSD/TKD. This is illus-

trated from the IF steel dataset in Fig. 27, which shows the inverse pole

figure of [001]//Y according to standard indexing and after reindexing based

on HR-EBSD measurements. This argues for the integration of calibration,

indexing and high-angular resolution techniques into one, as discussed in

Section 5.2.
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7.3 Conclusion
A global high-angular resolution method is proposed to measure relative lat-

tice rotations and elastic strains within a crystal from Kikuchi patterns

acquired in the SEM. It relies on global digital image correlation techniques

to determine the displacement field between to patterns, from which the

deviatoric deformation gradient tensor is deduced knowing the projection

geometry and its variations.

Originality of the method is to model the displacement field in the scin-

tillator by a linear homography. This line but not edge preserving geometric

transformation perfectly accounts for the effects of elastic strains, rotations

and probe displacement during scan. Its measurement is performed itera-

tively in the spatial domain by an inverse composition Gauss-Newton algo-

rithm (IC-GN) from a unique and large region of interest. This algorithm is

chosen since it is numerically efficient and widely used, and therefore ben-

efits from constant improvements. The projection geometry is only consid-

ered after image registration, to analytically deduce the solution from the

measured homography.

The IC-GN algorithm is modified to integrate a correction of optical

distortions according to a model provided by the user and specific to the

camera used. Such a correction is necessary for measuring elastic strains

Fig. 27 Inverse pole figure ([001]//Y) of the IF steel dataset. (A) According to
Hough-transform based indexing. (B) After reindexing according to the relative lattice
rotations measured by HR-EBSD.
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between 1�10�4 and 2�10�3, especially at low disorientation angles

(<1°). The extra computational cost of the correction is compensated by

the absence of pattern pre-processing to correct distortion effects. The cor-

rection’s principle is transferable to other global HR-EBSD techniques

employing a Gauss-Newton algorithm.

The robustness of the method against disorientations up to about 10° and
against discontinuities such as subgrain boundaries is ensured by a

path-independent initial guess strategy. It pre-aligns patterns by means of

Fourier-Mellin and Fourier-transform based cross-correlation algorithms,

which estimate their relative in-plane rotation and translation, respectively.

The method also adapts to the specificities of on-axis TKD images (diffrac-

tion spots and transmitted beam). Lattice rotations are estimated with an

accuracy typically between 0.1 and 0.5°. It should be kept in mind that

the method primarily aims at pre-aligning patterns and the effects of large

elastic strains may be wrongly considered as rotations. Anyway, this method

leads to convergence of the IC-GN algorithm in most of the experimentally

or numerically investigated cases.

The homography-based global HR-EBSD/TKD approach is numeri-

cally validated in the presence of disorientations up to 14° or equivalent

elastic strain up to 5�10�2, i.e., over the range of values that the technique

can be confronted with. This is performed considering optically undistorted

patterns as well as patterns subject to various magnitude of first order radial

distortion representative of EBSD cameras.

The method is applied to semiconductors and plastically deformed poly-

crystalline metals using both the EBSD and the on-axis TKD techniques.

Despite the pattern medium quality, fine details of the microstructure in

deformed metals are captured, as observed with FSD imaging. The contribu-

tion of elastic strains to geometrically necessary dislocation densities is negli-

gible compared to that of the curvatures. Conversely, it must be accounted for

when disorientations are small (�0.2°), like in GaN single crystal where the

sensitivity on dislocation densities is close to 1�1013 m�2 (5�10�3 μm�1) at

40nm step size.

The on-axis HR-TKD technique allows an effective lateral spatial res-

olution of 3 to 10nm and an angular resolution of 0.01 to 0.03° to be

reached simultaneously in a scanning electron microscope. By being selec-

tive in depth, the technique is of particular interest for the study of nanocrys-

talline materials, in which patterns superimposition is more likely when

using a TEM. Moreover, elastic strains are measured with a resolution com-

parable to the most accurate TEM methods (2�10�4) in a Si0.69Ge0.31
epitaxial layer.

55Applications of the method

ARTICLE IN PRESS



Finally, the method is programmed in FORTRAN in order to benefit

from the computational speed of a non-interpreted language. It is

implemented in the ATEX-software (Beausir & Fundenberger, 2017),

which facilitates its future use.
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