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Abstract

In situ SEM mechanical tests are key to study crystal plasticity. In particular, imaging and diffraction (EBSD)
allow microstructure and surface kinematics to be monitored all along the test. However, to get a full benefit from
different modalities, it is necessary to register all images and crystallographic orientation maps from EBSD into
the same frame. Different correlative approaches tracking either Pt surface markings, crystal orientations or grain
boundaries, allow such registrations to be performed and displacement as well as rotation fields to be measured,
a primary information for crystal plasticity identification. However, the different contrasts that are captured in
different modalities and unavoidable stage motions also give rise to artifacts that are to be corrected to register
the different information onto the same material points. The same image correlation tools reveal very powerful to
correct such artifacts. Illustrated by an in situ uniaxial tensile test performed on a bainitic-ferritic steel sample,
recent advances in image correlation techniques are reviewed and shown to provide a comprehensive picture of local
strain and rotation maps.
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1. Introduction

Scanning Electron Microscopy allows contrasted images to be acquired with sub-micrometer spatial resolution at
the surface of metals, using Secondary Electron (SE) imaging mode, mostly sensitive to topography. Back-Scattered
Electron (BSE) imaging is sensitive to topography or chemical contrast depending on the detector configuration.
The latter case is the most favorable for kinematic measurements since brightness changes due to out-of plane5

displacements are essentially prevented. New generations of Scanning Electron Microscopes (SEM) with field
emission guns exhibit far less imaging distortions than their predecessors based on Tungsten probe technology [1],
and are therefore very well adapted to performing digital image correlation (DIC) measurements [2, 3, 4].

Another imaging mode providing key information when studying crystal deformation is Electron Back-Scattered
Diffraction (EBSD). Sensitive to crystal orientation, EBSD allows rotation fields to be tracked at the surface of10

a polycrystalline specimen subjected to straining [5]. Measuring rotation and more specifically its gradients is
important to address plasticity problems at the grain scale, since rotation gradients are induced by geometrically
necessary dislocations involved in strain gradient plasticity models [6, 7].

In situ mechanical tests often rely on the combined use of BSE and EBSD images, but these two images are
acquired with two different specimen configurations. The surface is normal to the electron beam for BSE images15

and is subsequently tilted for EBSD imaging. Matching the coordinates system of the two images is an issue seldom
reported in the literature. A commonly adopted procedure is to use indent marks, which are visible in the two
images, to find the transformation between the images using simple shape functions (e.g., rotations, magnification
changes/dilations [8]).

Kinematic measurement by DIC requires gray level images ideally with high local contrast. Apart from natural20

contrast of the sample surface (e.g., surface roughness), different marking techniques are available to produce a
fitting artificial contrast for SEM studies, such as the deposition of microgrids by microlithography [9], random
patterns generated by nanoparticle deposition techniques [10] or UV-photolithography [11]. To the best knowledge
of the authors, all the artificial patterns serve as contrasts in SE/BSE images, and no report exists concerning the
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exploitation of its contrast in EBSD images. Besides, the mechanism of trace generation in EBSD images has not25

been investigated.
An alternative solution is to deposit in situ computer-generated patterns onto the specimen surface by mi-

crolithography with a precise knowledge of the reference pattern [3]. Another advantage of the in situ deposition
is that the size, shape and thickness of the speckles are easily and precisely controlled by the SEM. As information
depth is bigger in EBSD than SE/BSE images, and the spatial resolution of EBSD is not as good as SE/BSE30

images, larger and thicker speckles are necessary to create sufficient contrast in EBSD images for DIC purposes.
This paper presents a work to generate a visible random pattern in both SE/BSE and EBSD images and employs
multiple correlative tools to track the pattern in these imaging modes during the in situ test, thereby generating
very rich experimental information about the sample.

The characterization of SEM errors is critical when images are quantitatively analyzed. Imaging distortion of35

SEM has been characterized by DIC [3] on samples with in situ deposited speckles. Slow scan direction error in
atomic force microscpy (AFM) has been quantified and corrected [12, 13] by capturing two images with orthogonal
scan directions. A hypothesis has been made that the information acquired for each scanned line is reliable. EBSD
acquisition uncertainty, both spatial distortion and orientation resolution, should be analyzed too. A detailed orien-
tation uncertainty analysis [14] estimates the angular resolution at 0.5◦, which has been confirmed by experimental40

measurements [15].
For tilted samples, distortion of EBSD images has been pointed out [16, 17], and a geometric transformation

has been proposed to correct the distortion based on SEM images on non tilted samples. The tilt correction
has since been incorporated as a basic function in standard SEMs. Trapezoidal distortion has been analyzed
theoretically [18, 19]. However, the uncertainty in tilt correction has not been studied.45

The present study aims at coupling crystal deformation and rotation measurements of a tensile test performed
in situ (i.e., in an SEM). Surface deformations are measured thanks to DIC [9, 20, 8] with a specific implementation
already proven well adapted to polycrystals [21]. More recently, it was shown that crystal rotation fields can also
be measured on surfaces by registering EBSD images via so-called quaternion correlation [5]. EBSD images have
been overlaid manually on DIC strain map to study the relation between the texture and fatigue properties [22].50

Accurate matching of the two kinds of images is necessary to describe the microstructure of polycrystals and more
importantly, its changes during mechanical loadings. Rotations measured by EBSD and strains evaluated by DIC
were compared [23] for an austenitic steel with large grain size. Matching EBSD and BSE images was thus not
mandatory in that work since only few grains were studied.

Since comparisons will be performed herein for a bainitic steel with a much finer microstructure, rotation and55

strain fields have to be expressed very precisely with respect to each other. The matching of BSE and EBSD images
will rely on the presence of the same speckle pattern produced by lithography in the images captured with different
specimen positions and detectors. Efforts will be devoted to the understanding of electronic processes leading to
image capture, thereby allowing for good correlation between images acquired with different modalities, and in turn
sound comparisons between plastic slip and lattice rotation. The paper is organized as follows. Section 2 details60

the experimental procedure. A very brief introduction to DIC is provided in Section 3. Section 4 is dedicated to
the treatment of BSE images, and Section 5 to that of EBSD images. Matching EBSD and BSE images and its
benefit will be discussed in Section 6.

2. Experimental settings

The studied material, A508cl3 (i.e., 16MND5 in French nomenclature), which is a bainitic-ferritic low-alloyed65

steel used in the nuclear industry, is subjected to in situ uniaxial tension. Two flat tensile specimens with a gage
zone of volume 10× 1.5× 1 mm3 are machined. For imaging purposes, mechanical polishing of the sample surface
is performed with silk cloths and diamond suspension down to 0.25 µm followed by finishing with 40 nm colloidal
silica suspension for 25 minutes.

A random platinum speckle has been generated and deposited in situ onto the sample surface. The theoretical70

position of the speckles is shown in Figure 1. Note that the x direction is vertical and y direction horizontal, and
the coordination origin is at the top left of the image. This convention will be used in all the following images of
the paper. A platinum square of 110×110 µm2 encompassing the speckles has also been deposited, to facilitate the
sample repositioning during the tensile test. The shape of the square also indicates intuitively the deformation, or
the distortion of captured images. The diameter of the speckles is set to 300 nm and their thickness is 75 nm. These75

parameters are optimized prior to the test, by trial and error, to make the speckles visible in image quality (IQ)
maps and invisible in orientation maps associated with EBSD analyses. The speckles cover a Region of Interest of
area 105× 105 µm2.
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Figure 1: Theoretical positions of randomly generated speckles

The SEM used in this study is of type TESCAN Mira3 600. BSE detector in Z-contrast has been used with an
acceleration voltage of 30 kV and a working distance of 17 mm. The physical size of one pixel is 50 nm, which is80

close to the spatial resolution limit of EBSD acquisitions. This very fine resolution is chosen because 16MND5 has
a very fine microstructure, with 1− 2 µm thick bainitic laths. The scanned area (110× 110 µm2) has a definition of
2200×2200 pixels. Two successive EBSD acquisitions have been performed for the undeformed sample and another
two acquisitions for the deformed sample. Each acquisition duration is about 21 h, allowing enough electrons to be
collected by the EBSD detector for each scanned point. This long duration may come together with thermal drift85

due to temperature changes between day and night. The data obtained by EBSD acquisitions and processed with
EDAX OIM™ software are used as a starting point of EBSD analyses.

An in situ tensile test has been performed on the sample in the horizontal position. The macroscopic strain
rate is set to 4× 10−4 s−1 up to 6 % longitudinal strain. Series of SE and BSE images have been acquired during
the whole test. Scan rotation has been set successively to 0 ◦ and 90 ◦ for each step. The image definition is90

3072 × 3072 pixels for a surface area of 130 × 130µm2. The images are acquired with an acceleration voltage of
30 kV and a working distance of 13 mm. It is worth noting that EBSD acquisitions necessitate a tilted configuration
(surface normal inclined with respect to the SEM column by about 70 ◦), and are not accessible during the in situ
tensile test.

Let us mention that another strategy was tested to facilitate the registration of EBSD and surface imaging.95

The mechanical stage was positioned so that the sample surface remained inclined at about 70 ◦ (as required for
EBSD acquisition) during the entire test. The tilt correction of the SEM was used to revert to in-plane coordinates.
However, registration performed on a sequence of images acquired during the mechanical test showed spurious stripes
on the displacement field (at subpixel amplitudes) that originated from the built-in tilt correction. Thus, although
the idea was appealing, and in spite of a very careful and otherwise successful mechanical test, tilt correction100

precluded the use of imaging in a quantitative manner, and this option was not investigated further.

3. Brief introduction to DIC

For a few recent decades image-based measurement methods, known as digital image correlation, have been
developed and widely used [24]. A variety of DIC techniques have been proposed to register different types of
images, for example 2D-DIC [25, 9, 20, 2, 1], 3D-DIC [26, 27, 28], digital volume correlation [29, 30, 31, 32] and105

quaternion correlation [5].
The same principal applies to all DIC techniques. The input of DIC methods is image pairs, denoted as f(x)

and g(x), with some features, for example marking or topography, by extension grain orientation for quaternion
correlation. DIC techniques search for displacement field u(x) that relates f and g by invoking gray level conser-
vation

f(x) ≈ g(x + u(x)) (1)

3



The outputs are i) the displacement field between the 2 input images plus possibly extra corrections such as
gray levels; ii) the difference between f(x) and g(x + u(x)), or also called residuals, showing how good/bad the
registration was performed. It is worth noting that in the case of quaternion correlation, the residual corresponds
to the crystal disorientation between 2 images. The way the gray level conservation (1) is sought depends on the110

chosen displacement kinematics and over which part of the image it is applied [33].
The present paper employs intensively 2D-DIC and quaternion correlation to perform the measurements for

different types of images taken during the in situ mechanical test. A regularized and global DIC algorithm is used and
the DIC procedure is characterized by its spatial resolution given by the largest length scale between the displacement
discretization (here an unstructured FE mesh made of 3-noded triangular elements) and a regularization length115

promoting small scale smoothness [34].

4. Analysis of SEM images

4.1. SEM scan orientation artifacts on horizontal sample

According to previous studies, images acquired by scanning microscopy, e.g., electron microscopy [2, 1] and
atomic force microscopy (AFM) may suffer from distortions/scan drift, especially in the slow scan direction [35].120

To assess such distortions it has been proposed to capture images in different scan directions [36], and to combine
them, relying on fast scan lines, to get an image corrected from such line to line artifacts [13]. In this last reference,
artificial strains due to such slow scan drift was observed to reach 16 % for AFM images.

In the present experiment, all SEM images are taken with a scan rotation of 0 ◦ and 90 ◦ to correct for potential
direction-related distortions. For all images with a scan rotation of 0 ◦, the ‘fast’ scan direction is y and lines125

at increasing x positions are progressively accumulated (x is said to be the ‘slow’ scan direction). Conversely,
for the scan rotation of 90 ◦, the fast scan direction is x and line data are collected at increasing y coordinates.
As a result, images taken with scan rotations 0 ◦ and 90 ◦ are comparable only after rotating an image by 90 ◦.
Figures 2(a) and 2(b) show the BSE images of the reference state of the sample. Figure 2(c) shows the 90 ◦

acquisition (Figure 2(b)) exactly rotated by an angle of 90 ◦ anti-clock wise. The difference between Figures 2(a)130

and 2(c) is hardly detectable with bare eyes.

(a) 0 ◦-scan image (b) 90 ◦-scan image (c) Rotated 90 ◦-scan image

Figure 2: BSE images of the sample in the reference configuration acquired with a scan direction of (a) 0 ◦ and (b) 90 ◦. (c) Numerically
rotated image (b) by 90 ◦ anti-clockwise. The pixel size is 42 nm for all images

DIC has been run to register images acquired with different scan directions (Figures 2(a) and 2(c)). Triangular
elements with characteristic length of 25 pixels are adopted, and the regularization length is set to 200 pixels to
reduce the measurement uncertainty as the spatial resolution is not an issue herein.

An example of DIC result with the BSE images of the reference state is shown in Figure 3. Figure 3(a) shows the135

raw difference between Figures 2(a) and 2(c), for which a clear difference is observed. A small region in Figure 3(a)
is free of speckles, while in its neighborhood speckles gradually appear. This phenomenon implies a slight yet
persistent distortion between the two studied images. Figure 3(b) shows the gray level residual field at convergence
of the DIC routine. Although some patterns can still be seen, the level of residuals has been greatly decreased from
the initial difference. The histogram is shown in Figure 3(c).140

This registration is achieved for a very large amplitude of apparent displacement field in both x and y directions,
as shown in Figures 3(d) and 3(e). The most salient property of the displacement field is the fact that the x axis
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is more or less uniformly stretched by 1 % whereas the y axis shows a similar uniform contraction of about −1 %.
This observation suggests that pixels are in fact elongated to rectangles along the slow scan direction, whatever the
scan direction (0 ◦ or 90 ◦). To get a more precise appreciation of these distortions, it is interesting to compute145

the strains from the apparent displacement field, as shown in Figures 3(f), 3(g) and 3(h). εxx and εyy show marked
horizontal and vertical stripes respectively, while a ‘tartan’ fabric pattern is visible in εxy field. In agreement with
the previous observation, the dominant strain is a stretch (respectively contraction) of about 1 % along the x (resp.
the y) direction, as can be seen from the average values of the corresponding strain components.
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(a) Initial difference (b) Final residual
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Figure 3: DIC results for BSE images of the reference state acquired with rotated 0 ◦-scan and 90 ◦-scan (Figure 2). (a) Initial
difference between the two images. (b) Corresponding residual field at convergence. A ‘grid’ like pattern is visible. (c) Histogram of
the gray level residual. (d,e) Displacement field in x and y directions (expressed in pixels). (f-h) Strain fields. The pixel size is 42 nm
for all images

The remarkable and specific patterns exhibited by the strain field can be explained by the fact that SEMs150

control the electron beam more precisely in the fast scan direction, while the position of the starting point of the
next scanned line is less accurate. Consequently, the spacing error between scanned lines induces bands in εxx
and εyy fields and the incorrect alignment leads to the grid in εxy field. Following Ref. [13], it is proposed to
combine images acquired with different scan directions so that each fast-scan line is preserved untouched but may
be repositioned at a slightly corrected starting point. This procedure, which revealed successful for AFM images,155
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is here applied to register the above different scan orientation images.

4.2. SEM scan correction

The correction procedure is based on the hypothesis that the fast-scan direction is correct in SEM images [13].
Let φ(x) be the undistorted image, which is unknown. Image f1 is captured with a fast-scan direction along the
x-axis, and image f2 captured along the y-axis. Thus each line f1(., y) and f2(x, .) is considered exact. For the
first image, when the incident beam moves to the start position of the next line, it is assumed that a repositioning
error exists with components ux and uy in the sample surface plane. The two components ui of the displacement
are assumed to only depend on the slow scan direction y. Similarly for image 2, each line is repositioned with a
displacement v(x). This is expressed as

f1[x + u(y)] = φ(x)
f2[x + v(x)] = φ(x)

(2)

where u = (ux, uy) and v = (vx, vy) are two unknown vector profiles.
The objective of the procedure is to estimate φ from f1 and f2 as well as the displacements u and v. Equation (2)

belongs to the global DIC techniques, with the specific difficulty of unknown reference φ. Figure 4 shows the160

correction results for the undeformed state. The displacement was decomposed over 50 Fourier modes (this is an
arbitrary choice but other discretizations provide very similar results). The analysis requires less than 2 hours for
3072× 3072-pixel images on a PC with i7 CPU and 32 Gb of memory.

Figure 4(g) shows the residual field of the slow-scan error correction procedure. No original image features are
clearly apparent and hence the registration procedure is deemed trustworthy. It is worth noting that residuals are165

very significantly decreased as compared to the previous approach, because the effect of artifacts is more precisely
formulated. Figures 4(a) and 4(b) show the x and y components of the displacement fields u between image f1(x)
and the best achieved compromise φ(x).

Figure 4(c) shows ∂xux, which is comparable to εxx shown in Figure 3(f). Similarly, Figures 4(d) and 4(e) show
the x and y components of the displacement field v between image f2(x) and φ(x). Figure 4(f) shows −∂yvy, which170

is comparable to εyy shown in Figure 3(f). Under a small strain assumption, the difference between these two fields,
u − v, should be comparable to the previous standard DIC displacement field shown in Figure 3. It is observed
that the agreement is quite satisfactory. All the bands in the strain field are well captured by the slow-scan error
correction procedure. This result validates the previous DIC approach, but also indicates that the present approach
is more reliable (i.e., showing smaller residual levels). The mean gradients of u and v are respectively 1.12 %, and175

1.07 %, in very good agreement with the previous determination of about 1 % mismatch between fast and slow scan
directions.
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(a) ux (b) uy (c) ∂ux/∂x

(d) vx (e) vy (f) −∂vy/∂y

(g)

Figure 4: DIC results for the correction of BSE images f1 and f2 for the initial state. (a-b) Displacement field in x and y directions
between image f1 and the corrected image. (c) Gradient of figure (a) in x direction. (d-e) Displacement field in x and y directions
between image f2 and the corrected image. (f) Gradient of figure (e) in y direction. (g) Residual field f1(x+u)− f2(x+ v). The pixel
size is 42 nm for all images

The above procedure confirms the existence of scan drift in SEM images, although less marked than for AFM
acquisitions [13]. This effect should be taken into consideration if accurate strain and displacement measurements
are sought, but at the extra cost of a double acquisition along two perpendicular scan directions. However, it should180

be noted that the resulting error in measuring strains is the product of the true strain and the spurious one due
to scanning. In the present case, accepting a relative 1 % inaccuracy in the local strain, i.e., of order 6 × 10−4

uncertainty, one can consider that the BSE images can be trusted.
DIC has been run on all BSE images acquired during the in situ tensile test and the change of εxx strain is shown

in Figure 5 and εyy in Figure 6. Finite deformation theory has been adopted and the strain tensor is computed as185

the Green-Lagrange tensor where y is the tensile direction. From εxx and εyy changes it is concluded that the strain
concentration/localization patterns revealed at the onset of plasticity do not change subsequently. This trend is
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confirmed by previous work on 304L stainless steel [23]. The strain patterns are also consistent with slip traces at
the specimen surface, inclined at 45 ◦ with respect to the loading direction.

(a) 〈εyy〉 = 0.9 % (b) 〈εyy〉 = 2.4 % (c) 〈εyy〉 = 5.5 %

Figure 5: εxx fields calculated by DIC on the BSE images acquired during the tensile test for different macroscopic strain levels 〈εyy〉.
The pixel size is 42 nm for all images

(a) 〈εyy〉 = 0.9 % (b) 〈εyy〉 = 2.4 % (c) 〈εyy〉 = 5.5 %

Figure 6: εyy fields calculated by DIC on the BSE images acquired during the tensile test for different macroscopic strain levels 〈εyy〉.
The pixel size is 42 nm for all images

5. Treatment of EBSD images190

Recently, quaternion correlation has been proposed to measure crystal rotation and displacement fields [5]. The
algorithm uses the crystallographic orientation maps provided by EBSD images as registration support and the
residual field indicates the rotation field. The algorithm leads to displacement fields with sub-pixel uncertainty
and the rotation field with an uncertainty on the order of 10−3 radian, well below the orientation indexation
error/resolution of EBSD.195

The orientation maps of 4 EBSD acquisitions are shown in Figure 7. Figure 7(c) shows the IQ field corresponding
to Figure 7(a). The square encompassing speckles is distorted, thereby indicating a systematic drift of EBSD
acquisition, a phenomenon that will be addressed in Section 6. It is worth noting that two EBSD acquisitions might
use different reference orientations, which will result in non-sensical disorientation through quaternion correlation
even after the application of crystal symmetry. To correct this, one can choose arbitrarily a set of Euler angles200

from the same region in the two acquisitions, say those at the barycenter of the largest grain in the area, and
transform them into a fixed interval, say (ϕ1 ∈ [0, π], ϕ ∈ [0, π/2], ϕ2 ∈ [0, π/2]), through crystal symmetry. Then
the difference of their reference becomes clear and easily cancelled. The reference difference calculated from the two
selected pixels can be applied for the entire region, because during an acquisition procedure the reference orientation
does not change and the reference difference is universal for two given EBSD acquisitions.205
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(a) (b) (c)

(d) (e)

001

111

101

Figure 7: Orientation maps of successive EBSD acquisitions of the virgin sample (a,b), corresponding IQ map (c). Orientation maps
of the deformed sample (d,e). The pixel size is 50 nm for all images

The difference between successive acquisitions (without any difference in loading) is not visible to the naked
eye, and hence, they were analyzed using quaternion correlation. The DIC parameters for quaternion correlation
and IQ field correlation are: i) an unstructured triangular mesh with element size 25 pixels; ii) the mechanical
regularization length is brought down gradually from 400 to 200 and 100 pixels, each time initialized with the
results of the last calculation; iii) the displacement field obtained by IQ field correlation is used as initialization210

for quaternion correlation, to save computation time. The results provided by quaternion correlation reveal non
negligible disorientations and the displacement field provided by IQ field correlation show spatial inconsistencies,
as shown in Figures 8 and 9.

It can be seen that the displacement fields in x and y directions have a range of 11 pixels and 22 pixels,
respectively, for the undeformed sample, 90 pixels and 50 pixels for the deformed sample. Significant displacement215

gradients are visible at the top, indicating severe instabilities in the beginning of EBSD acquisition. In addition,
horizontal traces appear in both x and y directions, which means the slow scan direction drift studied in Section 4
is also present in EBSD acquisitions (presumably because of the long duration of the acquisition overnight). The
large uncertainty in location must be taken into consideration during the exploitation of EBSD results.

The amplitude of disorientation and the corresponding rotation vector components are shown in these figures.220

It is seen that a tilted thick band of low disorientation zone, i.e., less than 0.5 ◦, exists even though no load was
applied (Figure 8(c)). The corresponding rotation vector components ωx, ωy and ωz are noisy in the band. This is
in accordance with the small magnitude of rotation that renders the rotation vector ill-defined. However, outside
the band the disorientation level increases very significantly, reaching about 1.8 ◦ in the corner. The rotation vector
ω shows a tendency, too. For example, Figure 8(e) shows a high level of ωy at the top left corner and low level at225

the down right corner.
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(a) (b) (c)

(d) (e) (f)

Figure 8: DIC results between successive EBSD acquisitions (virgin sample). (a-b) Displacement field in x and y directions respectively.
(c) Disorientation angle (in ◦); (d-f) 3 components of disorientation vector ωx, ωy and ωz , respectively. The pixel size is 50 nm
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(a) (b) (c)

(d) (e) (f)

Figure 9: DIC results between successive EBSD acquisitions (deformed sample). (a-b) Displacement field in x and y directions
respectively. (c) Disorientation angle (in ◦). (d-f) 3 components of disorientation vector ωx, ωy and ωz , respectively. The pixel size is
50 nm

Further, grain shapes are revealed by the fluctuations of the components of ω, and not by the disorientation.
In other words, the disorientation angle between two successive scans is not grain-specific, yet the disorientation
vector is. Satisfactory explanations are not available yet. Several possible reasons may be proposed: i) the sample
has a thermal distortion between two scans, either by heat induced by the electron beam, or due to the room230

temperature differences between the two days of the experiment. ii) Dynamic focus does not work perfectly. As
during the experiment, dynamic focus is performed on the image center, the electron beam is not well focused for
the upper and lower parts, as the working distance may vary. This phenomenon explains the horizontal band in
Figure 9, but not the tilted band in Figure 8. iii) Physical drift of the imaging device, namely, either the sample
support drifts during acquisitions, or the EBSD device is sucked firmly into the chamber by vacuum during the235

two-day acquisitions. As a result, the indexed orientation is to be used with caution. However, as the macroscopic
tensile strain level is 6 % and significant crystal rotations occur, the uncertainty associated with such smooth spatial
variations with a maximum level of 1.8 ◦ will not be considered as a severe problem.

Quaternion correlation has been run to study crystal rotations during the tensile test. However, as quaternion
correlation is based on the hypothesis that the crystal orientation and grain boundaries do not change signifi-240

cantly [5], which is not the case herein, a precise initialization is needed. A global and regularized DIC procedure
has been successfully applied to grain boundary images to obtain an initial displacement field. A regular triangular
mesh with characteristic length of 30 pixels is chosen and mechanical regularization length is reduced gradually from
200 to 70 pixels [34]. The grain boundary images and the corresponding displacement field are shown in Figure 10.
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Figure 10: DIC results on grain boundary images. (a) Reference picture corresponding to Figure 7(b). (b) Deformed picture
corresponding to Figure 7(e). (c-d) Resulting ux and uy displacement fields, respectively. The physical size of one pixel is equal to
50 nm

This displacement field is used to initialize quaternion correlation, which results in the rotation field shown in245

Figure 11. It is observed that rotations concentrate significantly, with a maximum level 15 ◦. High gradients exist
in several grains.
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Figure 11: Rotation field (in ◦) between two EBSD acquisitions before and after the tensile test (Figures 7(b) and 7(e)). The pixel
size is 50 nm

Until now the BSE image series has been registered by DIC, and EBSD images by quaternion correlation.
However, the matching of these two modality images and its benefits have not been discussed yet and are detailed
in the next section.250

6. Registration of EBSD and BSE images

EBSD images provide the crystal orientation with a standard angular uncertainty of 0.5 ◦, thus accurate enough
for describing the microstructure of the sample. As discussed in Section 4, BSE images with fast scan accuracy in
both directions can be obtained, so the spatial coordinates of pixels are obtained very precisely. A natural idea is to
combine EBSD and BSE images to give a description of the microstructure with the accuracy of crystal orientation255

of EBSD image and spatial coordinates of BSE images. Manual matching of EBSD and SEM images has been
performed in previous works [22], without stating the accuracy of the registration. The matching has also been
performed by calculating a transformation matrix F from several markers visible in EBSD and SEM images [8].
The corresponding error has been predicted to be about 15 pixels or 2 µm for an area of 400×400 µm2. Registration
can be obtained by correlating the two types of images, thanks to the image contrast introduced by a large number260

of speckles that are visible in both modalities.

6.1. Analysis of speckles in EBSD and BSE images

Figure 12 shows a zone in EBSD (orientation and IQ) and BSE images. It is observed that the speckles are
invisible in the orientation map (Figure 12(a)), thus the deposited speckles do not impact the crystal orientation
detection/acquisition. For the IQ image, each speckle corresponds to two darker spots (Figure 12(b)).265
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Figure 12: Several images of the same region of interest of the sample obtained from (a) EBSD orientation map, (b) EBSD IQ image,
(d) BSE image, (e) BSE image with artificial ‘shadow’ speckles. (c) is an enlargement of twin spots shown in sub-figure (b). The
diffraction images corresponding to the marked rectangular area are shown in Figure 14

Figure 13 illustrates the formation of the twin spots, which is based on previous studies on the origin of diffraction
patterns [37, 38]. One spot is linked to the real position of the speckle, the other one is the shadow cast on the
sample. When the electron beam hits the speckle (Figure 13(a)) its interaction with the underlying material is
altered. Thus the diffraction image is deteriorated and so is the image quality of the EBSD analysis. When the
electron beam hits a point near a speckle, as shown in Figure 13(b), and if the ballistic range of incident electron is270

longer than the speckle diameter, the effective back-scattering source is not obscured by the speckle. The diffraction
pattern captured by the detector is of better quality than its upper and lower neighbors, thus a higher IQ score
between twin spots is obtained. When the electron beam hits the region above the speckle, see Figure 13(c), the
speckle with a non negligible height will cast a shadow on the bottom of the diffraction image.
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Figure 13: Schematic sketch providing an explanation to the formation of double spots. (a) Formation of ‘real’ spot. (b) Formation
of ‘saddle’ between two spots. (c) Formation of shadow spot. (d) Schematic view explaining the distance between the shadow and real
spots

As the electron beam moves away, the shadow moves even faster due to the gnomonic projection effect. This275

schematic explanation is confirmed by the collection of Kikuchi patterns (see Figure 14) recorded as the rectangle
shown in Figure 12(c) is scanned. It can be seen that for the lower spot a shadow at the bottom of the image
appears and vanishes quickly as the electron beam scans through the studied zone.
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Figure 14: Series of diffraction images of a split speckle. The lower lines of the diffraction images correspond to the shadow spot, as
the shadow is visible on the lower edge

As the speckle is a thick disk of Pt with a diameter much larger than its height, the effective obstacle area is
limited. This is the reason why the shadow spot is smaller than the real one. For BSE images, a speckle generates
a unique spot (Figure 12(d)). It can be seen from Figure 12(c) that the twin spots are separated by a distance D
of about 11 pixels. Figure 13(d) illustrates the origin of this distance. The electron beam e−1 hits the upper edge of
the speckle, thus travels the longest distance inside the speckle and results in the darkest point in the real spot. As
for electron beam e−2 , the most emissive part of the back-scattering electron source is masked by the speckle, and
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the darkest point in the shadow spot is obtained. Consequently,

D = AB +BC

= AB +
h

tan(20 ◦)

(3)

where B is the intersection point of the speckle and sample surface, A is the beam hitting point of the darkest point
of shadow speckle, C is the beam hitting point of the darkest point of real speckle, and h is the speckle height (i.e.,280

75 nm). Knowing that the pixel size of EBSD acquisitions is 50 nm, AB is expected to be about 7 pixels, which
will be validated in Section 6.2. The fact that AB is larger than the diameter of the speckle in turn validates the
analysis of Figure 13(b).

6.2. Registration results

The physics behind the ‘split’ speckles in EBSD IQ images being understood, one should either delete the shadow285

spot in EBSD IQ image, or create shadow speckles in BSE image if the two types of modalities are to be registered.
The latter is chosen herein as shown in Figure 12(e). DIC has been run on the EBSD IQ map and BSE image
with shadow speckles, and the results are shown in Figure 15. The coordinates given by EBSD acquisitions are
distorted both in x and y directions. More importantly, the distortion is not stable in time, as it is not the same
between the two successive EBSD acquisitions and the BSE image, especially in the y-direction. It is therefore not290

possible to characterize once-and-for-all the EBSD scan distortions and use them to correct other EBSD images.
Besides, as the displacement field cannot be described by a regular/simple polynomial function, the conventional
(i.e., manual) registration of EBSD and SEM images based on the remarkable points in both images and global
polynomial interpolation is not very accurate.

(a) (b)

(c) (d)

Figure 15: Correlation results between reference BSE image and first EBSD IQ map. (a) ux (b) uy expressed in pixels. Correlation
results between reference BSE image and second EBSD IQ map. (c) ux (d) uy expressed in pixels. The physical size of one pixel is
50 nm
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As mentioned in Section 4, the corrected BSE image is free from scan drift. Once BSE and EBSD images295

are registered, accurate spatial coordinates given by BSE images are combined with crystallographic orientations
provided by EBSD. Figure 16 shows the grain boundaries extracted from the EBSD image overlaid on the reference
BSE image. These points that have a disorientation greater than 5 ◦ with neighbors are considered as grain
boundaries. The magnified views (Figures 16(b), 16(c) and 16(d)) show that the grain boundaries extracted from
EBSD pictures are always several pixels away from the grain boundaries shown in the BSE modality. This is due300

to the stable distance between the incident beam and the effective back-scattering electron source.
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Figure 16: Overlay of grain boundary extracted from EBSD image on reference BSE image. Full-field (a), and three magnified views
(b-d). The pixel size is 42 nm for all images

An illustration of this phenomenon is provided in Figure 17. The electron beam captures both grain boundary
and speckle, yet they are actually separated on the sample. Thus the speckles and grain boundaries shown in the
IQ field have a consistent shift. Grain boundaries, which are embedded inside the sample, are registered when
encompassed by the interaction zone. As for the Pt speckle, its large atomic number/weight and position at the305

surface mean that it affects the incident beam directly. As a result, the consistent distance shown in Figure 16 can
be used to quantify the distance from the incident beam hitting point and the interaction zone.
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Figure 17: Schematic view of the distance between grain boundaries and real speckle. The electron beam captures both grain boundary
and speckle, yet they are actually separated

Figure 18 shows the grain boundary extracted from the EBSD image overlaid on top of the reference BSE image
with a constant 7-pixel shift. The magnified views (Figures 18(b), 18(c) and 18(d)) show that the accuracy of grain
boundary positioning is about one pixel, which is deemed very satisfactory.310
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Figure 18: Overlay of grain boundary extracted from EBSD image on reference BSE image when grain boundaries are uniformly shifted
by 7 pixels. Full-field (a), and three magnified views (b-d). The pixel size is 42 nm for all images

6.3. Correlation between crystal orientation and plastic strain

The precise registration between EBSD and BSE images opens another route, which is to study the relationship
between crystal rotations and plastic strains in the same coordinate system. An equivalent strain, εeq, is chosen to
characterize the strain levels [9]

εeq =
2

3

[√
2εY + 1√
2εX + 1

− 1

]
(4)

where εY and εX are the principal/eigen values of the in-plane Green-Lagrange strain tensor. The third out-of-plane
principal value is assumed to be equal to the second eigen value, εX . εeq is a measure of the deviatoric strain.

Figure 19 shows a direct comparison between crystal rotations and equivalent plastic strain for the analyzed
pictures. The white pixels in Figure 19(a) come from the imprecise orientation indexation at grain boundaries, and315

hence quaternion correlation naturally provide a local estimate of the crystal rotation that is meaningless but on
average much higher that the trustful crystal rotation within grains. Thus the white pixels draw very precisely
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the grain boundaries [5]. In Figure 19(b), green curves are overlaid grain boundaries thanks to the registration of
EBSD and BSE images.

In order to study the correlation between crystal rotations and equivalent plastic strains, a 2D joint histogram320

is shown in Figure 19(c) for all grains in the region of interest. Figure 19(d) and Figure 19(e) show the 2D joint
histogram for ferritic and bainitic grains respectively. Pixels at the grain boundaries are not counted since the
measured crystal rotation is not reliable. The three histograms are based on 3.3 million, 0.6 million and 2.7 million
data points respectively. By comparing Figure 19(d) and Figure 19(e), it is concluded that strains are generally
higher in ferritic grains than in bainitic grains, as found in previous works [39], while no significant differences325

exist in terms of crystal rotation between the two phases. Strain and rotation are broadly distributed in the
three histograms. However, they appear to be significantly correlated, thereby indicating the existence of crystal
rotations and plastic strain concentrations in the same regions. To better highlight these correlations, average
and median crystal rotations are calculated at fixed εeq (within intervals of width 0.002), and average and median
εeq are calculated as functions of crystal rotation (within intervals of 0.1 ◦). In the statistically significant box,330

0.03 < εeq < 0.15 and 3 ◦ < θ < 10 ◦, all four trends show a marked positive correlation. This analysis does not aim
at revealing a deterministic relationship between both of these quantities as they remain very broadly distributed
and not only because of measurement uncertainties. A prosaic argument to support this observation is to note that
in regions where the strain is small, crystal rotations are expected to remain small.
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Figure 19: Comparison of crystal rotations and equivalent plastic strains at the end of the tensile test. (a) Crystal rotation magnitude.
(b) Equivalent plastic strain. Grain boundaries extracted from the EBSD image are overlaid. The pixel size is 50 nm for (a) and (b).
2D joint histograms of crystal rotations and equivalent plastic strains for (c) all grains, (d) ferritic grains and (e) bainitic grains. Note
that the scale is in exponential terms. Average and median profiles of crystal rotation and εeq are overlaid in the sub-figures
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7. Conclusion335

The present paper provides a detailed study of an in situ tensile test carried out inside an SEM. Properly sized
and randomly positioned platinum speckles deposited onto the sample surface facilitate the registration between
different modalities including BSE and EBSD images. Regularized DIC reveals very powerful to match BSE images
acquired at each increment of mechanical loading, in spite of very heterogeneous (i.e., emerging shear-bands) strain
fields, while quaternion correlation allows the crystal rotation field to be analyzed between the initial and final340

stages. Several new findings have been reported:

1. Properly sized platinum speckles deposited onto the sample surface facilitate the registration of EBSD and
BSE/SE images. When finely tuned to the suited value, the speckle thickness may not degrade the reliability
of orientation detection of the underlying crystal, and yet leave clear traces in the image quality map. Such
a tailoring of the Pt speckle marks reveals very instrumental for further registrations.345

2. SEM images suffer from a slow-scan direction error for the SEM device tested herein. Registration of images
taken for different scan directions helps to correct this artifact. However, it is worth noting that such artifacts
do not impede a quantitative analysis of the surface kinematics with DIC.

3. EBSD acquisitions suffer from unstable electron beam scan, which undermines the precision of coordinates in
EBSD results. Yet, DIC based on the Pt speckle seen in BSE and from the IQ map of EBSD enables this350

artifact to be corrected.

4. Crystallographic orientations indexed by EBSD have an uncertainty of 0.5 ◦. Repeated acquisitions without
any change on the sample, reveal from quaternion correlation that crystal orientation and sample position
could drift in time with effects as large as 2 ◦ spurious rotation. Quaternion correlation allows such drifts to
be corrected, but it shows that an absolute measurement is not accessible.355

5. In the EBSD image quality map, each speckle appears as two separate spots. One spot is created when the
incident electron beam hitting the Pt disk diminishes the number of electrons interacting with the underlying
sample. The other spot is due to back-scattered electrons hitting the Pt speckle, and resulting in a shadow
on the Kikuchi diffraction image. Between the two spots a narrow zone may be well indexed, when both
above-mentioned phenomena are avoided.360

6. The registration of EBSD and BSE images based on speckles exhibits a consistent shift of grain boundaries
(evaluated to 7 pixels/350 nm in the present study). This shift is interpreted as due to the penetration
distance of electrons in the EBSD configuration. After the spurious shift is corrected, a pixel-level overlap of
EBSD and BSE images is obtained. Thus a very precise description of the polycrystalline microstructure and
its changes can be trustfully studied.365

7. After registration, full surface plastic strains and crystal rotations are measured and faithfully registered onto
the corresponding material points.

The ability to bring in coincidence information coming from the different modalities of SEMs is extremely
precious to analyze crystal plasticity from in situ tensile test. Providing proper patterns that are visible in the
different SEM modalities, while not affecting others, is at the core of the success of the mechanical test analysis.370

Apart from deposition of Pt protrusions adopted herein, other shapes of patterns may be considered, such as dimples
or chemical etching pits. An interesting scenario is to fill the pits with amorphous Pt to benefit from speckles and
yet avoid its shadowing effect. Such suggestions have not been tested.

Exploitation of the present results, which is outside the scope of the present study, is to be performed through
a precise registration of these experimental data with a polycrystal model of the very same microstructure that375

can be simulated using crystal plasticity laws. Invaluable information can be extracted from this synergy between
experiments and simulations, for example well designed constitutive equations and their parameters [20, 40, 41, 42,
4, 43, 44].

To mention a final and very ambitious experimental perspective, 3D EBSD from FIB etching of the sample, is
a very appealing means of complementing the microstructure and crystallography in the depth. However, being380

destructive, this technique is only accessible post-mortem, but it may provide one of the last missing pieces of
information for reaching an exhaustive characterization of such polycrystalline materials.
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