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Abstract

Grain boundaries play a vital role in materials science, and they are extensively studied through experimental
and numerical methods. Electron backscatter diffraction (EBSD) is commonly used to characterize crystalline
materials, yet its performance is often compromised at grain boundaries. The key difficulty is to index the
overlapped electron backscatter patterns, where Kikuchi bands from multiple crystal orientations coexist. Hough-
indexation often fails in treating overlapped EBSP, while the recently proposed dictionary indexation and sphere
indexation give only one triplet of Euler angles from overlapped patterns. For all these methods, the orientation
indexing precision drops for overlapped EBSP. Here we propose an integrated Digital Image Correlation (DIC)
procedure to determine simultaneously and precisely multiple crystal orientations by registering the overlapped
EBSP and the master pattern. The contribution ratio of each crystal orientation to the overlapped pattern
is also available. Through an experimental EBSD dataset around a triple point, multiple benefits of the rich
results from the method are demonstrated, such as refining grain boundaries, revealing EBSD scan errors and
quantifying spatial resolution of EBSD. At the grain boundaries, the crystal orientation measurement uncertainty
is 0.03° for both indexed crystal orientations, the same order for grain interiors, while their contribution ratios

of uncertainty around 0.02 are obtained.

Keyword: Integrated digital image correlation, Crystal orientation, Overlapped pattern, Grain boundary,

High-angular-resolution EBSD, Interaction volume.



1 Introduction

Grain boundaries have long drawn attention of scientists and engineers of the fields of materials, mechanics, chem-
istry etc. For example, very often the cracks are initiated from grain boundaries [I], severe corrosion attack tend
to take place there [2], some activated slip systems may transfer across grain boundaries, otherwise incompatibil-
ities lead to dislocation accumulation [3]. Characterizing precisely the microstructure at grain boundaries is the
preliminary step for all these studies, and indexing the crystal orientations is a key aspect.

In recent decades backscattering electron diffraction (EBSD technique) revealed to be a method of choice for
the measurement of crystallographic orientation fields in scanning electron microscopes. Multiple algorithms have
been adopted to treat electron backscatter patterns(EBSP) and extract crystal orientations, such as the Hough
transformation [4], dictionary indexing [Bl [6] [7], spherical indexing [8], convolutional neural network [9l [10]. The
Hough-transformation method has been used overwhelmingly in commercial common EBSD acquisitions. Though
demanding in computing capacity, dictionary indexing has proven very robust in presence of high noise level [11],
and is able to distinguish phases of the same Bravais lattice [12].

Full pattern matching method has also been applied to higher-resolution EBSPs to calibrate EBSD acquisition
and refine crystal orientations. The basic idea is to tune the projection parameters (and in particular the three
coordinates of the Projection Center, PC) in order to maximize the similarity between experimental and simulated
EBSPs. Two software packages are available for dynamical EBSP simulations, namely EMsoft [13] and ESPRIT
DynamicS from Bruker Nano GmbH. To achieve the optimization of the projection parameters, many algorithms
have been suggested, such as a Nelder-Mead algorithm [14] [I5], evolution algorithm [16], SNOBFIT algorithm [15],
Integrated DIC method [I7] as well as non-disclosed ones used in commercial software [I8]. These methods, with an
angular resolution in the order of 0.03-0.05°and a PC precision in the order of 0.1% of EBSP width, help to reveal
the fine structures of materials [19, [I7].

Inevitably, electron beams sometimes hit grain boundaries and produce overlapped EBSPs, which contain diffrac-
tion information from multiple crystal orientations. The smaller the grain size, (e.g., for most high-performance
engineering metals), the higher the probability to get overlapped EBSPs. Though rich in information, overlapped
EBSPs pose a difficult question for all the previously mentioned indexing methods, especially for the commonly
used Hough-transformation algorithm [20].

The effect of overlapped EBSP at grain boundaries has been addressed in previous studies. Cross-correlation
has been used to seperate the contributions of different crystal orientations, leading to more precise strain and
rotation measurements [21]. However, the eventual shift of Kikuchi bands between the reference pattern and the
overlapped pattern poses a severe problem, thus the method has neglected the aforementioned shift, which may not
hold for general EBSD cases. The orientation indexing precision at grain boundaries is evaluated in Ref. [20], in
order to attribute higher KAM values near grain boundaries either to the real misorientation or to the increased
indexation error from overlapped EBSPs. Tong et al. [22] have systematically studied the effect of overlapped
EBSPs on High-resolution EBSD (HR-EBSD) measurements. They showed that the HR-EBSD accuracy is only
affected when the indexed point is very close to grain boundaries, say about 20 nm. However, it is difficult to

separate the overlapped EBSPs by the cross-correlation method when strain/rotation is present, and the natural



choice is to filter out the Kikuchi bands which contribute less. In this way the algorithm manages to get one crystal
orientation and eventually the elastic strain levels. As the dominating Kikuchi bands lead to a higher match, the
dictionary indexing method gets the corresponding crystal orientation from an overlapped EBSP without specific
processing [23]. Therefore, for both methods a large part (as high as 50%) of the EBSP information could be lost.
The discarded secondary Kikuchi lines could deteriorate the precision of indexation, while they would enrich the
EBSD analysis if properly treated. Recently Lenthe et al. proposed a strategy that relies on overlapped master
patterns to index crystal orientations from overlapped EBSPs, however their method has only been applied to
orientation-related phases [24]. Therefore, there exists no algorithm that is applicable to overlapped EBSPs for
random crystal orientations.

Recently, an Integrated Digital Image Correlation (IDIC) algorithm to calibrate EBSD tests was proposed [17].
The method gives Euler angles and projection center coordinates simultaneously with a high precision. A proper cost
function that incorporates the noise level of experimental EBSPs is proposed to enhance the calibration precision.
Newton’s method has been implemented in the optimization, resulting in rapid convergences. The algorithm is also
highly tunable and the number of projection parameters can be modified freely to adapt to different scenarios.

In the present paper the IDIC EBSD calibration algorithm [I7] is extended to process overlapped EBSPs,
including refining multiple Euler angle sets, one projection center, and estimate the contribution percentage of each
Euler angle set. Section[2]introduces the chosen notations, including the projection parameters for multiple crystals.
Then, the IDIC data processing method for overlapped EBSPs indexation is detailed. Section [3]shows the algorithm
performance on high-resolution EBSPs of a polycrystal Al alloy. The implementation of overlapped EBSP indexation
enhances significantly crystal orientation precision, and minute EBSD scan errors can be visualized thanks to their
influence on indexation. Section [4] studies a strained polycrystal Al-Mg alloy, and tests the performance of the
algorithm on a dataset with orientation gradients. The indexation of multiple crystal orientations from overlapped

patterns turns out to be highly beneficial from many points of view.

2 Integrated DIC for indexing overlapped EBSP

The Integrated Digital Image Correlation (IDIC) has been proposed to measure directly the physical quantities
(parameters) of interest from image registrations [25, 26] 27]. The measured displacement fields between reference
and target images are expressed in a “kinematic basis” that is tailored a priori to the studied physical phenomena,
and potentially the artefacts of image formation and acquisition. Besides, IDIC provides a residual field, which is
calculated at each pixel and constitutes by nature a good criterion to characterize the registration error, as will be
demonstrated in Section [3] For example, IDIC framework have been adopted in high-resolution EBSD to estimate
elastic strains and quantify the optical distortions in EBSP formation [28] 29] 30} BT].

A new IDIC-based algorithm has been developed to index overlapped EBSPs which is detailed in this section.
The projection geometry of EBSD patterns is recalled in figure[I] together with the reference coordinate system used
in the paper. IDIC can be adapted to index overlapped EBSPs since it is based on an interpretative framework

adjusted to the expected kinematics.



2.1 Algorithm

In the IDIC EBSD calibration algorithm, 6 projection parameters are assumed to be necessary for producing a
specific EBSP, including the coordinates of the PC (shown with a red star in Figure|l) and the crystal orientation
expressed as Euler angles. All other factors are neglected, such as elastic/plastic strains, in-homogeneous energy dis-
tribution of the diffracted electrons [32], the Scanning Electron Microscope (SEM) distortion and EBSP background.
In spite of these simplifying assumptions, it was shown that good calibrations results could be obtained, such as
fast convergence, precise calibration parameters and high tolerance to a rough surface, albeit a PC calibration error

about 0.1% of EBSP width could exist for strained samples [17].

VA

Sample (side view)

EBSP detector

Figure 1: Coordinate systems (z,y, z) for the EBSP detector and (X, Y, Z) for the sample.

In the present algorithm for overlapped EBSPs, one set of 3 Euler angles per grain is necessary. In this section,
the case of two grains is considered first and Euler angles are denoted as (@11, ¢1,p12), (921, P2, 022). As the
interaction volume size is negligible compared to EBSP detector pixel size (generally larger than 20 pm), the
projection center (z*, y*, z*) can still be assimilated to a single point for the interaction volume at grain boundary.
Besides, a parameter A indicating the contributing percentage of the two crystal orientations is introduced. As a
result, the column vector P gathering all parameters for overlapped EBSP indexation consists of 10 parameters
(9011,¢1,<P1279021,¢2,s022,$*, v, Z*J\)T-

The mathematical formula relating EBSP to projection parameters remain identical to that described in ref. [17].

The rotation matrix based on the two Euler angle sets reads in Bunge notations:

COS (P11 COS P12 — Sin 11 sin Y19 COS 1 Sin 11 COS Y12 + COS Y11 SiN Y12 COS Py sin @19 sin ¢
Qi = — COS (P11 Sin 19 — 8N Y11 COS P12 COS P — Sin 17 SiN Y12 + COS P11 COS Y12 COS P COS Y12 Sin P (1)
sin 11 sin ¢ — €OS 11 Sin @1 COS @1



COS P21 COS P2 — SiN a1 SiN Yoo COS Po Sin g1 COS Yoo + COS Y21 SiN Y23 COS P2 sin @99 sin ¢g
Q2= — COS (P21 SIN (P99 — SIN Ya1 COS (P22 COS Py — SiN P21 SIN Y29 + COS P21 COS Yag COS o COS Yag SIN P (2)

Sin o1 Sin ¢ — COS (P21 Sin ¢g COS ¢

As in the previously proposed IDIC EBSD calibration algorithm, the EBSP screen is chosen as the reference
defining the (z,y) plane, or z = 0. The unit vector w linking the projection center to each pixel x = (x,y,z = 0)

of the screen can be expressed as
(x — ")

w =
| — |

(3)

In order to rotate this vector from the screen frame of reference w to that of the spherical master pattern, v,

one should multiply it by the rotation operators @, and Q.

v = Qiw, v2 = Qaw (4)

Figure 2: Master pattern generated by projecting 50 EBSPs back to w domain.

EMsoft generates a master pattern by dynamical simulation, which can be projected onto 2D detectors to gen-
erate EBSPs of any crystal orientation. The master pattern is originally defined on the surface of a sphere centered
on the interaction volume. Several projection methods have been adopted in the EBSD simulation community, such
as spherical projection and Lambert projection, in order to represent the master pattern efficiently as a 2D matrix.
The spherical projection of the master pattern was adopted in IDIC-EBSD, due to its simpler projection formula.

Experimental EBSPs can also be projected back to form master patterns [33] B4]. Figure [2| shows the master
pattern created by projecting back 50 experimental EBSPs, which are hand-picked to cover each grain of an EBSD
acquisition using the same experimental setup reported in Refs. [I7,[35]. In this way, the master pattern has the same

gray level distribution as experimental EBSPs. This master pattern is used throughout the present paper to generate



simulated EBSPs for any crystal orientation, including the two different Kikuchi band systems of an overlapped
EBSP. Note that the proposed method is intrinsically different from that of Ref. [24], which calculates overlapped
master patterns for certain orientation-related phases before indexation. As a result, the present algorithm is less
demanding in computation load and provides a very good flexibility. It is vital to use the master pattern generated
from experimental EBSPs, rather than a dynamically simulated master pattern. If not, A values tend to concentrate
around 0.3-0.7, even if the indexed point is far from grain boundaries. This shows that with more degrees of freedom
to determine, we need to make the gray levels as similar as possible.

The spherically projected points (u1,u2) on the master pattern are expressed as:

n —v; —n, uQ:ﬂ—n (5)

= (1 —wve.m)

(1 —-v1.n)
where n denotes the unit vector pointing at the north pole: n = (0,0, 1)T. Thus the projected position u; and
us can be explicitly expressed as a function of (¢11, ¢1, 12, 2", y", 2") or (pa1, P2, o2, ™, ¥y, 2*). The expression
is quite long but presents no difficulty (can be easily calculated by formal calculus software such as Matlab or
Mathematica), and is thus not presented here. An illustration of the relationship between the 4 adopted spaces
x,w, v, u can be found in Ref. [17].

Conventional DIC consists in correlating two gray level images, one of the reference state f(x) and the other
one of the deformed state g(). In the herein proposed algorithm, experimental overlapped EBSP is taken as f(x)
and the EBSP master pattern g(u). Therefore the simulated EBSPs of the two crystal orientations correspond
respectively to gy, () = g(u1(x; P)) and gu,(x) = g(us(x; P)). gu,(x) and g, (x) overlap to form a superposed
EBSP, and a parameter A\ can be introduced to characterize the contribution of the two crystal orientations. The

overlap of Kikuchi bands is simulated as a mere linear combination, as proposed in Refs. [21], 20} 24].

Gu(Z) = Agu, () + (1 = N)gu, () (6)

The IDIC algorithm involves matching at best f(x) and g, (), through the minimization of a quadratic norm

of the residual r summed over the entire ROI. The cost function to minimize writes
6 =" w@)’[f(@) - gu(@)’ (7)

ROI

where w(x) is the weight associated to each pixel @, g, (@) is the current estimate of simulated overlapped EBSP
during iterative algorithms. The weights w are introduced here as they may be used to make this functional optimal
with respect to the handling of noise. This point has been made explicit in Ref. [I7], and those w(x) fields are reused
in the present study. The minimization of the cost function leads to successive corrections of the transformations
w1 (x) and uo(x) until convergence [36]. Starting from an approximate solution, the transformations wq o(x) is
progressively corrected with linear combinations of sensitivity fields constituting the kinematic basis. For the

proposed algorithm, IDIC is the chosen tool to register diffraction images.

2.2 Solution

The minimization algorithm follows the standard IDIC steps without particular modification [36]. The cost func-

tion is iteratively minimized with a Gauss-Newton algorithm.



A slight modification of parameter (11, ¢1, @12), or 0Pi—1 2 3, induces a modification of the corrected deformed

image as

ouy (x; P)
OPi=123

Similarly, for infinitesimal modification of (@21, @2, pa22), or 6 P;—4 5.6, the corrected deformed image changes

Sgu(m) = AVg(u) 5Piz123 (8)

Oug(x; P)
OPi—156

The infinitesimal modification of (z*,y*,2"), or 0P;=7 59, leads to

8gu(x) = (1 —AN)Vg(u) - 0Pi—456 (9)

19} P 1o} P
Sgu(@) = [\Wg(u) - 22EE) (1 vy 22E P sp (10)
OPi—739 OPi—73.9
The slight modification of A\, or § P;—1(, causes
69u(®) = (Gu, (T) — Gu, (T)) 0Pi=10 (11)

By Newton’s method, the column vector {§ P} gathering all corrections to P is obtained

[M]{6P} = {~} (12)

where [M] is the Hessian matrix of size 10 x 10 at iteration n — 1

2
(n-1) _ 0°©
M. = 1
K OP;,0P; (13)
and the second member {~;} includes the residual field
(n) _ 9O

The explicit forms of Hessian matrix and the second member can be deduced from Equations This procedure
presents no special difficulty and is thus not detailed here.

When |[{0P}|| < ¢, € being chosen equal to 107¢ for all the calculations of this paper, the minimization stops
and P is stored. Otherwise, P is updated

P = pr=b 4 5p™) (15)

Once P is obtained, the simulated EBSP resembles the reference experimental EBSP.

The above explained algorithm is named IDIC-O (Integrated Digital Image Correlation for Overlapped) EBSD
indexation method. When A equals 0 or 1, IDIC-O EBSD reduces to the IDIC EBSD algorithm explained in Ref. [I7].
Note that the 10 parameters listed in IDIC-O EBSD can be tuned freely. For example, the high-frequency part of
3 PC values can be filtered out for smooth-surface samples, or the A value can also be filtered for coarse-grained
samples.

The hereby detailed IDIC-O EBSD has targeted overlapped EBSPs of two crystal orientations, while it can be
extended to three crystal orientations or even beyond. When a triplet of Euler angles is added in the computation,

its contributing factor should be included in P, too. As a result, the degrees of freedom is 6 for indexing a single



orientation, 10 for two orientations, 14 for triple orientations, etc. The construction of Hessian matrix and second
member vector follows the same procedure, and presents no special difficulty.

The IDIC-O EBSD algorithm has been implemented in Matlab. The proposed algorithm has been tested on
two high-definition EBSD experimental datasets, one at a triple grain joint of an unstrained sample and the other

of a strained sample. Both results show the benefits of the algorithm during grain boundary characterization.

3 Test on an EBSD dataset on a triple grain boundary

The examined sample is an annealed Aluminium-Magnesium (6% wt.) alloy, polished and electro-chemically etched.
Then a fine EBSD acquisition of step size of 51 nm was undertaken around a triple-joint grain boundary. A set of
125x169 EBSPs of resolution 600x800 pixels and of 8-bit depth were recorded and analysed. Note that the step
size was deliberately set small to study the gradual transition from one crystal orientation to another. The Bruker
e~ FlashP EBSD detector was mounted on a Tescan MAIA3. The acceleration voltage was 20 kV, the probe
current 20 nA, and the dwell time 0.15 s.

(d) (e) ()

Figure 3: (a-c) adjacent EBSPs of full resolution 1200x1600 pixels across a grain boundary. (b) corresponds
to an overlapped EBSP containing Kikuchi bands from two crystal orientations. (d-f) show the residual fields of
IDIC EBSD indexation of (b), where a white color indicates low residuals and both red and black colors show high
residual values (assuming respectively positive and negative values). (d) is initialized with the parameters of (a),

(e) initialized with the combined parameters of (a) and (c), and (f) is initialized with the parameters of (c).

Figure 3] shows an example of overlapped EBSP indexation. Figures3(a)}3(c)]show three adjacent EBSPs of full
resolution 1200x 1600 pixels across a grain boundary. Evidently, the EBSP in the middle is an overlapped pattern



containing Kikuchi bands of two crystal orientations. The contribution ratio of two Kikuchi bands is roughly half-
half. Figure is indexed using the presented algorithm, and the residual fields are shown in Figure
Note that the values in Figure are to be compared to the largest possible residuals +255, and values
close to zero means a low residual level, thus a good image correlation. Figure corresponds to initializing the
indexation purely by the parameters retrieved for Figure and Figure corresponds to residual field when
adopting parameters of Figure When choosing only one crystal orientation to index an overlapped EBSP,
the calculation converges and the chosen Kikuchi bands are properly registered. However, the Kikuchi bands of
the other crystal orientation are leftover, and form high (red or black) residuals on Figure and Figure
Figure shows the residual field when taking both crystal orientations into consideration, and the residuals are
much lower, i.e., close to zero. This test case shows clearly the effectiveness in indexing multiple crystal orientations.

The SE image of the indexed area is shown in Figure Faint parallel lines are visible on the SE image, and
they result from the last HR-EBSD acquisition as reported in Ref.[I7]. Figure shows the inverse pole figure
given by Bruker and several EBSPs of the fine-step EBSD acquisition around a triple joint. The EBSPs from the
three grains and their mutually overlapped EBSPs are shown around the IPF map. An EBSP taken at the triple

point, which contains the Kikuchi bands of all three crystal orientations, is also shown in the figure.

SEMHV:200kV | SEM MAG:5.00 kx

10
SEM MAG: 5.00 kx | Date(midly): 08/27/20 Institute of Special Materials

(a) (b)

Figure 4: (a) SE image of the indexed triple grain area. (b) Inverse pole figure map of the triple grain boundary
and corresponding EBSPs. Three net EBSPs and their mutually overlapped EBSPs are shown.

The EBSPs of the triple grains are indexed by both IDIC EBSD and IDIC-O EBSD algorithms. Figure
correspond to PC fields when initializing the indexation by only one triplet of Euler angles. PC field variations are
very limited, as the EBSD acquisition area is small. Note that z* values are higher for the upper region, contrary

to that reported in Ref. [I7]. This is due to the contamination of the sample surface during the EBSD acquisition.



EBSPs of the lower region, exposed to more contamination, tend to be more ‘fuzzy’ than the EBSPs of upper
region. As a result, the z* value for blurry EBSPs decreases and surpasses the real z* trend related to the geometry.
Figure shows the residual map, and Figure the KAM field of IDIC EBSD calibration.

The Kernel Average Misorientation (KAM), or local misorientation, is a property that characterizes the local
deformation level of a crystal [37]. In the present case, the KAM is defined as the mean misorientation with
its 4 closest neighbors. Normally in the calculatikon of KAM a cutoff threshold, say 5° or 10°, is necessary to
eliminate the effect of grain boundaries. However with IDIC-O EBSD this cutoff is not needed, as we can choose
the corresponding Euler angle triplet in KAM calculation since both crystal orientations across grain boundaries
are now available. As the sample is unstrained and the EBSD step size is small (51nm), the true KAM value is
assumed to be 0, thus the measured KAM field indicates the uncertainty of crystal orientation indexation by IDIC

for both grain interiors and grain boundaries.
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Figure 5: Comparison of IDIC EBSD and IDIC-O EBSD for a fine EBSD acquisition at triple-joint grain boundary.
Projection center components z* (a), y* (b), z* (c), residual map (d) and KAM (e) calculated from IDIC EBSD
with only one triplet of Euler angles. See Figure for the definition of z*, y* and z*. Residual map (f) and KAM
map (g) calculated from IDIC-O EBSD with up to three triplets of Euler angles.

Each component of PC as a function of (X,Y") is linearly fitted and then set to its fitted value, before a second-
round indexation is performed without updating PC values. Figure show the resulting residual and KAM
maps of IDIC-O EBSD. The uncertainty in crystal orientation, estimated as the median value of KAM for the
unstrained sample, in grain interiors has fallen to 0.011°, i.e., a much lower value than the higher-resolution one
reported in Ref. [I7]. Knowing that the same sample is used for the two EBSD acquisitions, this drop of KAM
is mainly due to the reduced step size [38] and the master pattern generated from experimental EBSPs. When
only one triplet of Euler angles is adopted, the residual values at grain boundaries are much higher than the intra-

grain points, as shown in Figure However, when multiple triplets of Euler angles are used in IDIC-O EBSD
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calibration, the residuals at the GBs are no longer higher than intra-grain points as shown in Figure implying
that the exploitation of EBSP information achieves a comparable level for intra-grain pixels and near-boundary
pixels. This comparison shows that considering the multiple Euler angles in overlapped EBSPs prevents inaccurate
indexation results.

Figure [6] shows the contribution factor field of each crystal orientation. It is found that the contribution
percentage varies gradually from 1 to 0 when a grain boundary is crossed, and the transition is quite smooth. This
phenomenon is very close to that reported in Ref. [21I], yet the sum of contributions is fixed as 1, which is more
physical. Wavy forms along X can be found in Figures and This phenomenon is not physical, as the grain
boundaries are generally straight to minimize surface energy, which is also verified by the SE image of Figure [4(a)
This wavy field is probably due to the scanning error of the EBSD rastering. Note that the scan error of numerous
SEM modalities, including EBSD, is the most prominent in repositioning the electron beam after the acquisition
of one line has been completed, or the drift in slow-scan direction. The wavy structure in Figure [f] is caused by
this slow-scan drift. Scan error of EBSD has been studied and corrected by image correlation with other types
of SEM images [39] 40|, 4I]. Due to the high sensitivity of contribution factor, IDIC-O EBSD helps to reveal the
scan error without recourse to SE/BSE images. In fact, this wavy fluctuation should also appear in the z* field of
Figure yet this variation around 0.2 pm (or 0.005 EBSP detector pixel) is beyond the sensitivity level of the
PC calibration.

Grain 1 Grain 3
(a) (b)

Figure 6: (a) The map of contribution ratio to each EBSP with several regions and profiles highlighted for further

analyses. The colormap of A distribution is shown in (b).

Near the triple joint (marked in Figure , IDIC-O EBSD is performed with 3 triplets of Euler angles, and
Figure [7]shows the contributing factors of each crystal orientation. Even with 14 degrees of freedom, IDIC-O EBSD

converges well and captures the gradual transition between the three crystal orientations.
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Figure 7: The contributing ratio of three grains to the overlapped EBSPs at the triple point.

Figure [8] shows the spatial density in natural logarithmic scale of emitting backscattering electrons (BSE) of
the 70°-tilted Al-Mg sample simulated by CASINO, a Monte-Carlo based open-source software for electron-solid
interaction [42]. The accelerating voltage of the incident beam is 20 kV, and BSEs of kinematic energy lower than 18
keV are not counted. Only the emitting point is presented in Figure [§] (trajectories not shown). The BSE-emitting
area is roughly a slim circular sector of height (radius) 0.7 pm and base width 0.35 pm, which is comparable with
the width of the A transition shown later in this section. This simulation agrees with the varying A transition area

width described below, and hence, validates the method.

log(p)

0.2 0.4 0.6 0.8
X (pm)

Figure 8: Density in logarithmic scale of emitting backscattered electrons on 70° tilted Al-Mg alloy sample,
simulated with 20 kV accelerating voltage by CASINO v2.5.1

Interestingly, the width of the A transition at the grain boundaries is 2.5, 1.4 and 1.0 ym for the three grain
boundary segments. Figure [J] shows the three profiles of misorientation and contribution factor across the three

marked grain boundaries in Figure As the contribution ratio of a crystal orientation drops in the overlapped
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EBSP, the indexed Euler angle drift increases for this crystal orientation. In terms of orders of magnitude, the
orientation drift is around 0.3° if the orientation contributes 20% to the overlapped EBSP. However, for very low
contribution ratios (A < 0.1), the accuracy of the corresponding crystal orientation could be very limited. For
example, the crystal orientation drift of grain 1 in profile 1 increases to around 2° when A; < 0.1, which is beyond
the y-axis limit of Figure Interestingly, at the grain boundary, where two crystal orientations contribute
equally to the overlapped EBSP, both the indexed orientations have a misorientation below 0.2° with the grain
interiors. Note that this misorientation level is lower than that reported in Ref. [20]. The long-distance orientation
drift from grain interior to grain boundary could either be physical (real), or artificial when caused by the gray level
modifications due to the appearance of neighbouring grains in the interaction volume. As a result, this orientation
drift is not chosen as a metric of crystal orientation indexation uncertainty, which is discussed in more details below.
It is suggested to define the grain boundary as the line where two crystal orientations contribute equally to the
overlapped EBSP, and on each side, the crystal orientation is defined as the dominant orientation in the EBSP.
The varying crystal orientation transition width at grain boundaries is an interesting phenomenon. By applying
a threshold of 5% to the contribution factor A and omitting smaller values, the A transition width between 0 and 0.5
for the three profiles are respectively 1.3 pm, 0.5 pm and 0.7 pm. As shown by the BSE emission density in Figure
horizontal grain boundaries should have larger transition width than vertical ones. This relation is well observed for
the GB 1/3 and 2/3. However, the transition width for GB 1/2 is larger than the others, though the GB inclination
is on the IPF map is between those of GB 1/3 and 2/3. This contrast implies that the GB 1/2 is more tilted under
surface than GB 1/3 and 2/3. The profiles of contributing factor A\ across grain boundaries have the potential to
characterize the sub-surface microstructures, for example the inclination angle of grain boundaries [43], which is
beyond the scope of the current paper. Note that the A profiles are very smooth for GB 1/2 and 1/3, while A shows
fluctuations in Figure due to the EBSD scan errors. In fact, its fluctuation of every 0.5 pm will be visualized
more clearly later in this section. By the IDIC-O EBSD algorithm, the spatial resolution of EBSD could be more
precisely evaluated. As stated by Zaefferer [44], EBSD spatial resolution could be split as physical resolution and
effective resolution. Here the found 0.5 pm and 0.7 pm are upper limits of physical resolutions for parallel and

normal to the tilt axis.
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Figure 9: The misorientation and contribution factor retrieved by IDIC-O EBSD across the grain boundary of

profile 1 (a), 2 (b) and 3 (c) shown in Figure 6.

Figures [10(a)| and [LO(b)| show the enlarged KAM field near the grain boundary at the top left of Figure
for grains 1 and 2 respectively. Note that due to the overlapped EBSPs, the middle area is shared between both

grains. Three profiles of A values (0.25, 0.5 and 0.75) are drawn in both figures. The profiles are very similar
in shape and have a nearly constant horizontal shift, indicating a good precision of A\. Again, the wavy shape
of A profiles are due to the scan error of EBSD. It is clear that as the contribution ratio of a crystal orientation
drops in the overlapped EBSP, so does the indexed orientation precision. More precisely, the indexed orientation
uncertainty is around 0.05° if the orientation contributes 20% to the overlapped EBSP. Along the line where two
crystal orientations contribute equally to the overlapped EBSP, the indexed orientation uncertainty is about 0.03°.
For grain interiors, the uncertainty of indexation is estimated to be 0.011° as shown in Figure For grain
boundaries, the uncertainty level is the above mentioned 0.03°. This precision is quite satisfactory, knowing that
the Hough-indexation, even by recognizing more Kikuchi bands than usual, has a precision around 0.4° for equally

mixed patterns [20].
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Figure 10: Kernel average misorientation retrieved by IDIC-O EBSD for grain 1 (a) and grain 2 (b). The profiles
of contribution ratio 25%, 50% and 75% are drawn on both figures.

The contribution ratio of grain 1 at the boundary with grain 3 is analyzed to quantify the uncertainty of A\;. A
rectangular zone highlighted by dashed rectangle in Figure is selected, where the the waviness of A is limited.
A1 is fitted linearly, as shown in Figure The residuals of \; after the linear fitting is shown in Figure
Horizontal hot (hot) lines can be seen in Figure which again are due to the scan error of EBSD. Note that
the distance between those hot lines are roughly 0.5 pm, the same as that shown in Figure and Figure .
Figure shows the histogram of A\ after deleting the aforementioned hot lines. For 91% EBSPs, the absolute
value of A\; abs(A);) is below 0.05. Besides, the median value of abs(A\;) is 0.022. This demonstrates the
good sensitivity of IDIC-O EBSD for indexing diffraction patterns at grain boundaries. As IDIC-O EBSD excels
at distinguishing the contribution ratio of each crystal orientation, the effective resolution is significantly reduced.
For example, as A\; varies near linearly between 0 and 0.5 at a distance of 0.5 pm (see Figure , A uncertainty
of 0.022 means that the effective lateral resolution is 22 nm for Al at acceleration voltage of 20 kV. Note that this
value is comparable to the resolution 30 nm for iron reported in Ref. [44], yet the fact that Al is a lighter element

shows that IDIC-O EBSD improves the effective lateral resolution of EBSD.
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Figure 11: Uncertainty analysis of contribution factor A. (a) Linear fitting of A; at the boundary with grain 3.

(b) Residual of A; after linear fitting. (c) Histogram of A; residuals after removing stray data.

Note that the sample is unstrained, and the EBSP resolution 600x800 pixels is higher than most fast EBSD
acquisitions. The precision data reported here benchmarks the performance in an almost ideal case. As IDIC-O
EBSD extracts more parameters from an EBSP than IDIC EBSD, it is more sensitive to Kikuchi band qualities. For
highly-strained samples whose EBSPs show few Kikuchi bands, IDIC-O indexation results would not be credible.

4 Test on an EBSD dataset on a strained polycrystal sample

A more complex experiment has been performed to test the robustness of the proposed overlapped EBSP indexation
method on a strained sample. An Aluminium-Magnesium (6% wt.) sample was cold-rolled to a 10% reduction in
thickness, followed by mechanical polishing and electropolishing in a 1:9 (volume fraction) solution of ethanol and
perchloric acid. A high-definition EBSD acquisition was performed in Tescan MATA3. The working distance for the
EBSD acquisition was 16.3 mm, electron acceleration voltage 20 kV, the probe current 20 nA, and the dwelling time
0.8 s. EBSD patterns were recorded with Bruker e~ Flash®? detector at full definition (i.e., 1200x1600 pixels),
and each pattern was the result of averaging three frames. A rectangular area of 1.03 mmx1.37 mm was indexed,
and the step size was 6.87 nm, a large value as the grains are coarse.

Figure shows the IPF map of this strained polycrystal Al-Mg sample, where the slip bands are readily
visible. IDIC-O EBSD algorithm was applied to the EBSPs at grain boundaries. The step size being large, to capture
the transition of EBSPs at grain boundaries, 10 EBSPs across a nearly vertical GB are chosen, as highlighted by the
black line in Figure The intersection of the profile and the grain boundary is noted as point P. Figure
shows the profiles of A and misorientation for the analyzed EBSPs. As opposed to the profiles of unstrained sample,
the misorientation profiles are higher (in the order of 2-3°), even before the overlap of EBSPs. Besides, the transition
of A remains smooth, indicating the successful application of IDIC-O EBSD on this strained sample when orientation

gradients are present.
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Figure 12: Results of the IDIC-O EBSD indexation on a strained sample. (a) The IPF map of the sample, with
a black line highlighting the 10 EBSPs across a grain boundary. (b) The profiles of contribution ratios A and

misorientation to grain interiors of the analysed EBSPs.

In theory, IDIC-O handles very well EBSD acquisitions with orientation gradients. In fact, this is exactly one
of the key advantages of IDIC-O EBSD over cross-correlation based overlapped EBSP analysis introduced in Refs
[20, 22]. As IDIC-O EBSD adopts a master pattern for registering experimental EBSPs, it can deal with any
orientation at the grain boundaries, regardless of its misorientation with the grain interiors.

The proposed algorithm IDIC-O, which is adapted to overlapped EBSP indexation, could be extended to several
other types of diffraction images (e.g., Kossel, Laue, transmission Kikuchi diffraction, or TEM diffraction). These
techniques derive from the same principles of projection of diffracted beams and after a simple modification, IDIC-O
EBSD could be applied to those overlapped images as well. Integrated algorithms for overlapped Laue and TEM
diffraction, with all the above cited advantages, would bring significant gains to their exploitations. Due to the larger
beam width of X-ray and larger interaction volume, the proposed algorithm could be employed more frequently in

Laue diffraction.

5 Conclusion

This paper focused on indexing EBSPs with overlapped Kikuchi bands by full pattern matching. In doing so,
a recently proposed integrated DIC EBSD indexing framework was extended to incorporate multiple crystal ori-
entations. Through two high-definition experimental EBSD datasets, the performance of the algorithm has been
tested.

The proposed algorithm has the following advantages:

1. Rich results. The directly retrieved results include multiple triplets of Euler angles, one triplet of pattern
center coordinates and the contribution percentages of each crystal orientation. These results help to define
the grain boundary with a much enhanced resolution, to characterize the spatial resolution of EBSD, to reveal

possible scanning error in EBSD. For example, the radius of interaction volume, i.e., the physical lateral
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resolution, of EBSD acquisition at 20 kV on Al-Mg alloy has been evaluated to be 0.5 pm in nearly vertical

direction and increases to 0.7 pm in nearly horizontal direction.

2. Low uncertainty. The strategy of global correlation reduces the measurement uncertainty. For example,
in the test case with 600x800 pixels EBSPs on an annealed polycrystal Al alloy sample, the uncertainty
on the contribution ratio is 0.02 and the uncertainty in crystal orientation indexation is below 0.03 ° for
overlapped EBSPs. Similar to IDIC EBSD calibration, the IDIC-O EBSD algorithm takes the entire EBSP
in the optimization, and is thus optimal in terms of being less sensitive to white Gaussian noise corrupting
diffraction images. Scan errors around 0.1 pm can easily be recognized in the A field. The algorithm’s

performance remains untainted when orientation gradients exit.

3. The residual field of the correlation technique is intrinsically obtained by integrated DIC, which is not naturally
calculated using a Hough transformation or dictionary indexing approaches. The residual field is a good
indicator of the indexation quality. The information contained in the residual maps can be exploited in

different ways, such as indicating which Kikuchi band system is not fully simulated.

Overlapped EBSPs have long been regarded as degraded diffraction patterns that reduces the orientation in-
dexation precision at grain boundaries, where the information would be very valuable. Yet the present paper
demonstrates that overlapped EBSPs are valuable sources of information. When processed properly, they provide
twice as much information with a higher precision. This method opens the possibility to study more precisely

various phenomena at grain boundaries using EBSD.
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