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UNCONVENTIONAL APPLICATIONS OF ELECTRON BACKSCATTERING DIFFRACTION (EBSD)
IN METALLIC MATERIALS

Electron backscattered diffraction is widely used for phase and orientation imaging of crystalline specimens. Despite the in-
herent complexity of diffraction images, current analysis methodologies typically focus on the position of Kikuchi bands or direct
comparisons between experimental and simulated patterns. These approaches require prior knowledge of the phases to be analyzed,
limiting their applicability in certain scenarios. This paper introduces an alternative methodology, crystallographic analysis of
lattice metric, which extracts phase and orientation information directly from the registered diffraction pattern without requiring
predefined standards. The paper outlines the methodology, discusses limitations, and demonstrates possible application in phase
analysis, lattice parameter ratio mapping, and qualitative lattice distortion mapping.
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1. Introduction

Electron Backscatter Diffraction (EBSD) is a fundamental
and widely used technique in scanning electron microscopy for
analyzing the microstructure of materials. It enables the investi-
gation of local crystallography in crystalline and quasicrystalline
materials down to the nanoscale level. An EBSD system typically
comprises hardware for capturing diffracted electrons from the
sample and software for processing the acquired images. Recent
advancements have significantly enhanced the sensitivity of
EBSD hardware, enabling applications at lower currents and
voltages and achieving acquisition speeds over 5000 patterns
per second [1]. The typical physical spatial resolution of EBSD
ranges from 50 nm for high atomic number materials to approxi-
mately 100 nm for lighter elements [2]. Crucially, the sample’s
position relative to the detector geometry plays a pivotal role in
determining the ultimate spatial resolution [3]. Standard EBSD
acquisition is performed with the sample tilted at an angle of
70° toward the detector screen. This inclination represents
atradeoff between optimal spatial resolution and sufficient signal
intensity and has become the conventional standard for EBSD
measurements. The spatial resolution is inherently limited by
the interaction volume of electrons within the sample [4]. Dur-

ing scanning, the electron beam probe the sample in predefined
steps, which determine the magnification and resolution of the
resulting maps. Setting step sizes below the interaction volume
offers no additional structural information. Recent studies have
shown that alternative tilt configurations, such as a “no-tilt” ge-
ometry, can improve spatial resolution and enable distortion-free
imaging. However, these approach is relatively new, require more
complex diffraction analysis, and is not yet widely adopted [5].
To address the spatial resolution limitations of traditional EBSD,
Transmission Kikuchi Diffraction (TKD) was developed where
instead of bulk sample, a Transmission Electron Microscopy
(TEM) specimen is used [6-8]. The interaction volume is con-
strained by the sample’s thickness, improving spatial resolution
by an order of magnitude to approximately 5-20 nm for light and
heavy element materials. This advancement extends capabili-
ties of standard EBSD allowing for effective (fast and reliable)
analysis of nano-crystalline materials, especially those with low
atomic numbers [9].

After acquiring a diffraction image, specialized software
is used to analyze the Kikuchi pattern, which is composed of
bands geometrically linked to specific lattice planes. The analysis
provides information on phase type and crystallographic orien-
tation. The conventional approach to pattern analysis employs
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the Hough transform [10], an image analysis technique used
for detecting geometric features such as lines or circles. First
introduced by Paul Hough in 1962 [10] and applied to EBSD
in 1992 [11], the Hough transform converts linear features in
an image into peaks in Hough space. In the context of Kikuchi
patterns, the detected peaks are used to reconstruct the 3D po-
sition of the lattice planes. The final step involves calculating
interplanar angles, comparing them with theoretical phase data,
and identifying the best match [12]. The angular resolution of
the classical Hough transform in EBSD typically ranges from
0.5° to 0.7° [13]. Despite its limitations, this method remains
a cornerstone of modern EBSD software, offering rapid auto-
matic indexing by comparing experimental interplanar angles
with tabulated values, enabling real-time data acquisition. This
capability is particularly valuable for handling large datasets.

Advances in image processing, such as the application of
Digital Image Correlation (DIC) algorithms [14], have further
improved EBSD sensitivity [15], particularly for detecting subtle
lattice distortions and orientations. Two primary high-precision
techniques are Template Matching (Pattern Matching) [16] and
High-Resolution EBSD (HR-EBSD) [17]. Both rely on DIC
algorithms to compare each pattern either with simulated pat-
terns (based on the dynamic theory of electron diffraction) or
with a reference pattern from a deformation-free region. The
degree of similarity between patterns is typically quantified using
the normalized cross-correlation coefficient. These techniques
enable EBSD to achieve unprecedented levels of accuracy in
crystallographic analysis.

A significant advancement over the traditional Hough-
based approach can be achieved through the implementation
of dictionary-based template matching techniques [18]. This
method is characterized by its exceptional precision and noise
immunity, though it comes with the tradeoff of being relatively
slow due to its brute-force nature. In template matching, pattern
indexing is conducted by systematically comparing experimental
diffraction patterns with a comprehensive set of reference pat-
terns, often numbering in the thousands. One of the key strengths
of template matching is its robustness and resilience to noise,
enabling accurate results even in challenging conditions, such as
environments with noisy or overlapping patterns. An additional
step involves orientation optimization by iterative approach
leading to the best match between experimental and simulated
pattern. The precision of this method is sufficient for advanced
applications like tetragonality mapping [19], where subtle distor-
tions in crystal structures are effectively identified. Furthermore,
template matching supports chirality mapping [20] by tracking
faint and specific features in Kikuchi patterns. The technique can
also be extended to analyze quasicrystals [21], thereby broaden-
ing its applicability to areas beyond the capabilities of standard
Hough-based systems. The angular resolution achieved through
template matching is high, typically around 0.1° or better [18],
which meets the stringent requirements of detailed crystal
orientation analysis. However, the successful implementation
of this technique depends on prior knowledge of the material
phases to be mapped, as well as access to specialized software

www.czasopisma.pan.pl P N www.journals.pan.pl

for preparing master patterns. While the computational demands
of template matching were historically a limiting factor, modern
GPU-based algorithms have significantly accelerated processing
times. Additional speed improvements can be achieved through
the use of spherical harmonics algorithms [22], which optimize
the pattern-matching process for greater efficiency.

Another technique that has recently garnered attention
is High-Resolution EBSD (HR-EBSD) [17]. The term “high
resolution” in this context refers to improved angular resolution
allowing for lattice distortion mapping, rather than spatial resolu-
tion [15]. HR-EBSD involves comparing high-resolution diffrac-
tion images of the analyzed region with a reference pattern, which
is typically obtained from a strain-free area [23]. This approach
allows for precise identification of local changes in the material’s
microstructure [24-26], as deformation introduces subtle shifts
in the positions of Kikuchi bands within the diffraction patterns.
To analyze shifts, the diffraction image is divided into smaller
Regions Of Interest (ROIs) [23]. The cross-correlation technique
is then used to compare the ROIs from the analyzed pattern with
those from the reference pattern. The resulting data can be ex-
pressed as displacement gradient components, from which strain
values are calculated. Unlike conventional EBSD, HR-EBSD
does not require prior orientation or phase solutions, as strain
calculations are performed directly from the diffraction images.
However, to couple strain data with crystallographic information,
structural data must be provided, and orientations are typically
resolved using methods such as the Hough transform. The sen-
sitivity of HR-EBSD depends entirely on the accuracy of image
comparison. To obtain absolute strain values, a strain-free refer-
ence pattern must be available within the dataset. A key limitation
of the technique is the identification and selection of an appro-
priate strain-free reference image [27]. Additionally, HR-EBSD
requires high-resolution, low-noise diffraction patterns (typi-
cally 10001000 pixels or better), which increases data acqui-
sition times and imposes significant demands on data storage.

2. Unconventional EBSD — standard-less approach
to analysis

All the aforementioned EBSD analytical methods rely on
predefined crystal structures, which are fitted to diffraction pat-
terns during analysis (with the exception of HR-EBSD, assuming
only strains are calculated). A key limitation of this approach
is the requirement for prior knowledge of the structure proto-
types, including potential lattice variants in cases of deformation,
such as during tetragonality mapping.

An alternative approach for Kikuchi diffraction analysis
is offered by the CALM (Crystallographic Analysis of the Lat-
tice Metric) algorithm [28-31], which enables the extraction
of crystallographic lattice parameters directly from the dif-
fraction pattern, provided the Projection Center (PC) is known
(the origin of the diffraction signal within the sample) [23,32].
A similar approach for standard-less analysis was first proposed
by Han [33], who developed an algorithm to calculate lattice
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type and parameters by fitting theoretical solutions to manually
traced band centers from the Kikuchi pattern. In contrast to Han’s
method, the CALM algorithm reconstructs the crystal lattice by
leveraging the translational symmetry of the lattice. This sym-
metry imposes well defined relationships between diffraction
planes that form the Kikuchi bands in the diffraction image [34].
The CALM algorithm has been implemented and validated in
the CALM software [35].

The crystal lattice reconstruction process begins with the
manual identification of four initial plane traces on the gnomonic
projection of the experimental pattern (Fig. 1a). Additional traces
are added by connecting intersections of existing traces. This
process creates a rigid framework of mutually intersecting traces,
where the positions of all subsequent traces are defined by the
initial four (Fig. 1b). The traces are recalculated into 3D unit
vectors, each corresponding to a unique crystallographic plane.
The final step involves extracting lattice spacing information for
each plane, under the constraint of translational symmetry [34].
Here, knowledge of a single lattice spacing is sufficient to deduce
all others. The reconstructed spatial positions and spacings of
crystallographic planes are then used to calculate reciprocal lat-
tice vectors (Fig. 1d). From a low noise diffraction pattern, it is
possible to reconstruct up to ~150 reciprocal vectors. A notable
feature of the CALM software is its extensive use of the Funk
transformation [36], a variation of the Radon transform applied to
the stereographic projection of the diffraction pattern. This transfor-
mation enhances the visibility of weak Kikuchi bands, producing
distinctive «eye-like» features in Funk space, which are further
clarified using derivative-based contrast enhancement (Fig. 1c).
The large number of reciprocal vectors is reduced to the Niggli cell
[37] from which Bravais lattice is determined and reconstructed.

The CALM algorithm provides the lattice metric, which
includes unit cell lengths a, b, ¢, and unit cell angles a, S,
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Fig. 1. Selected steps in the analysis: (a) experimental pattern with four
initial trace lines marked in green, (b) fully solved experimental pattern
with overlaid plane traces, (¢) Funk transformation of the experimen-
tal pattern, (d) 3D representation of the reciprocal point cloud for the
experimental pattern with the overlaid unit cell

and y. Current results indicate that, depending on the average
atomic mass of the sample, the error in determining absolute
lattice parameter values is approximately 4%. The error can be
reduced to ~1% with additional knowledge about the average
atomic number of the analyzed phase [29]. The accuracy of lat-
tice parameter determination depends on the precise detection
of Kikuchi band edges. An intensity profile of a Kikuchi band
is shown in Fig. 2 by a grey curve. Band edges are character-

Fig. 2. Example of band profile analysis: (a) dynamical simulation of the Al,O5 pattern with an orientation matching the experimental pattern,
(b) band profile (gray) and its first derivative (red) extracted from the simulated pattern, (c) experimental pattern of Al,O5 (d) the band profile
(gray) and its first derivative (red) were extracted from the experimental pattern, with green vertical lines indicating the derivative extrema
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ized by a gradual drop in intensity near the theoretical Bragg
angle [28,29], which makes impossible accurate Bragg angle
determination. In CALM, the band edge is approximated as the
point of maximum slope inclination, corresponding to the peak
center in the derivative of the intensity profile (red curve) [38].
Experimental challenges, such as asymmetry in band profiles
caused by excess-deficiency (ED) effects or noise, further affect
the accuracy of band edge detection. While simulated patterns ex-
hibit symmetric profiles (Fig. 2a,b), experimental patterns often
show significant deviations due to ED effects (Fig. 2¢,d), leading
to decreased accuracy in absolute lattice parameter calculations.
Despite these limitations, accuracy of 0.1% is routinely achieved
for good quality, low noise patterns. Contrary to absolute lattice
parameters a, b and c, lattice parameters ratios c¢/a and b/a depend
only on the spatial positions of crystal planes, as determined by
trace positions on the gnomonic projection. Since trace centers
are positioned midway between the left and right band edges,
errors in Bragg angle estimation do not affect the calculation of
lattice parameters ratios. For simulated patterns, due to the ab-
sence of ED effects and uneven backgrounds or noise, the error
in calculations is at the 0.01% level. This value represents the
theoretical accuracy limit of the CALM algorithm.

3. Applications of CALM algorithm
3.1. Standard-less analysis of phases

To ensure accurate results using the CALM algorithm,
obtaining high-quality Kikuchi diffraction patterns is crucial.
A primary consideration is minimizing noise, which can be
achieved through extended exposure times or averaging multiple
frames. Unlike the HR-EBSD methodology, CALM does not
require high-resolution images; a resolution of approximately
300%200 pixels is adequate for analysis. An example of phase
determination in the Al-Mg system is shown in Fig. 3. The
analysis was performed on the Al-50 wt.% Mg master alloy cast
into a steel crucible. The sample was mechanically ground using
progressively finer grit SiC paper (up to 2000 mesh) and polished
with 9 pm and 3 um diamond suspensions, followed by final
polishing using Struers’ SiO: suspension (OPS). An image of the
microstructure, acquired using the forward scatter detectors of
an EBSD camera, is presented in Fig. 3a. The red point indicates
the location where diffraction data was acquired. A high-quality
diffraction pattern with a resolution of 622x512 pixels was cap-
tured using an accelerating voltage of 15 kV and a beam current
of 8 nA, utilizing FEI Versa 3D scanning electron microscope
and the Oxford Symmetry S2 EBSD camera (Fig. 3b). To fur-
ther reduce noise, 10 frames were averaged, and both dynamic
and static background compensation techniques were applied.
The solution, displayed as overlaid traces in Fig. 3c, success-
fully reconstructed 62 Kikuchi bands, yielding a final lattice
with parameters a = 10.113 A, »=10.117 A, c=10.131 A and
angles a = 76.44°, f =76.37° and y = 76.29°. The solution cor-
responds to a thombohedral lattice with parameters 2 = 10.120 A
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and angle a = 76.4°. Assuming the phase belongs to the Al-Mg
binary system, it was matched to the Al;yMg,; phase characte-
rized by @ = 10.3625 A and angle a = 76.4622° [39]. The errors
in lattice parameter determination, when compared to literature
values, are 2.6% for unit cell lengths and 0.25% for unit cell
angles. The solution was additionally confirmed using the pattern
matching technique. Master patterns were prepared for all phases
and analyzed using the normalized cross-correlation method.
The best match was obtained for the Al;oMg,; phase, where the
cross-correlation coefficient was 0.732. The simulated best-fit
image of the pattern is presented in Fig. 3d. It is also important
to note that presented analysis provides only the lattice metrics
and does not offer any information about the phase structure.

Fig. 3. Example of phase analysis: (a) microstructure image of the
Al-Mg master alloy captured using a forward-scatter detector, (b) ex-
perimental diffraction pattern acquired in the spot marked by the red
dot in microstructure image, (¢) CALM solution corresponding to the
rhombohedral Bravais lattice of the Al;Mg,; phase, and (d) dynamic
simulation of the Al;yMg,; phase matching the experimental pattern

3.2. Mapping changes of lattice parameters ratios

Although CALM algorithm was originally devised for the
single pattern analysis, simple automation can be used to track
changes in lattice parameters within EBSD map. The analysis
involves an additional step, where a rough framework of the
trace intersections is prepared manually for the first pattern, and
subsequent solutions of the lattice metric follows optimization
routine of shifting traces to the corresponding band centres po-
sition. Utilizing fundamental feature of the CALM algorithm,
which is standard-less analysis, lattice metric is reconstructed
for each pattern and local changes in the lattice can be mapped
with the error better than 0.1% in lattice ratios. An example of
lattice parameter ratio mapping is presented in Fig. 4, showing
the interface between the austenite and 10M martensite regions
in a Ni-Mn-Ga alloy. The sample for analysis was prepared using
standard mechanical grinding methodology with progressively
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finer grit silicon carbide paper, followed by electropolishing
in a solution containing 10% vol. perchloric acid in ethanol.
The map was registered using FEI Versa 3D scanning electron
microscope and Oxford Symmetry S2 camera operating with
the following conditions: 20 kV of accelerating voltage, high
beam current of ~16 nA, camera speed 25 patterns per second,
pattern resolution of 622x512 pixels and map step 50 nm. The
map was acquired within martensite-austenite region, where in-
terface is localized in the right bottom part of the image (Fig. 4a).
For the naked eye, differences between austenite (Fig. 4b) and
martensite (Fig. 4c) patterns are almost invisible, apart from
faint lines belonging to the modulations in the martensite pat-
tern (marked by red dashed line). The variances between both
patterns can be visualized using the difference image, where one
zone (marked with red arrow) vanishes, while rest of the image
is showing clear differences (Fig. 4d) suggesting that pattern is
stretched but not rotated. The observed differences correspond
to changes in the lattice parameters between austenite and mar-
tensite. The results of lattice parameters ratio ¢/a =0.950 and b/a
=0.993 shows high algorithm sensitivity, where the orthorhom-
bic unit cell of martensite can be mapped with the precision
better than 0.1%.

3.3. Qualitative mapping of lattice deformation —
dislocation imaging

Band profile analysis provides more than just information
for optimizing trace positions or approximating Bragg angles;
it also offers quantitative insights into the intensity and sharpness
of individual Kikuchi bands. A perfect crystal with undistorted
lattice planes produces a strong diffraction signal, whereas any

“perfect” area
dislocation area
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Fig. 4. Analysis of lattice parameter ratios at the interface between
austenite and martensite in a Ni-Mn-Ga alloy: (a) map of the c/a pa-
rameter ratio, (b) experimental pattern from the austenite region, (c)
experimental pattern from the martensite region, (d) difference image
between the austenite and martensite patterns. The red arrow indicates
the zone common to both patterns

defects introduced into the crystal lattice cause distortions that
degrade the diffraction signal. This phenomenon is well known,
particularly in cases where plastic deformation is applied to sam-
ples, leading to deterioration in pattern quality, often characte-
rized by Image Quality (IQ). IQ is primarily used to qualitatively
identify grain boundaries and heavily deformed regions within
a sample. Detecting dislocations, however, is more challenging
as it requires both high spatial resolution and high sensitivity
to variations in Kikuchi band sharpness. These challenges can

2 4 6

0 angle

Fig. 5. Example of dislocation analysis performed in TKD mode on a thin aluminum foil: (a) pattern recorded in the undeformed region, (b) band
profiles of the {022} Kikuchi band, (c) pattern recorded in the dislocation region, (d) image reconstructed from the sharpness analysis of Kikuchi

band profiles, (e) image captured by the forward scatter detector
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be addressed using Transmission Kikuchi Diffraction (TKD)
and band profile analysis. TKD minimizes the electron-matter
interaction volume, focusing on the strain distribution around
dislocation cores, where strain intensities are sufficient to distin-
guish dislocation regions from perfect crystal regions.

An example of dislocation imaging is shown in Fig. 5. The
analysis was performed on a thin foil prepared from a slightly
deformed copper sample. The preparation process included me-
chanical thinning of the specimen to a thickness of approximately
50 um, followed by cutting standard 3 mm TEM discs. The final
step involved electropolishing using Struers’ D2 electrolyte
and the twin jet TenuPol-5 electropolishing unit. The map was
acquired using FEI Versa 3D scanning electron microscope and
EDAX Hikari camera under the following conditions: 30 kV ac-
celerating voltage, high beam current of 16 nA, camera speed of
50 patterns per second, and a map step size of 5 nm. Patterns were
recorded without any background compensation, and a dedicated
shield to reduce re-scattered electrons was employed [8]. Ad-
ditionally, low-resolution patterns (120x120 pixels) were used
to enhance the signal-to-noise ratio. Exemplary patterns from
both the dislocation and undeformed crystal regions are shown in
Fig. 5(a, c). At first glance, these patterns appear indistinguish-
able. However, detailed analysis of individual band profiles, such
as those from the {022} diffracting plane, reveals clear differ-
ences (Fig. 5b). The primary difference lies in the inclination of
the band edges, which is smaller in the dislocation region (red
curve in Fig. 5¢). Band profile sharpness analysis was conducted
for each pattern, and the resulting map is presented in Fig. 5d.
The map highlights dislocation-like features that correspond to
the same regions identified in the Forward Scattering Detector
(FSD) image (Fig. 5e), confirming that the observed contrast
changes are caused by dislocation-type defects.

4. Summary

The paper introduces the CALM algorithm as an alternative,
standard-less approach for analyzing Kikuchi diffraction patterns
in EBSD and TKD systems. Unlike conventional methodolo-
gies, which require prior knowledge of analyzed phases, CALM
reconstructs crystallographic lattice parameters directly from
diffraction patterns. This algorithm employs the translational
symmetry of crystal lattices, ensuring precise determination of
lattice type, lattice parameters, and orientation.

The CALM methodology begins by identifying initial
Kikuchi band traces in the diffraction pattern and expanding
them into a rigid framework of intersecting traces. Using this
framework, reciprocal lattice vectors are calculated, and the
lattice metric is extracted through reduction to the Niggli cell.
Notably, CALM employs Funk transformation, enhancing the
detection of weak Kikuchi bands and improving accuracy.
Experimental results demonstrate an error of ~4% in determin-
ing absolute lattice parameters, which can be reduced to ~1%
with supplemental atomic number data. Additionally, CALM
achieves high precision in lattice parameter ratios, with errors

below 0.1%, making it particularly effective for tracking subtle

lattice distortions.

The CALM approach introduces an unconventional meth-
odology in EBSD analysis, offering the following capabilities:
*  Phase Analysis: CALM enables the identification of phases

without standards, relying on the analysis of high-quality
diffraction patterns only. For example, its application to
an Al-Mg binary system demonstrated precise lattice pa-
rameter determination without the need for high-resolution
images.

*  Lattice Parameter Ratio Mapping: The algorithm effectively
maps local variations in lattice parameters, as highlighted
in a NiMnGa alloy study. It demonstrated exceptional sen-
sitivity in distinguishing between martensitic and austenitic
phases.

*  Dislocation defect imaging: By utilizing subtle changes in
Kikuchi band profiles, it is possible to map lattice distor-
tions at the dislocation level. This demonstrates the excep-
tionally high resolution of TKD imaging and the sensitivity
of band profile analysis.
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