CONFERENCE BOOKLET

Thanks to our platinum-level sponsors

Thanks to our gold-level sponsors

Table of Contents
Program Overview………..……………………...………………………………1
Tutorials Schedule (Day 1)……………………...………………………………2
Vendor Demonstrations (Day 1).…………………………………………….3–4
Oral Sessions Schedule (Days 2 & 3)…….……………………………...…5–6
Poster Session Information…………..……………………………………..7–10
Abstracts (Oral Sessions)………………………………………………….11–32
Abstracts (Poster Session)……………….…………………………….…33–45

Program overview
DAY 1 (June 7, 2022)

DAY 2 (June 8, 2022)

DAY 3 (June 9, 2022)

Login
(9:20 am – 09:30 am)

Login
(9:20 am – 09:30 am)

Login
(9:20 am – 09:30 am)

Session 1
(09:30 am – 10:50 am)

Session 4
(09:30 am – 10:50 am)

Beginner Tutorials
(9:30 am – 11:30 am)
Break
(10:50 am – 11:10 am)

Break
(11:30 am – 12:00 pm)

Session 2
(11:10 am – 12:30 pm)

Session 5
(11:10 am – 12:30 pm)

Break
(12:30 pm – 12:50 pm)
Application Tutorials
(12:00 pm – 2:00 pm)
Session 3
(12:50 pm – 2:10 pm)

Session 6
(12:50 pm – 2:10 pm)

Vendor
demonstrations

Break
(2:00 pm – 3:00 pm)

Break
(2:10 pm – 3:00 pm)

Session 7
(3:00 pm – 4:20 pm)
Poster session
(3:00 pm – 5:00 pm)
Closing remarks
(4:20 pm – 4:30 pm)

Advanced Tutorials
(3:00 pm – 6:00 pm)

1

Tutorials Schedule (Day 1)
Tuesday, June 7th, 2022
Zoom link: https://umich.zoom.us/s/91232634850
TUTORIALS
9:20 am *

LIVE DEMONSTRATIONS

Login and welcome message

9:30 am

Introduction to EBSD
(Stuart Wright, EDAX)

10:00 am

EBSD Technology and Indexing
(Marc De Graef, Carnegie Mellon University)

10:30 am

Geological Sample Preparation
(Sarah Brownlee, Wayne State University)

11:00 am

Metallurgical Sample Preparation
(Luke Brewer, University of Alabama)

11:30 am

Break

12:00 pm

EBSD Applications in Materials Science
(Chad Parish, Oak Ridge National Laboratory)

High Angular Resolution EBSD
and Strain Measurement using
CrossCourt
BLG Vantage
(9:30 – 11:00 am)

Break
1:00 pm

EBSD Applications in Geoscience
(Zach Michels, University of Arizona)

2:00 pm

Break

3:00 pm

Transmission Kikuchi Diffraction
(Pat Trimby, Oxford Instruments)

Cutting Edge EBSD
EDAX
(2:50 – 4:20 pm)

4:00 pm

Crystal Plasticity Modeling and EBSD
(Philip Eisenlohr, Michigan State University)

5:00 pm

Crystal Plasticity Modeling and EBSD
(Josh Kacher, Georgia Tech)

Break
From Start to Finish – Collecting
and Post-Processing EBSD Data
with Aztec and AZtecCrystal
software with the Symmetry S2
detector
Oxford Instruments
(4:30 – 6:00 pm)

* All times given in EDT
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Vendor Demonstrations (Day 1)
Tuesday, June 7th, 2022

BLG Vantage
9:30–11:00 am EDT (Tuesday, June 7th)
Click here to join
High Angular Resolution EBSD and Strain Measurement using CrossCourt
Join the BLGVantage team as we demonstrate the capabilities of CrossCourt for High
Resolution EBSD processing and strain measurement:
•
•
•

80 times more sensitive than traditional EBSD
Misorientations to ~0.006 (vs. ~0.1-0.5)
GND sensitivity > 3x1011 @1m step

•
•

and properties previously not visible Elastic strain +/- 1x104
Residual stress +/-20 MPa

During the demonstration learn the techniques needed to collect good quality EBSD data
from your existing acquisition system and how to import this data into CrossCourt for crosscorrelation processing. Using real-world data sets we will look at deformation analysis,
residual dislocations (GND’s) and strain and stress effects. With GPU processing we can
explore the advantages of obtaining more accurate results faster.
Finally, we will talk about latest developments including the importance of pattern center
determination, pattern simulation and the work towards absolute strain measurement.
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EDAX
2:50–4:20 pm EDT (Tuesday, June 7th)
Click here to join
Cutting Edge EBSD
EBSD is an established microanalysis technique, but the technology involved in collecting
and analyzing the orientation has continually evolved over the last 30 years. In this demo,
state-of-the-art EBSD detectors utilizing direct detection and the highest-speed collections
available will be presented. Functionality to improve pattern and specimen imaging quality will
also be discussed. The latest in routine and advanced EBSD analysis will also be reviewed,
with topics including spherical indexing, parent grain reconstruction, and in-situ analysis. This
demonstration is appropriate for all EBSD users.

Oxford Instruments
4:30–6:00 pm EDT (Tuesday, June 7th)
Click here to join
From Start to Finish – Collecting and Post-Processing EBSD Data with Aztec and
AZtecCrystal software with the Symmetry S2 detector
We will demonstrate how users can quickly acquire and process EBSD data with Aztec and
AZtecCrystal software using the latest Symmetry fiber-optic lens CMOS detector. The
demonstration will proceed from beam on to outputting maps and figures using a batch
routine within the post-processing software. Newer and more experienced EBSD users alike
will appreciate the ease of use, the speed of analyses and the high data quality. Additionally,
we will show new functionality in the AZtecCrystal software such as parent grain
reconstruction, advanced dislocation analysis and additional high-end data interrogation tools.
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Oral Sessions Schedule (Days 2 & 3)
Wednesday, June 8th, 2022
Zoom link: https://umich.zoom.us/s/92259883462
9:20 am *

Login
Session 1

9:30 am

EBSD as a Key to Decoding Deformation Mechanisms
in Earth Materials (Invited)

Elisabetta Mariani
University of Liverpool

10:10 am

Microstructural constraints on the formation of
diamond in Ureilites, the case from the Kenna
meteorite

Timmons Erickson
Jacobs-JETS, NASA JSC

10:30 am

Calculating the Seismic Anisotropy of Mafic
Blueschists by EBSD

Jason Ott
University of Washington

10:50 am

Break
Session 2

11:10 am

Characterizing Plasticity and Failure using In-situ
EBSD (Invited)

Philip Noell
Sandia National Laboratories

11:50 am

Dynamic recrystallization by subgrain rotation in
olivine revealed by electron backscatter diffraction

Marco Lopez-Sanchez
University of Oviedo

12:10 pm

EBSD and TKD studies of pure magnesium after
severe plastic deformation

Pawel Nowakowski
Fischione Instruments

12:30 pm

Break
Session 3

12:50 pm

Microstructural and rheological constraints on deep
slow slip mechanisms during subduction (Invited)

Cailey Condit
University of Washington

1:30 pm

EBSD analysis of naturally deformed dolomite and
calcite from within a shear zone (Mt. Hymittos, Attica,
Greece)

Mark Coleman
University of Ottawa

1:50 pm

Correlative methods for combining EBSD and EDS
data

Ben Britton
University of British Columbia,
Imperial College London

2:10 pm

Break

3:00 pm –
5:00 pm

Poster session

* All times given in EDT
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Thursday, June 9th, 2022
Zoom link: https://umich.zoom.us/s/93912959464
9:20 am *

Login
Session 4

9:30 am

Resolving martensite tetragonality in steels using
EBSD (Invited)

Grzegorz Cios
AGH University of Science and
Technology

10:10 am

Modular Prior-Austenite Reconstruction tool for
improved orientation relationship determination, parent
grain reconstruction, and variant segmentation

Austin Gerlt
Ohio State University

10:30 am

Microstructural Signatures of the Coesite-Quartz
Transformation: New Insights from High-Pressure
Experiments and EBSD Analyses

Rellie Goddard
Woods Hole Oceanographic
Institution

10:50 am

Break
Session 5

11:10 am

HR-EBSD Characterisation of the Stress Fields of
Dislocations and their Role in Transient Creep of
Minerals (Invited)

David Wallis
University of Cambridge

11:50 am

Slip Band and Grain Boundary Interactions Studied
using Ex situ and In situ Cross-Correlation EBSD in
High Purity Nickel

Yang Su
Georgia Tech

12:10 pm

How effectively can we characterize dislocations using
EBSD?

Pat Trimby
Oxford Instruments

12:30 pm

Break
Session 6

12:50 pm

Enabling Autonomous Characterization in EBSD Using
Machine Learning (Invited)

Kevin Kaufmann
UC San Diego

1:30 pm

A signal strength, pattern quality, and signal to
background ratio comparison of an RKD and standard
geometry via direct electron detectors

Jakub Holzer
Thermo Fisher Scientific

1:50 pm

Two-point statistics of orientation data from additively
manufactured stainless steel lattices

Tim Ruggles
Sandia National Laboratory

2:10 pm

Break
Session 7

12:50 pm

Transmission Kikuchi Diffraction and Advanced Data
Analytics: Revolutionizing Insights into Nuclear
Structural Materials (Invited)

Arun Bhattacharya
Oak Ridge National Laboratory

1:30 pm

Low-kV, High Resolution Statistical EBSD Study of
Void Nucleation in Severely Deformed Magnesium
and Titanium

Evgenii Vasilev
University of New Hampshire

1:50 pm

Advances and Applications of Direct Detection for
EBSD

Matt Nowell
EDAX
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Poster Session (Day 2)
Wednesday, June 8th, 2022
3–5 pm EDT

Gather Town link: https://app.gather.town/events/mmuopIuJgN0nGYj1KfxM
(You will be required to log in using the email address you provided during registration)

#

Title

Presenting Author

1

Strain Dependent Phase Mixing in Experimentally
Deformed Maryland Diabase

Katherine Billings
Washington University in St. Louis

2

Characteristics of quartz pseudomorphing former melt
under static and dynamic conditions

3

Issues indexing solid solution feldspars

Joyjit Dey
University of Leeds
Joe Gardner
University of Liverpool

4

A Combined EBSD-EPMA Analysis of Synthetically
Prepared Sphalerite, Simulating the Formation of
Sediment Hosted Zn-Pb Deposits.

Matthew Glenn
CSIRO Mineral Resources

5

Characterization of microstructures in mantle xenoliths
from Kostal Lake, Canadian Cordillera

Arvid Gonzalez
McGill University

6

Combining EBSD and trace elements mapping to
understand Au mineralization in pyrite nodules

Riccardo Graziani
Geological Survey of Canada

7

Full-field numerical simulation of polycrystalline halite
dynamic recrystallization under simple shear conditions

Baoqin Hao
Universitat de Barcelona

8

Advanced Tools for Discriminating Phases with Similar
Crystal Structures using EBSD

Michael Hjelmstad
Oxford Instruments

9

Microstructural constraints on surface rupture processes
in the maximum slip zone of the 2019 M7.1 Ridgecrest,
California, earthquake

Josie Nevitt
United States Geological Survey

10

Quantifying variability in quartz subgrains to assess
effective stress states in polyminerallic metamorphic rocks

Alix Osinchuk
University of British Columbia

11

Dating an Ultramylonite with U-Pb Geochronology on SynKinematic Titanite

Renaud Soucy La Roche
Centre Eau Terre Environnement

12

High-Precision Orientation Mapping from Spherical
Harmonic Transform Indexing

Gregory Sparks
Air Force Research Laboratory
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How to access the EBSD 2022 poster hall
1. Click the Gather Town link provided on the previous page
2. You will be directed to the landing page for the EBSD 2022 poster session:

3. Click “Join Event”
4. You will be prompted to sign. All attendees must sign in using the email address
they provided during registration.

5. Gather Town will send a six-digit access code to your email address. Please check
your spam folder if you do not see the email within one minute.
6. Test your audio and video settings on the next page, then click “Join the Gathering”
when ready. You may also edit your Gather Town character’s appearance before
joining.
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9

EBSD 2022 virtual poster hall layout
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ORAL SESSION ABSTRACTS
(Chronological Order)
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EBSD as a Key to Decoding Deformation Mechanisms in Earth Materials
Elisabetta Mariani1*, Laura Crispini2, Joe Gardner1, David Wallis3, John Wheeler1 and Stephen
Covey-Crump4
1

School of Environmental Sciences, University of Liverpool; Liverpool, UK
2
DISTAV, University of Genova; Genova, Italy
3
Department of Earth Sciences, University of Cambridge; Cambridge, UK
4
Department of Earth and Environmental Sciences, The University of Manchester; Manchester,
UK
*
Email: mariani@liverpool.ac.uk

Electron backscatter diffraction (EBSD) was first developed as an application technique in the
Earth sciences in the 1990s. In the last three decades EBSD has evolved to achieve
unprecedented resolution and speed thanks to significant scientific and technologic advances. It
is now widely applied to a large range of Earth science questions, with rock deformation
remaining one of the major fields for its application. EBSD was quickly established as a new
quantitative tool to link mineral microstructures (CPOs, crystal distortion, grain size) with
deformation conditions (kinematic framework, stress, strain, strain rate, temperature, fluids, etc.),
that could be used with confidence to interpret deformation mechanisms and the rock
deformation history. Such application of EBSD is effective in monomineralic rocks, but the
heterogeneity of polymineralic rocks remains problematic. Recently, the fast and successful
indexing of an increasingly larger number of minerals, and the ability to measure strain for large
lattice rotations using high-resolution (HR) EBSD, have provided the opportunity to develop
new criteria for the recognition of dissolution-precipitation creep, brittle deformation
mechanisms and the discrepancy between local and bulk stresses in a deforming aggregate. It has
become clear that dissolution-precipitation reactions can lead to microstructures that resemble
those of dislocation creep. EBSD of plagioclase deforming at greenschist facies in an extensional
shear zone provided the following essential criteria to identify dissolution-precipitation
processes: orientation inheritance during reaction, inter-phase topotaxy along twin and cleavage
planes, and lattice distortion at conditions where crystal plastic deformation is not expected.
Brittle fracturing, potentially associated with earthquakes, may fuel dissolution-precipitation
reactions. EBSD can also be used to infer brittle deformation of fully healed and compacted
rocks. These microstructures typically have bimodal grain sizes. Small grains are localized along
fracture planes, form by fracture healing facilitated by fluid influx, and retain a memory of the
parent-grain orientation. Fantastic examples of these brittle microstructures are provided by
anhydrite in a hydrothermal vent along a likely active fault in fast-spreading oceanic crust.
Finally, HR-EBSD on experimentally deformed marble shows that, during dislocation creep,
elastic strain at the grain scale is dissipated by local lattice distortion and the generation of highly
organised dislocation avalanches. Locally high residual stresses, up to 500 MPa, develop at twin
intersections and are 2–3 times higher than the bulk stress measured during the experiment.
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Microstructural constraints on the formation of diamond in Ureilites, the case from the
Kenna meteorite
Timmons M. Erickson1, Timothy M. Hahn Jr.1, Lindsay P. Keller2, Ann N. Nguyen2
1

Jacobs-JETS, NASA Johnson Space Center, ARES division, Mailcode XI3, 2101 NASA
Parkway, Houston, TX, USA
2
NASA Johnson Space Center, ARES division, Mailcode XI3, 2101 NASA Parkway, Houston,
TX, USA

The origin of diamonds in ureilitic meteorites, a major family of ultramafic achondrites, has long
been debated, with various formation mechanisms inferred, including: 1) shock conversion of
preexisting graphite due to a hypervelocity impact on the ureilite parent body; 2) vapor
deposition during condensation of the solar nebula; or 3) static transformation in the mantle of a
large planetesimal (>1000 km in diameter). The Kenna ureilite is a 10.9 kg stone that was found
in Kansas in 1972 and is dominantly composed of olivine and pigeonite (68% and 22% modal
abundance, respectively), together with minor metal and carbon-rich regions. Within the carbonrich domains researchers have identified microdiamonds up to ~10 µm in size. Due to the
proximity of the extremely hard microdiamonds with soft graphite and moderately hard silicates,
achieving an appropriately flat surface for electron backscatter diffraction (EBSD) analysis has
proved challenging. We have, therefore, employed a Hitachi ArBlade 5000 broad beam Ar ion
milling system to prepare a sample with an adequately uniform surface flatness across the
various minerals. The ion milling dramatically improved indexing of the EBSD patterns and
facilitated high-resolution microstructural analysis of the carbon-rich domains. The carbonbearing regions occur as tabular domains between polygonal olivine and pigeonite, and are
composed of aggregates of micrometer-scale diamond with intermediate graphite, oxides and
metal grains. Within the microdiamonds, {111} twins are abundant, many of which form ragged
lamellae consistent with mechanical twinning. The microdiamond assemblages appear to
pseudomorph tabular graphite habits, which together with the abundant deformation twins,
supports a shock transformation mechanism for microdiamond formation within the Kenna
meteorite. To compliment the EBSD microstructural analyses, coordinated laser Raman, focused
ion beam/transmission electron microscopy imaging and diffraction data, and NanoSIMS N and
C isotopic compositions will be measured. These data will provide further constraints on the
formation of diamonds within ureilites.
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Calculating the Seismic Anisotropy of Mafic Blueschists by EBSD
Jason Ott1*, Cailey Condit1
1

University of Washington, Seattle WA)
*
Email: jasonott@uw.edu

Subduction zones are complex tectonic systems where collision of two plates results in the
subduction of oceanic lithosphere into the Earth’s interior. Subduction zones host significant
geological hazards including megathrust earthquakes, tsunamis, and arc volcanism. The
connection of subduction zone hazards to geological processes requires knowledge of subsurface
structure that can be provided by seismic anisotropy. Seismic anisotropy, the directional
dependence of seismic waves travelling through the Earth, is produced when seismic waves
travel through rocks that have been ductily deformed at depth. During this deformation, minerals
within a rock can be preferentially aligned creating a crystallographic preferred orientation
(CPO) and the directional-dependence of their physical properties produce the anisotropic signal.
In order to interpret the geologic cause of a given anisotropic signature and infer its implications,
we must develop robust constraints on the range of the seismic anisotropy produced by rocks
from subduction zones. To develop these constraints, we investigate the seismic anisotropy of a
suite of mafic blueschists, a common rock-type in subduction zones between the base of the
seismogenic zone and sub-arc depths. Blueschists are produced by high-pressure/lowtemperature metamorphism of oceanic crust during its subduction; this metamorphism results in
rock compositions rich in strongly-anisotropic minerals. To evaluate the range of seismic
anisotropy signals in mafic blueschists, 11 samples with variable mineralogies from multiple
exhumed subduction zones were mapped and indexed using EBSD. EBSD maps were analyzed
in MATLAB using the MTEX plugin to quantify the volume and CPO strength of each mineral
phase within the samples. The CPO of each phase and its intrinsic physical properties, weighted
by volume, enable calculation of the seismic anisotropy of each sample. These samples have a
broad range of seismic anisotropies, scaling primarily with the modal abundance and CPO
strength of the anisotropic mineral glaucophane. However, samples with large volumes of
epidote, another common mineral in blueschists, showed a reduction in the total anisotropy. The
results of this study serve to characterize the range of seismic anisotropy produced by blueschists
in subduction zones and will facilitate the development of constraints to improve seismic
modelling of these complex systems. Furthermore, microstructural analysis of the EBSD data
reveals the mechanisms that accommodated ductile deformation in these samples, giving insight
into the deformation mechanisms that are likely at work in currently active subduction zones.
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Characterizing Plasticity and Failure using In-situ EBSD
Philip J. Noell1*, Jeff M. Rodelas1, Davis M. Wilson2, Jay D. Carroll1, Brad L. Boyce1, Joseph
Michael1
1

Sandia National Laboratories, Albuquerque, NM
2
Honeywell FM&T, Kansas City, MO
*
Email: pnoell@sandia.gov

This presentation gives a brief overview of methods for using electron backscatter diffraction
(EBSD) to characterize plasticity and failure during mechanical testing of metals. A brief review
of the challenges, drawbacks, and benefits of in-situ testing will be given followed by two case
studies. In the first, in-situ EBSD was used to characterize the formation of deformation twins in
additively manufactured (AM) 304L. Tensile tests of AM 304L specimens subjected to various
heat treatments were performed in a scanning electron microscope (SEM) equipped with EBSD.
In-situ testing revealed that nanoscale twins nucleate in many grains at the onset of yield, while
others deform by slip. Differences in yield stress and ultimate strength between specimens with
their tensile axes respectively parallel to and perpendicular to the build direction were observed,
but these do not appear to be related to twinning. In the second case study, in-situ EBSD was
used to characterize void nucleation during elevated temperature deformation in copper. At
elevated temperatures, voids typically form at grain boundaries, but it is still unclear why voids
form at some boundaries and not others. In-situ EBSD revealed that voids primarily nucleated at
grain boundary/twin triple junctions, with the void subsequently growing along the grain
boundary. In both cases, in-situ EBSD was critical to understanding how plasticity evolved
during deformation. Sandia National Laboratories is a multi-mission laboratory managed and
operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned
subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National
Nuclear Security Administration under contract DE-NA0003525.
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Dynamic recrystallization by subgrain rotation in olivine revealed by electron backscatter
diffraction
Marco A. Lopez-Sanchez1,3*, Andréa Tommasi1, Walid B. Ismai2, Fabrice Barou1
Géosciences Montpellier – CNRS & Université de Montpellier, France
Rock Deformation Laboratory, Dept. Earth Sciences, Univ. of Manchester, UK
3
Now at Dept. of Geology, University of Oviedo, Spain
*
Email: lopezmarco@uniovi.es
1

2

We document how dynamic recrystallization by subgrain rotation (SGR) develops in natural
olivine-rich rocks deformed in extension to up to 50% bulk strain (1473 K, confining pressure of
300 MPa, and stresses between 115-180 MPa) using electron backscatter diffraction mapping.
SGR occurs preferentially in areas subject to local stress peaks due to grain-to-grain interactions
with notable contrasts in their plastic stiffness. Subgrains (misorientation <15°) are delimited
mainly by tilt walls composed of combinations of dislocations of the [100](001), [001](100),
[100](010), and [001](010) systems, in order of decreasing frequency. The activation and
prevalence of these systems mostly agree with a Schmid factor analysis. The development of
closed 3D subgrain cells in olivine requires the contribution of at least three different slip
systems, implying the activation of hard slip systems and high (local) stresses. A sharp change in
the orientation of rotation axes characterized the transition from subgrains to grain boundaries.
Contrary to previous hypotheses about this same phenomenon, our data indicate that grain
boundary sliding cannot explain our observations. Instead, we propose that this change marks the
creation and incorporation of new defects (e.g. dislocations with different Burger vectors or
disclinations) at the newly-formed grain boundaries.
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EBSD and TKD studies of pure magnesium after severe plastic deformation
Pawel Nowakowski*, Mary Ray, Paul Fischione
E.A. Fischione Instruments, Inc. Export, PA U.S.A.
Email: p_nowakowski@fischione.com
A sample of hot-rolled, pure (≥ 99.5% purity), magnesium was rapidly deformed under dynamic,
two-directional bending conditions, which comprised two cycles of two bends per cycle. The
deformation was perpendicular to the rolling direction. Due to intrinsic characteristics of
magnesium (it is easily damaged during mechanical polishing), the sample was prepared using a
broad argon ion beam mill [TrionMill, Fischione Instruments]. An electron backscatter
diffraction (EBSD) system [eFlash FS, Bruker] that was installed on a focused ion beam (FIB)
system [Scios, Thermo Fisher Scientific] was operated at 15 kV to map the sample (300 nm step
size). Sample was mapped before and after each cycle of deformation.
The EBSD measurements were carried out on a sample as received and after each cycle of
deformation. To illustrate local strain accumulation within a grain, the grain reference orientation
deviation (GROD) maps were computed from EBSD data.
The as-received microstructure of the Mg sample is characterized by large grains (average size
150 µm) with numerous deformation twins (86.3 <11-20>). After the first cycle of dynamic
deformation, a severe microstructure change is observed in the creation of adiabatic shear bands
(ASB), which are characterized by a presence of dynamic recrystallized grains that are observed
in 35% of the sample (average grain size of 1.8 µm). After the second cycle of dynamic
deformation, crack formation is observed; a very fine grain structure formation around the fissure
is also observed. EBSD data shows no strain accumulation around the crack or in the ASB. Fully
dynamic recrystallized grains are observed.
It is well known that the EBSD lateral resolution for magnesium is about 600 nm (measured at
an accelerating voltage of 15 keV). To measure the magnesium grain size in ASB around the
crack, a thin lamella (an electron-transparent sample) was prepared for transmission Kikuchi
diffraction (TKD) analyses. The sample was prepared by standard in situ lift-out in a FIB system,
then polished and thinned to a desired thickness using a concentrated (as small as 1 µm) argon
ion beam [NanoMill® TEM specimen preparation system, Fischione Instruments]. TKD
measurements were performed with an on-axis detector [Optimus, Bruker] fitted on a FIB system
and operated at 30 kV. The TKD data were collected from an area close to the tip of the crack
and acquired with a 20 nm step size. TKD analyses revealed an average grain size of 800 nm. No
magnesium deformation twins or accumulation of dislocations (resulting in local misorientation
accumulation) were observed.
A mechanism of cracking is proposed for pure magnesium, taking into account ASB formation
and dynamic recrystallization. In this work, we demonstrate that EBSD and TKD techniques
when combined with adequate sample preparation methods allow for full-scale materials
microstructure characterization.
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Microstructural and Rheological Constraints on Deep Slow Slip Mechanisms during
Subduction
Cailey B. Condit1*, William F. Hoover1, Nicole L. Ferrie1, Melodie E. French2
1

University of Washington; Seattle, WA USA
2
Rice University; Houston, TX USA
*
Email: ccondit@uw.edu

Episodic tremor and slow slip events occur down dip of the locked seismogenic zone in well
instrumented subduction zones around the world. During these events, the plate interface slips
faster than tectonic creeping rates but slower than earthquakes, and can readily load the locked
seismogenic zone. Geophysical observations of the slow slip environment suggest it is a
critically stressed, fluid-rich part of the plate interface. These constraints have led to a range of
hypotheses for slow slip mechanisms from viscous creep to activation of frictional mechanisms
by elevated pore fluid pressures. However, these hypotheses remain largely unconstrained in the
rock record. We present geological, microstructural, and textural observations from two
exhumed subduction terranes to examine the mechanisms that accommodated deformation
during subduction down dip of the seismogenic zone, and couple these with rheological analysis
to link deformation features to slip modes during subduction.
We first focus on metasedimentary schists and metagranodiorites from the Arosa Zone in the
Central Alps, where Electron Backscatter Diffraction (EBSD) data indicate that fluid aided
diffusive mechanisms accommodated deformation viscously. Quartz and albite form fine grained
(15-20 μm) aggregates pinned by phengite and actinolite, and lack crystallographic preferred
orientations (CPOs). There is little evidence of dislocation accommodated deformation,
suggesting that pressure solution creep controlled the rheology of these rocks. Rheological
modelling of these deformation mechanisms indicate that this viscous deformation could readily
accommodate tectonic creeping rates at reasonable thicknesses but would require stresses 10100x those expected at the subduction interface to accommodate slow slip. Thus, quartz and
feldspar rich lithologies do not appear to be able to host slow slip events, but may accommodate
creeping deformation during inter-slow slip periods.
We contrast these observations with those of metasomatic mélange matrix shear zones from
Pimu (Santa Catalina, CA), where talc + amphibole, chlorite + amphibole, and pure amphibole
layers accommodated deformation. Talc-rich samples are highly deformed, and EBSD data
reveal abundant intragranular misorientations and subgrain formation within amphibole.
Amphibole outside talc-rich layers have no intragranular misorientations and strong CPOs,
suggesting lower stress mechanisms accommodate deformation in these amphiboles. Rheological
modelling reveals that at near lithostatic pore fluid pressures, talc could accommodate slow slip
strain rates, potentially creating grain-scale stress amplification recorded by amphibole. These
geologic observations, coupled with rheological modelling, support activation of frictional
deformation as a potential mechanism that can host slow slip in subduction zones in a fluid rich
environment.
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EBSD analysis of naturally deformed dolomite and calcite from within a shear zone (Mt.
Hymittos, Attica, Greece)
Mark Coleman1*, David Schneider1, Bernhard Grasemann2, Konstantinos Soukis3, Riccardo
Graziani4
1

University of Ottawa 1; Ottawa, Canada,
2
University of Vienna; Vienna
3
National and Kapodistrian University of Athens; Greece
4
Geological Survey of Canada, Canada
*
Email: colemanmarco@gmail.com
Dolomite represents one of the most abundant carbonate rock-forming minerals in the
continental crust. Despite its contribution to rock strength, its deformation is understudied in
comparison to calcite, quartz, and feldspar. We use field, petrographic, and electron back scatter
diffraction (EBSD) analyses of dolomitic and calcitic marbles to investigate the response of these
materials to different degrees of strain under lower greenschist facies conditions. The bedrock of
Mt. Hymittos, Attica, Greece, preserves two top-SSW ductile-then-brittle low-angle normal
faults. The bedrock of the massif comprises sub-greenschist facies phyllites and marbles in the
uppermost hanging wall unit, and high-pressure greenschist facies schists and marbles in the
lower two packages. Ductile mylonites in the footwalls of both detachments grade into brittleductile mylonites and finally into cataclastic fault cores. Within the lowest package, dolomitic
and calcitic rocks are both mylonitic to ultramylonitic with previous P-T analyses on schist
intercalations estimating peak metamorphism at ~470 °C and 0.8 GPa. EBSD analysis of six
dolomitic marbles of the lower unit reveals a progressive fabric evolution from mylonites to
ultramylonites reflecting the increasing magnitude of strain and decreasing temperature of
deformation. An older mylonitic fabric is crosscut by ultramylonite bands of dolomite which
display similar grain sizes to the subgrains formed within the mylonitic domains. In samples
closer to the fault core, the ultramylonite fabric is ubiquitous. The dolomite grains have low
degrees of internal misorientation and an absence of low-angle grain boundaries that, along with
correlated misorientation diagrams, suggest the ultramylonitic dolomite grains are randomly
oriented and deforming via grain-boundary sliding. Interstitial calcite grains within these samples
may reflect creep-cavitation and precipitation processes interpreted to have occurred synkinematically with grain-boundary sliding. The change from subgrain-rotation recrystallization
to grain-boundary sliding is interpreted to reflect the interplay of grain-size sensitive and
insensitive processes. The dolomitic marbles of the lower unit deformed on the retrograde path
from the high-pressure, mid-temperature portion of the greenschist facies. The position of the
dolomitic ultramylonites immediately below the cataclastic detachment fault, the ductile strain
gradient approaching the fault and evidence for interplay between brittle and ductile deformation
within the marbles suggest these ultramylonites were deforming close to the brittle-ductile
transition suggesting ductile deformation at lower temperatures than might be predicted
experimentally.
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Correlative methods for combining EBSD and EDS data
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Electron backscatter diffraction (EBSD) and energy dispersive X-ray spectroscopy (EDS/EBSD)
are two powerful microanalysis techniques commonly available within the scanning electron
microscope (SEMs). Many SEM instruments are well set-up to collect EBSD and EDS data at
the same time, providing information about the crystal structure (EBSD) and chemistry (EDS) of
probed material.
Correlating these measurements can be extremely useful for unlocking information about the
partitioning of elements and the structure of different minor phases (e.g. precipitates) and how
they are decorated within the microstructure of our materials. In this work, we will present two
different approaches towards correlating EBSD and EDS data.
In the first method [1], we apply machine learning methods and template matching to enable us
to cluster and identify phases in Ni-based superalloys and assist in the development of new alloy
processing routes. Our method highlights the power of using data-science based methods to
cluster and amplify the signal of each phase to aid identification and classification, to ultimately
enhance the resolution of fine-scale of borides and carbides.
In the second method [2], we use the EDS signal to identify fine scale precipitates within
wrought and hot isostatically pressed (HIP-ed) Ni-based alloys and we relate these to the
microstructure of the Ni-rich matrix. Through classification of the precipitates according to
boundary type, we explore the statistical differences between microstructures with an aim to
provide new methods how processing can influence properties in advanced engineering alloys.
[1] T.P. McAuliffe, A. Foden, C. Bilsland, D. Daskalaki-Mountanou, D. Dye, T.B. Britton
"Advancing characterisation with statistics from correlative electron diffraction and X-ray
spectroscopy, in the scanning electron microscope" https://arxiv.org/abs/1908.04084 and
Ultramicroscopy (2020) https://doi.org/10.1016/j.ultramic.2020.112944
[2] Chris Bilsland, Andrew Barrow, T. Ben Britton "Correlative statistical microstructural
assessment of precipitates and their distribution, with simultaneous electron backscatter
diffraction and energy dispersive X-ray spectroscopy" https://arxiv.org/abs/2102.03279 and
Materials Characterization (2021) https://doi.org/10.1016/j.matchar.2021.111071
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Martensitic steels are important materials known for their high strength. Martensite in steels is
commonly believed to assume a tetragonal structure due to the incorporated carbon atoms. The
dependence of the martensite lattice parameters on the carbon content has been previously
studied in various X-ray diffraction investigations. Most of the X-Ray diffraction investigations
were, however, performed in setups where signal was integrated from large sample areas. EBSD
on the other hand brings possibility to measure martensite microstructure including local
martensite tetragonality. During the presentation we will shortly describe recent literature on
EBSD martensite tetragonality measurements. Later we will discuss different approaches for
martensite local tetragonality (or in more general EBSD crystal lattice axial ratios) measurements
using EBSD and problems arising during the analysis. In the summary some recent results of c/a
maps of martensite in steels will be presented and discussed.
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Modular Prior-Austenite Reconstruction tool for improved orientation relationship
determination, parent grain reconstruction, and variant segmentation
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The extent to which we can tailor the structural properties of a material is a direct result of how
well we understand and can therefore control the texture and morphology during formation. For
several metallic systems (most notably martensitic steel and 𝛼/𝛽 titanium), a major component
of this is our understanding of their martensitic transformation.
Ideally, martensitic transformations involve an invariant plane shared by both phases, along with
an invariant direction that remains unchanged after the transformation. However, this change
also introduces inter- and intra- granular strains that must be compensated for, significantly
altering the texture in the final part. The result is a final part whose parent structure is not
immediately obvious even to experienced users. Harder still is teaching a program to do this
reconstruction in a repeatable and automated fashion.
In this work, the authors demonstrate a 3-part toolset for creating reliable and repeatable
reconstructions on large batches of EBSD data using a combination of graph cut theory and
Bayesian statistics. They require minimal domain expertise, and can be run in series, standalone,
or combined with other popular reconstruction pipelines to produces improved hybrid models.
The first module utilizes Baysesian statistics and expectation maximization to determine
orientation relationships (OR) on a per-scan basis. This provides a significant improvement over
the typically used idealized relationships, and produces a probabilistic (as opposed to merely
deterministic) OR estimate range. The second module is the reconstruction code itself, which
uses graph cut and min cut/max flow to group pixels into groups of optimal parent grain
divisions. The third module is a variant segmentation toolset, which utilizes graph cut to segment
a suspected prior autenite grain into a hierarchical packet-block-variant subgrain structure. This
can provide valuable insight into the expected properties of the final part and highlight how
changes in processing can affect variant selection upon cooling.
These tools are tested as a standalone toolset on AF96, as well as being both compared to and
then combined with MTEX’s current reconstruction tool on both AF96 and the default MTEX
datasets.
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Evidence of ultrahigh-pressure (UHP) conditions is often lacking in quartz-bearing rocks due to
quartz metastability and/or overprinting by later metamorphism and deformation. In rocks
lacking appropriate minerals for petrology-based thermobarometry (pressure-temperature
estimates), the presence of ‘palisade’ quartz is thought to provide robust evidence for previous
burial to UHP conditions. Palisade quartz is characterized by parallel or radiating columnar
grains that are inferred to nucleate at coesite grain boundaries. Recent work using electron
backscatter diffraction (EBSD) and misorientation analysis on samples from the Tso Morari
Complex, a known UHP region, demonstrated that these structures inherited their
crystallographic orientation from coesite precursors. To further explore this crystallographic
control, we conducted a series of high-pressure, high- temperature experiments using a
deformation-DIA apparatus situated on beamline 6-B,M-B of the Advanced Photon Source
synchrotron, Argonne National Laboratory. This experimental set up enables us to identify the
formation of coesite in situ using energy-dispersive X-ray diffraction.
Both single quartz crystals and quartz aggregates were heated and pressurized up into the coesite
stability field, held within this stability field under hydrostatic conditions, and then transformed
back to quartz. For a few samples, experiments were quenched when both coesite and quartz
were present, that is, during the transformation. Though traditional palisade textures are absent,
domanial structures comprised of numerous grains with shared (approximately single crystal)
orientations, are abundant. Dramatic grain-size reduction is also observed both during the quartzto-coesite and coesite-to-quartz transitions. These transformation microstructures offer a distinct
orientation signature for identifying UHP terranes, and potentially exert a significant control over
the deep rheological properties of Earth’s crust during crustal thickening or subduction. This
work was prepared in part by LLNL under contract DE-AC52-07NA27344. LLNL-CONF833406
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Electron backscatter diffraction (EBSD) has long played a key role in characterising the
deformation of geological materials deformed to large strains by the long-term motion of
tectonic plates. However, several current research objectives focus on characterising deformation
processes acting over human timescales, such as ground motion due to large earthquakes or
melting ice sheets. These short-term processes involve extremely small strains during transient
creep and generate correspondingly subtle microstructural expressions that are difficult or
impossible to resolve with conventional EBSD. For example, recent experimental work has
indicated that transient creep of key minerals is controlled by kinematic hardening due to longrange elastic interactions among dislocations. The subtle changes in dislocation density and
distribution, along with their corresponding stress fields, can only be resolved by high-angular
resolution electron backscatter diffraction (HR-EBSD), based on cross-correlation of diffraction
patterns. HR-EBSD analysis of the experimental samples demonstrates that kinematic hardening
manifests as intragranular stress heterogeneity, where the magnitude of internal stresses can
exceed the macroscopic applied stress by an order of magnitude, locally reaching gigapascal
levels. The probability distributions of internal stresses have a characteristic form that is
diagnostic of stresses imparted by dislocations. Analysis of natural rocks deformed in the deep
portions of major fault zones reveals intragranular stress heterogeneity with the same
characteristics as the experimental samples. These observations support the relevance of
laboratory-derived models of transient creep to deformation occurring under natural conditions.
More broadly, the application of HR-EBSD to geological materials provides a powerful new tool
for revealing subtle, yet highly informative, microstructural expressions of deformation
processes.
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Grain boundaries, as barriers to dislocation movement, are one of the primary sources of strength
in polycrystalline material. It has been well studied that in a deformed polycrystal dislocation
pile-ups form at grain boundaries and lead to local stress concentration. However, it is not clear
how the magnitude of stress concentration varies at grain boundaries with different characters
and how the pile-up stress evolves with increasing strain. As an attempt to resolve the two
questions, High-Resolution EBSD patterns were collected ex situ along slip bands at ~50 grain
boundaries (including coherent, incoherent twin boundary and regular grain boundary) in a high
purity nickel sample after 3.5 percent uniaxial tension. In addition, HR EBSD patterns were also
collected in situ along ~20 slip bands at ~10 grain boundaries at multiple strain levels from 1 to 4
percent. Strain, stress tensors and GND densities were computed from HR EBSD patterns using
cross-correlation analysis at data points along each slip band. The magnitude of pile-up stress at
each grain boundary was correlated with grain boundary (slip transfer) metric such as m’,
residual Burgers vector, and stored strain energy density, etc. Furthermore, with the magnitude
of stress measured in situ at increasing strain levels, the evolution of dislocation pile-up stress at
various grain boundaries was investigated and correlated with several grain boundary metric.

25

How effectively can we characterize dislocations using EBSD?
Pat Trimby1*, Klaus Mehnert2, Aimo Winkelmann2
1

Oxford Instruments Nanoanalysis; High Wycombe, UK
2
ST Development GmbH, Paderborn, Germany
*
Email: pat.trimby@oxinst.com

Electron backscatter diffraction (EBSD) is routinely used to characterize intracrystalline
distortion caused by deformation or crystal growth. There are many ways that this can be done,
such as via a semi-quantitative analysis of plastic strain (for example using kernel average
misorientation (KAM) maps) or by using high resolution (HR) EBSD to give more precise
misorientation data as well as information about the elastic strain. Given that standard EBSD
analyses (e.g. based on Hough-transform indexing approaches) routinely measure
crystallographic orientations with a precision of 0.1°-0.5°, it is not possible to measure the lattice
distortion caused by single dislocations. However, numerous studies have utilized EBSD to
measure the crystal lattice curvature, thus inferring the local density of geometrically necessary
dislocations (GNDs) based on the assumptions of Nye (1953).
In this work, we present two new developments that facilitate the characterization of dislocation
populations using EBSD. The first is the implementation of the Weighted Burgers Vector
(WBV) method, as first proposed by Wheeler et al. (2009), which does not depend on prior
assumptions about the specific dislocation types that lead to an observed lattice orientation
change. With the implementation of a sliding loop WBV measurement, we show how this
approach can extract useful information about GND densities as well as averaged (and weighted)
Burgers vector orientations from routine EBSD datasets. The second development is the
improvement in orientation precision that is possible using pattern matching refinement, as
proposed by Nolze et al. (2018). Here, simulated EBSD patterns are used to refine the original
indexed orientations (via Hough-based algorithms), enabling up to an order of magnitude
improvement in orientation precision, down to 0.01°. This level of precision enables the effective
measurement of the lattice distortion around individual, statistically stored dislocations.
We will present examples of the application of the WBV approach coupled with orientation
refinement via pattern matching. Results from GaN thin films show how populations of
threading dislocations can be classed as screw <c> type or edge <a> type, even allowing
separation of dislocations with <+c> and <-c> Burgers vectors. For deformed samples, the
benefit of orientation refinement is shown by the more precise determination of weighted
Burgers vector orientations and by the more effective analysis of dislocation populations in cell
walls with very low disorientation angles.
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Enabling Autonomous Characterization in EBSD Using Machine Learning
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Electron backscatter diffraction (EBSD) is a powerful tool with the ability to collect diffraction
patterns over large areas with relatively small step sizes, thus supporting multi-scale analysis.
After EBSD pattern collection, current indexing techniques (whether Hough-based or dictionary
pattern matching based) are capable of reliably differentiating between a user selected set of
phases, if those phases contain sufficiently different crystal structures. Despite considerable
efforts, the challenges of phase differentiation and identification remain. Recent improvements
in EBSD detectors allow for unprecedented pattern collection rate and resolution, opening the
door for implementing techniques from the data science field. One such class of techniques
known as deep learning, a subset of artificial intelligence, allow computer systems to
autonomously learn patterns in data and construct efficient decision rules for tasks including
classification, regression, or segmentation.
Deep neural network-based classification of the diffraction patterns is motivated by Hough-based
EBSD’s susceptibility to structural misclassification; a failure mode that modern EBSD can
encounter even when the researcher has complete knowledge of the sample prior to beginning
analysis. While several methods to improve phase-differentiation have been proposed, each still
requires pre-selection of phases and additional data (e.g., chemistry or simulated diffraction
patterns) to be available. In contrast, deep neural network-based methods have demonstrated
effective phase differentiation and identification of phases to the space group level without the
need for further information.
This work demonstrates the application of deep neural networks for extracting crystallographic
and chemical information from the information rich diffraction patterns and compares the results
of this approach with solutions offered in commercial systems. Furthermore, the range of EBSD
pattern acquisition parameters for which the deep neural network, trained using diffraction
patterns captured with a fixed geometry and SEM settings, is validated or found to be prone to
error is explored. Knowledge of the conditions for which the current model fails can both guide
the future collection of labeled training data to improve subsequent versions and prevent users
from acquiring data that will not be analyzed as effectively by the model. Further development
of this approach is aimed toward enabling true phase identification and autonomous
characterization within EBSD.
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Direct electron detection (DED) systems have been used in different SEM applications over the
past 10 years, including EBSD, 4D STEM in SEM and nano-CT. DED systems are well suited to
such applications owing to their aberration-free imaging, single electron sensitivity, noise-free
operation, and an unlimited dynamic range. An often-overlooked advantage of DED systems is
that they can be developed with significantly smaller form factors than traditional indirect
scintillation systems, enabling diffraction studies in novel geometries. For EBSD, this enables
the direct electron capture in a reflection Kikuchi diffraction (RKD) geometry at normal incident
to the electron beam as well as conventional tilted geometries. The purpose of this contribution is
characterization a new generation of DED systems in different geometries, providing a
comprehensive benchmark. An intrinsic property of a DED system is that it enables the
determination of the number of electrons per pixel, using a so-called electron counting mode.
Here, we use this mode to calculate the signal strength, pattern quality, and signal to background
ratio of diffraction patterns acquired in RKD and standard geometry. The ratio of the background
(thermal diffuse scattering) to the coherent diffraction enables provides information on the depth
origin. The electron counting mode enables us to determine the backscattering coefficients and
even resolve them based on energy. Finally, we will demonstrate an indexation of patterns at
very low electron per pixel values, showing a strong dependence on detector geometry.
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Metallic lattice metamaterials are an application of additive manufacturing (AM) that occupy a
unique niche in material design space. Their tailorability and dynamic response (both plastic and
elastic) are of particular interest. The sub-millimeter length scale and the sparse nature of lattices
complicate the already non-trivial solidification behavior of additive metal, leading to a spatially
heterogenous microstructure with a large length scale relative to the lattice structure. This
heterogeneity makes simple metrics of microstructure (such as texture, grain size and/or grain
morphology) inadequate to elucidate the process-microstructure relationship. Two-point
statistics, coupled with principal component analysis (PCA), represent a powerful alternative to
encapsulate a complex microstructure with only a few scalar variables that may be easily related
to the process parameters. In this study, 11 lattice cubes were manufactured from stainless steel
using selective laser melting (SLM), each with different laser speed and power settings. These
lattices were cross sectioned and characterized with EBSD. The orientation data was then
approximated with a truncated series of generalized associated spherical harmonics which were
then used in calculation of the two-point statistics (as in Paulsen, 2017). Finally, PCA further
reduced the two-point statistics to just a few relevant variables. The relationship between
principal components and the process parameters is notably different between the two different
batches the samples were manufactured in, which clearly indicate a processing parameter that
was found to be out of control. The application of two-point statistics (enabled by spherical
harmonic representation) to orientation data is a powerful tool for uncovering trends in
heterogenous microstructures.
Paulson, N.H., Priddy, M.W., McDowell, D.L., Kalidindi, S.R., 2017. Reduced-order structureproperty linkages for polycrystalline microstructures based on 2-point statistics. Acta Materialia
129, 428–438.
†This paper describes objective technical results and analysis. Any subjective views or opinions
that might be expressed in the paper do not necessarily represent the views of the U.S.
Department of Energy or the United States Government. Sandia National Laboratories is a
multimission laboratory managed and operated by National Technology and Engineering
Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the
U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.
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High statistics in characterizing precipitates/secondary phases in steels/alloys using electron
microscopy remains a grand challenge. Recent research shows that differing phases of nano-size
precipitates can be mapped with unprecedented statistics using transmission Kikuchi diffraction
(TKD) on specimens like extraction replicas. A case study of ferritic-martensitic steels for fusion
reactor applications is presented where the efficacity of TKD in successfully identifying
thousands of differing strengthening nanoprecipitates, such as M23C6/M7C3/MX/M2X
precipitates is shown. Combining TKD with state-of-the-art analytical electron microscopy and
modern data analytics can provide a comprehensive structure-chemistry identification of nanoprecipitates in a pseudo-automated way, hence opening pathways for big data material
characterization for advanced materials development.
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Fracture of materials generally occurs though the weakest link in the microstructure such as grain
boundaries, closed-packed slip planes, phase boundaries, etc. For ductile materials, in particular,
it is important to understand which microstructural features lead to nucleation and growth of
voids during deformation.
Present work is aimed at the implementation of low-kV, high-resolution EBSD to statistically
correlate void nucleation to microstructural features in pure magnesium and titanium. Both of
these materials were deformed in tension to the extent of void nucleation. Titanium showed
superior ductility with elongation-to-fracture of more than 100% and strain in the necking region
reaching 300%. Magnesium exhibited elongation-to-fracture of about 20-25%. Both of the
materials, initially supplied in coarse-grained condition, had severely fragmented sub-um
microstructure after deformation and required high-resolution mapping with step size down to 70
um. In combination with low Z# of Mg and extremely developed dislocation structure in Ti, this
presented a true challenge in EBSD data acquisition which was successfully implemented to map
neighborhood of 57 different voids.
It was found that voids in Ti are typically spherical or elongated within ±30° of the pull
direction, have size not exceeding 10 um, and show little statistical correlation to the analyzed
features and parameters such as grain/twin boundaries, Schmidt factor, or dislocation structure.
Voids are typically observed in heavily-deformed regions and thus their formation was attributed
to the exhaustion of slip (primarily prismatic) and twinning modes.
In Mg, void nucleation have strong correlation with twinning: (1) 92% voids neighbor with twins
of at least 1 system, (2) 89.4% of elongated and lamellar voids are elongated in direction beyond
±30° from the pull direction – voids tend to elongate along the microstructural features (twins)
rather than in pull direction. (3) 62% voids have lamellar twin-like shape. (4) 54% of voids
nucleate within Compression twins {10-11}. (5) Finally, size of voids reaches a few hundred um
that corresponds to the twin size in the material.
As a result of this work, low-kV, high-resolution EBSD was successfully implement for mapping
of the material with local strain reaching 300%. The technique can be expanded to further studies
of the extremely deformed ductile materials. Observation and conclusions support literature data
and provide valuable insight on the statistical correlation of void nucleation in Mg and Ti.
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EBSD detector technology has continually evolved through the last 30 years since the
introduction of automated EBSD orientation mapping. A constant in these detectors has been a
phosphor screen used to convert electrons into light photons for imaging with a low-light
imaging sensor. Recently new detectors have been developed that use direct detection of
electrons for EBSD pattern acquisition [3]. Direct detection has become well established in the
TEM community and is experiencing increasing interest for use in SEM applications. By
eliminating the need for phosphor screens and optical coupling, these direct detectors provide
improved detector sensitivity and EBSD pattern quality. This improved sensitivity can be used
for analysis of beam sensitive samples and the quality has applications for HR-EBSD and
dictionary indexing [2-3]. Optimization of the direct detectors also yields significant
performance improvements at lower acceleration voltages when compared to phosphor-based
detection. Low voltage acquisition conditions result in smaller electron interaction volumes and
improvements in spatial resolution performance. Examples of EBSD patterns and mapping
results at different acquisition conditions will be presented.
[1] A.J. Wilkinson, et al., Physical Review Letters 111 (2013) 065506.
[2] S. Jariwala, et.al., Joule 3 (2019) 1-13.
[3] G. Adhyaksa, et al., Advanced Materials 30 (2018) 1804792.
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The formation of long-lasting weak shear zones is likely essential for the development and
persistence of Earth-like plate tectonics. Phase mixing of recrystallized grains may limit grain
growth through grain boundary pinning, promoting grain-size sensitive creep and maintaining
weakness over geologic timescales. Previous experimental work exploring the rheology of mafic
rocks has been limited to low strains and deformation within the dislocation creep regime.
However, dynamic recrystallization, deformation mechanism regime changes, and phase mixing
likely occur at higher strains. To explore these processes in rocks of mafic composition,
Maryland Diabase samples were deformed in the Large Volume Torsion apparatus at
Washington University in St. Louis at 1050 ºC +/- 50 ºC and a constant axial load of ~2 GPa to
shear strains of up to γ = 60 at strain rates of 2x10-6–5x10-5 s-1. Microstructural analysis
quantifying the progression of phase mixing was conducted using EBSD and image processing
techniques on electron backscatter images. EBSD was used to identify mineral phases and
measure grain size. Phase boundary density and phase domain width of plagioclase and pyroxene
was measured from backscatter images that were thresholded by phase according to backscatter
intensity. Over increasing strains, the microstructure evolves from a random igneous texture to
develop narrow bands of reduced grain size. Complete phase mixing in mafic rocks may not
occur until strains greater than 60, which means that phase mixing may take 10s to 100s of
millions of years at Earth-like geologic strain rates. Given the prevalence of mafic rock on Earth
and other planetary bodies, determining the critical strains required to create long lasting
weakness via phase mixing is essential for understanding lithosphere deformation.

34

Characteristics of quartz pseudomorphing former melt under static and dynamic
conditions
Joyjit Dey1, *, Sandra Piazolo1, Nathan Daczko2, John Wheeler3
1

University of Leeds; Leeds, United Kingdom
2
Macquarie University; Sydney, Australia
3
University of Liverpool; Liverpool, United Kingdom
*Email: eejde@leeds.ac.uk

While microstructural features including systematic crystal distortions internal to individual
grains are generally interpreted as signatures of post-growth deformation, it remains unclear
what microstructures occur in minerals pseudomorphing former melt. Here, we document and
contrast the microstructural features within grains of quartz crystallized from a silicate melt in
different geotectonic scenarios to identify characteristic features. We utilize electron
backscattered diffraction (EBSD) and weighted burgers vector (WBV) analysis to investigate in
detail features developed in a) slowly cooled granite, b) low-strain statically heated and cooled
migmatite, and c) a melt-fluxed high-strain shear zone. Within all investigated geotectonic
scenarios, quartz grains pseudomorphing former melt show internal lattice distortions including
gradual lattice bending, presence of subgrain boundaries and Dauphiné twins close to grain edges
while exhibiting a lack of sample scale crystallographic preferred orientation. ESBD orientation
analysis of subgrain boundaries suggest crystal bending was accommodated by edge and screw
dislocations on both basal (<c> slip) and/or non- basal (<a> slip) planes. Interestingly, individual
grains show activity of slip systems that are commonly interpreted to be activated across a broad
temperature range. Our results document a typical set of quartz deformation microstructures that
formed during the final stages of melt crystallization and are distinct to those formed in response
to solid-state crystal plastic deformation or replacement reactions. Quartz internal deformation is
interpreted to be crystal growth related and caused by late crystallization stresses. Our study
shows systematic lattice distortions may arise from crystal growth alone and need not be a
signature of large scale tectonic deformation.
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The feldspar family of minerals are ubiquitous in earth and planetary materials: they are the most
abundant constituents of igneous rocks, major constituents of metamorphic schists and gneisses,
and second only to quartz in abundance in arenaceous sedimentary rocks. As a key component of
nearly all rock types, feldspars often record important information about deformation episodes,
chemical reactions, and mineral nucleation and growth in their microstructures, and countless
studies contain EBSD analyses of feldspar. However, issues with misindexing of feldspar are
common, as both the plagioclase and the alkali feldspars occur across solid solutions, with
thermodynamic stability of phases being strongly dependent on temperature (both temperature of
crystallization and thermal history). As such, it is common to find multiple species of feldspar in
natural rocks that often record complex thermal histories over geological timescales. In this
study, we present EBSD analysis of a porphyry copper sample that has undergone intense
hydrothermal alteration, during which labradorite, a relatively Ca-rich plagioclase feldspar has
undergone alteration to albite (Na-rich end member plagioclase) and K-feldspar. Because the
crystal symmetries and lattice parameters of labradorite and albite are so similar, Kikuchi pattern
matching by itself leads to clear misindexing within the two phases when compared to
backscattered electron (BSE) images. Using Oxford Instruments’ “TruPhase” routine – where
energy dispersive X-ray spectra from reference regions of known composition are used in
conjunction with Kikuchi patterns to refine indexing solutions – helps to produce EBSD phase
maps that match BSE images more clearly. However, because the reference spectra of phases
that lie along the same solid solution series contain the same peaks (i.e. their compositions are
practically identical), the use of TruPhase results in phase maps are often highly speckled with
individual pixels that have been misindexed. Removal of these “wild spikes” can lead to overprocessing which destroys important microstructural information. Further work is required to
define a best-practice workflow for difficult-to-index solid solution minerals.
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Sediment hosted Zn-Pb deposits form in carbonate rocks when acidic metal-bearing brines
combine with reduced sulfur-bearing fluids to dissolve the carbonate phase and form a metalbased sulfide mineral in its place. Models describing this process have been proposed, but to
date, these have lacked experimental verification. To address this, an experimental procedure [1]
to simulate ore formation of sediment hosted Zn-Pb deposits has been developed to examine the
role of carbonate in the process. This paper reports on the SEM, EPMA and EBSD results of this
experiment.
Details of experimental setup and instrumentation can be found in [2]. The SEM revealed the
formation of sulphides (sphalerite and galena) and sulphates (anhydrite and barite). At the macro
level, the sulphides grew at the expense of the carbonate phase, forming a shell around it. At the
micro level, galena formed typical cubic crystals, but the sphalerite formed globular clusters with
angular crystals around the outside of the cluster. Some of the sphalerite clusters had “seeded” on
galena crystals and, in some cases, both the sphalerite and galena had grown at the expense of
the sulphate phases. EPMA and EBSD results (cross-sectional polished mounts) indicated that
the sphalerite clusters were zoned in concentric rings around their centre, indicative of their
growth. The clusters formed a duplex-type structure where their centre consisted of nano crystals
which produced generally low cathodoluminescence (CL) emission and were too small to yield
any single crystal diffraction patterns. The angular crystals around the rim of each cluster were
larger, dense and showed good diffraction for EBSD and good emission for CL. The high CL
emission correlated with trace variations in oxygen and chlorine levels.
To validate the simulated Zn-Pb ore, it was compared with a “real-world” black smoker sample
[3,4]. Both samples had similar morphologies and duplex structures, however, the black smoker
was generally coarser suggesting either longer growth times or isothermal coarsening after
formation. For discussion of the role of carbonate in the formation of sediment hosted Zn-Pb
deposits, see [1].
References
[1] Liu, W., et al; Geology, 49 (11), 2021, pp 1363 – 1368.
[2] Liu, W., et al; Supplemental Material for Geology, 49 (11), 2021.
[3] Hu, S., et al; Economic Geology, 114 (1), 2019, pp 165 – 176.
[4] Glenn, A. M., et al; Microscopy and Microanalysis, 26, 2020, pp 793 – 807.
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Mantle xenoliths composed of olivine, two pyroxenes, and spinel from Kostal Lake, British
Columbia, present a wide range of microtextures including protogranular, porphyroclastic,
transitional tabular and tabular equigranular, which are representative of a cycle of mantle
deformation following the classification in Mercier and Nicholas, 1975. This range of textures
contrasts with that observed in xenoliths from other volcanic suites in the Canadian Cordillera,
which are generally limited to one or two microtextures; thus, suggesting a distinct deformation
history for the mantle underlying Kostal Lake. To characterize the textures and corroborate
preliminary observations using an optical microscope, we collected EBSD data on a subset of
samples showing the best-defined examples of each observed microtexture. Crystallographic
orientations of olivine, diopside, enstatite, and spinel were measured by indexing electronbackscattered diffraction patterns in the SEM-EBSD. We used a Hitachi SU-5000 Variable
Pressure-SEM equipped with a field emission source and Oxford SDD EDS and Nordlys 3
EBSD detectors at McGill University. Post-acquisition data processing was carried out with the
with MTEX v. 5.6.0 in Matlab. Following the textural classification, grain size distributions
show a progression from coarse unimodal to bimodal and finally finer unimodal distributions.
Grain shape preferred orientation is initially absent but becomes most pronounced in the tabular
equigranular. Grain misorientations are rare in protogranular samples and become increasingly
defined in samples with porphyroclastic and tabular equigranular textures. The sinuosity of grain
boundaries, quantified as the grain shape factor, decreases in response to recrystallization. These
results provide a qualitative and quantitative characterization of each of the observed textures.
Non-annealed samples of the Kostal Lake suite exhibit low BA-index values indicative of AGtype fabrics with low CPO strength, as measured by the dimensionless J-index. Consequently,
their seismic anisotropy values, which are calculated from the CPOs of olivine, enstatite, and
diopside and their respective modal contents, are lower than in other Cordilleran volcanic suites.
The single CPO symmetry and fabric type coupled with the consistently low CPO strength
exhibited by non-annealed textures suggests a distinct mantle deformation history in the Kostal
Lake locality.
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Electron backscattered diffraction (EBSD) analysis of sulfides can provide new insight into the
microstructural controls on the distribution of ore-forming trace elements during crystal growth.
Laser ablation–inductively coupled plasma-time-of-flight mass spectrometry trace element maps
of pyrite nodules from the Timmins-Matheson gold corridor show a complex multi-stage
concentric growth history, characterized by four distinct growth zones and enrichment in many
chalcophile elements. Au, Ag, and As are concentrated in zone 1 and zone 3, but in zone 4, these
elements are concentrated along planar sub-radial features.
EBSD analysis reveals unique microstructures associated with the different growth stages of the
pyrite nodule. The zone 1 and 2 are characterized by fine (<50 µm) equidimensional crystals,
whereas zone 3 has larger (up to 450 µm) and more elongated crystals. Zone 4 is composed of
large tabular crystals (450 – 1500 µm), with distinct boundaries that correspond with elevated
Au, Ag, and As concentrations. In zones 1 and 2, the pyrite crystals are randomly oriented and in
zones 3 and 4 an overall dominant [100] growth, parallel to the radius of the nodule, is observed.
Grain average misorientation analysis (GAM) shows that the area with highest misorientation is
zone 3. Individual pyrite crystals in this zone present high crystalline cross-shaped acicular cores
and low crystalline ‘spongy’ sectors. The high crystalline skeletal growth shows no internal
misorientation while the low crystalline sectors present high internal misorientation and low
angle boundaries. The overall orientation of individual high and low crystallinity sectors are
broadly similar, suggesting that the two zones represent primary growth features. Notably, the
‘spongy’ microtextural growth is also observed in zone 1 and along the tabular crystal
boundaries in the rim, and absent in zone 2.
Electron (BSE) maps show that Au, Ag, and As are concentrated in the ‘spongy’ sectors,
especially along the low angle boundaries. The trace elements concentration is likely a function
of the relative volume of the low crystalline pyrite, and more specifically, of the density of low
angle boundaries. These data explain the elevated trace element abundance in zones 1 and 3 and
along the crystal boundaries of zone 4. In contrast, more crystalline pyrite zones yield lower
concentrations of Au, Ag, and As. Our results highlight the importance of undertaking a multimethodological approach that includes detailed microstructural characterization using EBSD
mapping to study sulfide mineralization.
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The viscous flow of salt rocks leads to the development of tectonic structures such as the
detachments, playing a key role in upper-crust tectonics. Moreover, evaporites are key in
petroleum systems, which often control the formation of hydrocarbon traps. Therefore,
understanding the mechanical behavior and microstructural processes of evaporites has key
scientific and economic significance. Numerical modeling has become a useful method for the
study of rock deformation processes at multiple scales. However, modeling the microstructural
evolution of rock salt aggregates is challenging due to the anisotropy and complex plastic
behavior of halite at the single crystal level, together with the interplay between crystal-plastic
deformation and dynamic recrystallization processes.
Therefore, to explore the crystal preferred orientation (CPO) and microstructural processes of
halite under viscoplastic deformation including dynamic recrystallization (DRX), we performed
microdynamics numerical simulations of halite polycrystalline aggregates at different
temperatures. The models are based on the approach that couples a viscoplastic deformation code
(VPFFT) that simulates dislocation glide and the numerical software platform ELLE that
explicitly simulates intracrystalline recovery, nucleation, and grain boundary migration. The
series of simulations show how subgrain rotation recrystallization (SGR) and grain boundary
migration (GBM) processes strongly influence the grain size and grain shape at different
temperatures. At lower temperature (100 and 200℃), the initial grain size decreases significantly
with increasing strain and an intense network of LAGB or subgrain boundaries is recognisable.
At higher temperature (300ºC) the effectivity of the GBM over deformation can be observed in
the final microstructure, showing larger and equidimensional grains without localisation bands.
However, the development of crystallographic preferred orientation (CPO) seems to be less
affected. Crystal preferred orientation and grain boundary maps show that the numerical
approach can reproduce the evolution of dry halite microstructures obtained from laboratory
torsion deformation experiments (based on the EBSD technique) at 100-300℃ up to high shear
strains of 3 and provides new insights into the dynamic evolution of polycrystalline halite during
dynamic recrystallization.
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Electron backscatter diffraction (EBSD) is a very effective technique for discriminating between
phases with different crystallographic characteristics but is less sensitive to the subtle changes in
diffraction patterns from phases with similar structures. For example, EBSD can easily separate
ferrite (body centered cubic Fe, space group 229) from austenite (face centered cubic Fe, space
group 225) but will struggle to separate Cu from Ni (both face centered cubic, space group 225).
The use of compositional information from energy dispersive X-ray spectrometry (EDS) can be
used to assist phase discrimination. However, the X-ray signal typically comes from a much
larger source volume than the EBSD pattern, making effective discrimination between small
features (e.g < 5 µm) and across phase boundaries very challenging. In addition, some EBSD
systems are not equipped with an integrated EDS capability or there may exist geometrical
limitations that prevent effective combined EBSD and EDS analyses.
Here we highlight 2 developments that enable more effective discrimination between phases with
similar crystal structures. Firstly, the width of individual Kikuchi bands can be used to
differentiate between structures that have different sized unit cells. We outline an iterative
approach that, when activated for selected phases, determines accurately the Kikuchi band
widths and then applies a voting scheme to select the best fitting structure. This approach is fast
(with little impact on the maximum analysis speed) and is very effective on structures that have
significant (e.g > 10%) differences between their respective unit cell dimensions.
The second approach is to use newly developed pattern matching techniques. Here, the
experimental EBSD pattern is correlated with simulated diffraction pattern templates for the
relevant phases in the dataset. The phase that gives the highest cross correlation coefficient
between the experimental and simulated patterns is then selected for each point. This approach
allows for discrimination between structures with very similar unit cell dimensions. For both
approaches, we will examine the limits of the respective techniques to separate close structures
and we will investigate the role of the EBSD pattern resolution and quality, providing examples
from a range of different application fields.
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Earthquake rupture processes at Earth’s surface are poorly understood. For instance, earthquakes
on strike-slip faults often result in echelon arrays of surface fractures indicative of mode III
propagation from a parent crack at depth, but it remains unclear what controls that depth (e.g.,
lithology, water table), whether subsequent ruptures will reoccupy those fractures, and whether
the fracture breakdown process inhibits slip and/or rupture propagation. Here we take a
microstructural approach to glean information about the surface rupture process during the 2019
M7.1 Ridgecrest earthquake in the Eastern California Shear Zone. We focus on a section of the
surface rupture located within the China Lake playa that experienced the maximum amount of
slip (~4 m) and where the rupture is highly localized into an echelon array of primarily leftstepping fractures. Some of the exposed rupture is coated by white mineralization and extensive
portions of the rupture are slickenlined. We analyze two slickenlined samples, one of which
contains the white mineralization on the rupture surface. We used optical profilometry to scan
each sample for surface roughness characterization. Groove-parallel and -perpendicular polished
thin-sections were prepared from the scanned sections of the samples. Backscattered Electron
imaging and Energy Dispersive X-ray Spectroscopy indicate that the host material consists of
layered fossiliferous carbonate mud and the white mineral coating the rupture is halite. Some
regions show a progression from the host carbonate to a layer of mirabilite and then halite, an
evaporite sequence that suggests the rupture-hosting fracture existed prior to the 2019 event, at
least at this location. Preliminary Electron Backscatter Diffraction (EBSD) analysis reveals the
halite layer to consist of elongate crystals that appear to represent a single episode of growth into
the fracture void, possibly following the penultimate surface-rupturing slip event on this fault
system. Brittle and ductile deformation features occur in both samples, with the host mud often
broken into fragments that are entrained into ductilely flowing halite. Analysis of the halite
EBSD data, including grain reference orientation deviation and disorientation distributions,
indicates that the halite experienced dislocation creep via subgrain rotation recrystallization.
Comparison with previous experimental work (e.g. Buize et al., 2017, EPSL) suggests that the
halite microstructures are consistent with dynamic rupture reaching Earth’s surface. Thus,
microstructural analysis may prove a powerful tool in further developing our understanding of
earthquake rupture processes at Earth’s surface.
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The magnitude of stresses supported by continental crust range from tens to hundreds of
megapascals and are intrinsically linked to the metamorphic conditions (e.g., pressure,
temperature). Consequently, it is expected that the states of equivalent stress of deforming crust
will evolve throughout a rock’s metamorphic history (i.e., during burial, heating, exhumation,
and cooling). While the mineral assemblage and chemistry of a metamorphic rock can be used to
determine its metamorphic history, quantifying the attendant stress imparted on a rock has been a
more difficult challenge. Grain-size piezometry is one technique that can be used to determine
the magnitude of differential stress attained by the balance between grain-size reduction and
grain annealing or growth by diffusion. However, microstructures of minerals are often
overprinted several times before reaching this balanced state, leaving an incomplete record of
what may be a longer dynamic process with evolving stress states. Another major limitation of
using grain size as a measure of stress is that it requires monomineralic rocks, which are
unsuitable for geothermobarometry. A recently developed subgrain-size piezometer that was
calibrated for electron backscatter diffraction (EBSD) data (Goddard et al., 2020) critically can
be applied to most natural (polymineralic) lithologies, and has been shown to potentially record
transient stresses not detected by traditional grain boundary piezometry, as subgrains can reach
steady- state deformation with less total strain.
Our study is the first to attempt to quantify variable stress states in metamorphic rocks using this
subgrain-size piezometer. To assess the variability of stress states recorded within an individual
sample, we applied the subgrain-size piezometer to a series of upper-amphibolite mylonitic
schists from the Great Slave Lake shear zone, Canada, that record Barrovian metamorphism
followed by ductile shear and retrograde metamorphism. Preliminary results indicate that the
mean subgrain-sizes of quartz vary between 9 μm and 20 μm within a single quartz-rich domain,
recording differences in stress of up to 18 MPa. A possible cause of this variability could be
partitioning of strain in domains near more competent porphyroclasts, allowing preservation of
larger quartz subgrains in strain shadows that formed at higher metamorphic temperatures and
lower stresses. To confirm this hypothesis, we are utilizing Ti-in-quartz thermometry to examine
variability in equilibration temperatures, as Ti concentration is shown to diffuse during subgrain
formation (Nachlas et al., 2018). The results of this study will allow an initial approach to assess
stress histories alongside changing metamorphic conditions.
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Dynamic recrystallization typically reduces grain size in mylonite, yet mineral growth associated
with deformation has the potential to record critical information about the conditions and/or
timing of shearing. We present a case study from the late Mesoproterozoic Grenville Province in
Quebec, Canada, where titanite appears to have grown during shearing, thereby providing an
opportunity to investigate the age of deformation. The Saint-François-de-Sales shear zone is a 6–
14 km wide, >56 km long anastomosing sinistral-sense shear zone characterized by NNWstriking layers of proto-to-ultramylonite that range in thickness from a few millimeters to
hundreds of meters. The shear zone crosscuts 1076–1044 Ma mangerite and monzonite, which
provide a maximum age on shearing. To better quantify the timing of deformation, we dated
titanite with laser ablation U-Pb geochronology in a mangerite specimen containing a 4–8 mm
thick ultramylonite band. In the low-strain portions of the section, titanite is rare, occurring as
small (100–200 µm), randomly oriented lobate grains associated with magnetite and rimming
ilmenite. The scarcity of titanite combined with the replacement texture are consistent with
absence of igneous titanite in the mangerite. In the ultramylonite band, in contrast, titanite is
abundant, large (200–500 µm), and elongate parallel to the foliation. Grains are commonly
sigmoidal with asymmetric magnetite wings that indicate a sinistral sense of shear. Electron
backscatter diffraction (EBSD) analysis was used to characterize lattice (mis)orientations in
titanite from the low-strain and ultramylonite layers. In the low-strain zone, titanite generally
exhibits homogenous lattice orientations with rare subgrain boundaries. In contrast, titanite in the
ultramylonite displays deformation twins and variation in crystal lattice orientation from core to
tip paired with increased density of misorientations. Grain size, abundance, morphology and
lattice orientations in titanite in the ultramylonite are inconsistent with pre-shearing and postshearing titanite growth and thus indicate that titanite crystallized during shearing. U-Pb data
from titanite in the low-strain zone define a Tera-Wasserburg lower intercept age of 1015 ± 12
Ma, which we interpret as the age of metamorphic replacement of ilmenite by titanite at upper
greenschist to lower amphibolite facies. Asymmetric titanite grains in the ultramylonite yield a
lower intercept age of 996 ± 13 Ma, which we interpret as the age of shearing. Age data from the
low-strain cores and from the high-strain tips and twinned areas of the three largest asymmetric
titanite grains yield low-precision intercept ages of 974 ± 58 Ma and 986 ± 19 Ma, respectively,
indicating that intracrystalline age variation cannot be resolved with our LA-ICPMS dataset.
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The precision of orientation determination with conventional Hough-transform EBSD is
generally limited to 0.5-1.0° [1], which restricts its use for certain types of microstructural
examination. One example of this is geometrically necessary dislocation density estimates,
which are calculated from orientation gradients and are therefore very sensitive to any noise in
the raw orientation data. This can be reduced by local orientation averaging or other smoothing
or denoising algorithms, but at the risk of eliminating detail in the local orientation gradients that
are the quantity of interest. An improved indexing technique with higher precision is preferred if
possible.
Various alternate techniques for indexing EBSD patterns with improved precision or robustness
to noise have been proposed over the years. This presentation focuses on the recently introduced
technique known as “spherical harmonic transform indexing”, where experimental patterns and a
simulated master pattern are both projected onto a sphere and decomposed into spherical
harmonics, allowing the cross-correlation between the experimental and simulated patterns to be
efficiently found in harmonic space [2]. While the paper that introduced the technique focused
on its effectiveness at indexing patterns with very low signal-to-noise ratios, we recently
demonstrated that it can also achieve remarkably high precision using higher-quality patterns,
with a noise floor as low as 0.02° [3]. The effects of analysis bandwidth, pattern pixel resolution,
and pattern signal-to-noise ratio on the orientation noise floor are examined using data from a
single-crystal silicon wafer. Improved performance over Hough indexing is demonstrated in a
geometrically necessary dislocation density map of a heavily deformed grain in a titanium-alloy
sample that was strained to fracture.
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