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Driving Directions to University of Michigan North Campus Research Center 
 
From East (north side of town): Take M-14 to US-23 south. Follow US-23 south to Plymouth 
Road exit (41); Turn left (west) onto Plymouth Road. Continue .9 miles to Huron Parkway. Go 
through the intersection at Huron Parkway and continue on Plymouth to Nixon Road. At Nixon 
(there is a light), get into the left turn lane which is at the 2800 Plymouth Road entrance to the 
North Campus Research Complex (there is a sign at the entrance). Enter the complex and follow 
the drive as it curves first to the right (near the Child Care Center) and then to the left past 
Building 16. Visitor parking will be on the left. Visitor entrance to the complex is at Building 18.  
 
From East (south side of town): Take I-94 west to US-23 north. Follow US-23 north to Plymouth 
Road exit (41); Turn left onto Plymouth Road. Continue .9 miles to Huron Parkway. Go through 
the intersection at Huron Parkway and continue on Plymouth to Nixon Road. At Nixon (there is 
a light), get into the left turn lane which is at the 2800 Plymouth Road entrance to the North 
Campus Research Complex (there is a sign at the entrance). Enter the complex and follow the 
drive as it curves first to the right (near the Child Care Center) and then to the left past Building 
16. Visitor parking will be on the left. Visitor entrance to the complex is at Building 18.  
 
From West (north side of town): Take I-94 east to M-14 (goes northeast). Take M-14 to US-23 
south. Follow US-23 south to Plymouth Road exit (41); Turn right (west) onto Plymouth Road. 
Continue .9 miles to Huron Parkway. Go through the intersection at Huron Parkway and 
continue on Plymouth to Nixon Road. At Nixon (there is a light), get into the left turn lane which 
is at the 2800 Plymouth Road entrance to the North Campus Research Complex (there is a sign 
at the entrance). Enter the complex and follow the drive as it curves first to the right (near the 
Child Care Center) and then to the left past Building 16. Visitor parking will be on the left. 
Visitor entrance to the complex is at Building 18.  
 
From West (through downtown): Take I-94 to Jackson Road exit. Go east on Jackson Road 
which becomes Huron Street. Follow Huron Street east to Division Street. Turn left (north) on 
Division Street. Follow Division north as it goes over the Broadway bridge and becomes 
Broadway Street. Follow Broadway until it merges with Plymouth Road, just past Maiden Lane. 
Continue east on Plymouth Road (get in the right lane) to Nixon Road. At Nixon (there is a 
light), turn right at the 2800 Plymouth Road entrance to the North Campus Research Complex 
(there is a sign at the entrance). Enter the complex and follow the drive as it curves first to the 
right (near the Child Care Center) and then to the left past Building 16. Visitor parking will be on 
the left. Visitor entrance to the complex is at Building 18.  
 
From North: Take US-23 south to Plymouth Road exit (41). Turn right (west) onto Plymouth 
Road. Continue .9 miles to Huron Parkway. Go through the intersection at Huron Parkway and 
continue on Plymouth to Nixon Road. At Nixon (there is a light), get into the left turn lane which 
is at the 2800 Plymouth Road entrance to the North Campus Research Complex (there is a sign 
at the entrance). Enter the complex and follow the drive as it curves first to the right (near the 
Child Care Center) and then to the left past Building 16. Visitor parking will be on the left. 
Visitor entrance to the complex is at Building 18.  
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From South: Take US-23 north to Plymouth Road exit (41). Turn left onto Plymouth Road. 
Continue .9 miles to Huron Parkway. Go through the intersection at Huron Parkway and 
continue on Plymouth to Nixon Road. At Nixon (there is a light), get into the left turn lane which 
is at the 2800 Plymouth Road entrance to the North Campus Research Complex (there is a sign 
at the entrance). Enter the complex and follow the drive as it curves first to the right (near the 
Child Care Center) and then to the left past Building 16. Visitor parking will be on the left. 
Visitor entrance to the complex is at Building 18. 
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Wednesday(May(23rd( Day(1(Theme:(Tutorials( Lab(Demos(

07:30!AM(5:30!PM! Check(in!and!vendor!demo!signup!

8:30AM!(!2:30PM!Live!
Vendor!Demos!(requires!

signup)!

8:25!AM! Welcome!message!(organizers)!

8:30!AM! Joseph!Michael!(!Introduction!and!
application!of!EBSD!!

9:15!AM! Marc!De!Graef!(!EBSD!Technology!
and!Indexing!Engine!

10:00!AM!break!

10:15!AM! Luke!Brewer!(!Metallurgical!Sample!
Preparation!

11:00!AM! Brian!Hess!(!Geological!Sample!
Preparation!!

11:40!AM!lunch!

1:00!PM! Ralph!Hielscher!(!Post!Processing!
with!MTEX!!

1:45!PM! Dream!3D!(!Mike!Jackson!or!Sean!
Donegan!

2:30!PM! Stephen!Niezgoda!(!Crystal!Plasticity!
EBSD!

2:30!(!3:45!PM!
Geoscience!Tutorial!

Demo!
3:15!PM!break!

3:30!PM! Angus!Wilkinson!(!Cross!Correlation!
EBSD!

3:45!(!5:00!PM!
Engineering!Materials!

Tutorial!Demo!

4:15!PM! Marc!De!Graef!(!Dictionary!Indexing!
5:00!(!8:00!PM!Live!

Vendor!Demos!(requires!
signup)!

5:15!PM! Social!Function!with!cash!bar!

Location: oot all Room in NCRC Location: (MC)2
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Thursday(May(24th(
Day(2(Theme:(EBSD(for(characterization(of(

microstructure(evolution(

8:30!AM!Keynote! John!Wheeler!(!Teasing!new!ideas!out!from!EBSD!data:!a!
view!from!geoscience!
Session(I(C(Strain(Localization(and(Damage(Nucleation(

9:10!AM! Veronica!Livescu!(!EBSD!characterization!for!the!
development!of!ductile!damage!models!

9:30AM! Hamid!Soleymani!(!Microstructural!characteristics!of!
deformed!quartz!under!non(steady(state!conditions!

9:50!AM!break!

10:20!AM! Phillip!Noell!(!Void!nucleation!in!pure!metals!during!ductile!
rupture!

10:40!AM!

Saeede!Ghorbanpour!(!Role!of!grain!structure,!grain!
boundaries,!crystallographic!texture,!precipitate!and!voids!
on!strength!an!fatigue!behavior!of!inconel!718!at!room!and!
elevated!temperature!

11:00!AM!
Lonnie!Hufford!(!Strain!localization!in!arc!crust:!
microstructural!investigation!of!the!Grebe!Mylonite!Zone,!
New!Zealand!

11:20!AM!Keynote! Katharina!Marquardt!(!Interfacial!characteristics!obtained!
from!EBSD!analysis!

12:00!PM!lunch!

01:00!PM!Keynote! Maurine!Montagnat!(!New!insights!about!deformation!and!
recrystallization!mechanisms!in!ice!from!cryo(EBSD!
Session(II(C(Phase(transformation(and(phase(stability(

1:40!PM! Jie!Wan!(!Phase!stability!of!high!Mo!and!high!Cr!white!cast!
iron!using!SEM!TKD!

2:00!PM!
A. Glenn!(!EBSD!investigation!of!sphalerite!grain!growth!in!a
"black!smoker"!hydrothermal!vent!from!a!sea!floor!VMS
deposit

2:20!PM! Chad!Parish!(!Preparation!of!atypical!sample!geometries!for!
TKD!and!STEM!

2:40!PM! Break!
Session(III(C(Quantifying(Deformation(

3:10!PM! William!Osborn!(!Strain!measurement!of!3D!structured!
nanodevices!by!EBSD!

3:50!PM! Marty!Crimp!(!Comparison!of!Dislocation!characterization!
using!ECCI!and!CCEBSD!

4:10!PM! Break/move!to!poster!session!
4:30!PM! Poster!Session!in!football!room!(44!posters)!
6:00!PM! Reception an  Banquet!at the Michi an Lea ue
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Friday(May(25th(
Day(3(Theme:(Advances(in(EBSD(Technology(

and(Data(Analysis(

08:30!AM!Keynote!
Pat!Trimby!(!EBSD!Across!the!length!scales:!new!
possibilities!with!high!speed!CMOS!based!EBSD!
detectors!
Session(IV(C(Advances(in(EBSD(technology(and(
analysis(I(

9:10!AM! Mark!Vaudin!(!Investigating!shifts!in!HR(EBSD!cross(
correlation!analysis!

9:30!AM!
Alexander!Zaitzeff!(!Beta!phase!reconstruction!in!
Ti64!using!the!piecewise!constant!mumford!shah!
model!

9:50!AM!break!

10:20!AM! James!Matuk!(!Bayesian!Inference!for!texture!
uncertainty!quantification!

10:40!AM! Stuart!Wright!(!Background!image!processing!in!
EBSD!

11:00!AM! Jenny!Goulden!(!Technology!behind!a!CMOS(based!
EBSD!detector!

11:20!Keynote! Ralf!Hielscher!(!A!poor!man's!approach!to!HR(EBSD!
12:00!PM!lunch!

1:00!PM!Keynote! Angus!Wilkinson!(!Multivariate!Statistical!Analysis!of!
Electron!Backscatter!Diffraction!Datasets!
Session(IV(–(Advances(in(EBSD(technology(and(
analysis(II(

1:40!PM!
Pawel!Nowakowski!(!Elastic!Strain!Measurement!in!
Ni(Base!superalloys!using!high(resolution!EBSD:!
influence!of!sample!preparation!

2:00!PM!
Tomohito!Tanaka!(!Accurate!and!precise!calibration!
of!EBSD!system!through!pattern!matching!for!
simulation!based!HR(EBSD!analysis!

2:20!PM! Closing!remarks!
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Teasing new ideas out from EBSD data: a view from geoscience 
 
J. Wheeler1*, E. Mariani1, J. Tielke1, J. Gardner1, D. Prior2, S. Piazolo3, R. Hildyard3, 

P. Trimby4, M. Drury5, E. Kovaleva6, M. Montagnat7, B. Journaux7, T. Chauve7, D. 
Mainprice8, A. Tommassi8, F. Barou8  

 
1 Dept. of Earth, Ocean and Ecological Sciences, University of Liverpool, UK 

2 Dept. of Geology, University of Otago, New Zealand 
3 School of Earth and Environment, University of Leeds, UK 

4 Oxford Instruments Nanoanalysis, High Wycombe, UK 
5 Dept. of Earth Sciences, Utrecht University, Netherlands 

6 Dept. of Geology, University of the Free State, Bloemfontein, South Africa 
7 Institut of Geosciences of Environment, CNRS, Univ. Grenoble Alpes; France 

8 Geosciences Montpellier, CNRS, Univ. Montpellier; France 
*Email: johnwh@liverpool.ac.uk 

 
EBSD is now well established as a routine technique in geoscience as well as in 

materials science. In both disciplines it is frequently used for the examination of textures 
(crystallographic preferred orientations) by means of pole figures. These are key to 
understanding slip systems and crystal plastic deformation. However, especially with the advent 
of speedy EBSD mapping, we have an enormous resource of data which can be interrogated in a 
number of ways. I discuss some of these.  
 Within individual grains, mapping commonly reveals intracrystalline distortion. 
Although this may be due in part to elastic strains, it is likely dominated by the presence of 
geometrically necessary dislocations. Identification of these could give useful information on 
slip systems, entirely independently from interpretation of the overall texture, and also their 
density. This is particularly relevant in geoscience since we deal with a wide range of phases, 
with all the crystal systems represented. 2D maps cannot provide all the information needed but I 
have shown how some useful information can be extracted, with a technique based only on 
geometric considerations and using no assumptions about energy. The method can, in a 
“differential” form using orientation gradients, provide a map linked to the dislocation density 
and types of Burgers vector present. In an “integral” form it is used to analyse the structure of 
subgrain walls. It has been used on minerals, metals and ice. 

In geoscience we are interested in estimating past stress levels and there are 
“palaeopiezometers” based on grain and subgrain sizes (where some critical misorientation angle 
is chosen to define a subgrain wall). But that idea misses the point that there is a whole spectrum 
of domain sizes versus misorientation – a spectrum which can be expressed very simply as 
boundary length per unit area for a particular misorientation range. This is simpler to deal with 
than a spectrum of domain sizes, and I also argue that it more closely reflects the physics of 
microstructural evolution. Specifically: dynamic recrystallization is about boundaries and their 
movement: “grains” as such have no directly relevant physical properties. With this idea I 
present a simple model for DRX inspired by EBSD data and with the potential to be linked back 
directly to the energetic and kinetic parameters that control DRX. 

In Liverpool we have the capability for in situ EBSD observations on microstructural 
evolution during heating. We obtain a sequence of EBSD maps and I describe a method of “time 
lapse misorientation analysis”. This enables quantification of boundary mobility during 
recrystallization, and may have other applications. 

The common theme is, I reiterate, that EBSD data can be interrogated in diverse ways. 
Not all of these are standard practice but they might be more widely adopted if their usefulness 
is realized. 
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EBSD Characterization for the Development of Ductile Damage Models 

Veronica Livescu1*, David R. Jones1, Curt A. Bronkhorst2 

1Materials Science & Technology Division, LANL, Los Alamos, NM, 
2Theoretical Division, LANL, Los Alamos, NM, 

*Email: vlivescu@lanl.gov

Many challenges exist with regard to understanding and representing complex physical 
processes involved with ductile damage and failure in polycrystalline metallic materials. 
Currently, the ability to predict accurately the macroscale ductile damage and failure 
response of metallic materials is lacking. Existing macroscale models involve simple 
micromechanics of pore/solid interactions, which do not take into account microstructural 
effects. However, many studies of the effect of microstructural and stress-state variables 
on the evolution of damage show that microstructure must not be neglected in order to 
enable predicting damage and failure.  
Research at the Los Alamos National Laboratory is aimed at building a coupled 
experimental and computational methodology that supports the development of 
predictive damage capabilities. Material structure must be evaluated as a 
statistically varying quantity for multiscale modeling and simulations of a 
material’s response to loading. Thus, it is necessary to represent many instances of 
material structure. Digitally generated microstructures are ideal for this purpose 
because they can be easily implemented into the simulations.  
EBSD is a critical tool for understanding the structure, crystal orientation, and 
evolution with deformation of materials. We present here the use of EBSD to create 
tantalum polycrystal models and to extract deformation and damage statistics 
enabling the representation of orientation related aspects of the deformed tantalum 
microstructures. Our macroscale simulations of plate impact experiments replicate 
characteristic features of the voids using constitutive material models. However, 
these lack the underpinnings of polycrystalline mechanics needed to support 
predictive simulations of material response to loading. Numerical representation of 
experimental results provides an estimate of the stress state in the sample at this 
predicted time of void initiation. Then, mesoscale models of statistically equivalent 
material structures are used in polycrystal simulations of tantalum under known 
loading trajectories provide first order quantitative estimates of the von Mises stress 
on grain surfaces in the polycrystal.  
The long-term goal is to discover reliable phenomenological relationships that 
relate the time evolving spatial distribution of stress hot spots to loading conditions, 
material properties, and spatial distributions of grain morphology and texture. 
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Microstructural Characteristics of Deformed Quartz Under Non-Steady-
State Conditions  

H. Soleymani1*, S. Kidder2, G. Hirth3, G. Garapic4

1The Graduate Center, CUNY; New York City, NY 
2City College of New York, CUNY; New York City, NY 

3Brown University; Providence, RI 
4State University of New York at New Paltz, New Paltz, NY 

*Email: hsoleymani@gradcenter.cuny.edu

Analysis of rock deformation experiments can be used to better inform studies of 
the stress history of geologic fault zones. While it is thought that many geological 
processes are slow enough to reach steady-state, however, the impact of non-
steady-state conditions can be significant. For instance, it is thought that most 
rocks experience a gradual increase in stress as they approach the brittle-ductile 
transition during exhumation. However, experiments simulating a gradual stress 
increase during dislocation creep were not previously carried out. Similarly, while 
numerical models of earthquakes on major plate boundary fault zones indicate 
temporarily elevated differential stress and strain-rates below the fault edge in the 
ductile crust/upper-mantle, few experimental studies have explored the effects of 
such episodic stress and strain-rates on microstructural evolution. We carried out 
general-shear Griggs rig experiments on synthesized quartz aggregates (grain size 
≈ 20 µm). The first series of experiments was designed to simulate the stress 
history of rapidly exhumed rocks. Stress was increased during the experiments by 
gradually decreasing the temperature from 900 ◦C to 800 ◦C while deforming the 
sample at constant displacement rate. The second series of experiments explored 
the microstructural and rheological characteristics of quartz deformed to strains of 
γ ≈ 4 via alternating fast strain rate (≈ 1 × 10−3 sec−1) and relaxation intervals.  
Acquired mechanical data suggest our techniques successfully produced the 
designed exhumation stress paths and episodic stress pulses. The experimental 
samples were processed using EBSD and optical microscope to determine the 
textural characteristics and grain statistics. We found that the record of the various 
stress histories experienced by the experimentally deformed rocks is preserved 
and can be discerned from the analysis of the microstructure. 
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Void Nucleation in Pure Metals During Ductile Rupture 

Philip Noell1*, Jay Carroll1, Khalid Hattar1, Blythe Clark1, Joseph Michael1, 
Brad Boyce1

1 Material, Physical, and Chemical Sciences, Sandia National Laboratories, PO 
Box 5800, MS 0889, Albuquerque, NM, 87185 

*Email: pnoell@sandia.gov

In the absence of pre-existing failure-critical defects, the fracture process in 
deformable metals loaded in tension begins with the nucleation of internal 
cavities. While ductile rupture processes initiate at second-phase particles in many 
alloys, nucleation in pure metals is generally held to occur at grain boundaries. 
This study presents ex-situ electron backscatter diffraction (EBSD) observations 
of incipient voids in high-purity tantalum, copper, and nickel. Instead of forming 
at grain boundaries, voids initiated at and grew along dislocation boundaries 
created by plastic deformation. EBSD and transmission kikuchi diffraction (TKD) 
were used to analyze the deformation-induced boundaries at which voids formed. 
These data suggest that voids in pure materials nucleate by vacancy condensation 
and subsequently grow by consuming dislocations. 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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Role of grain structure, grain boundaries, crystallographic texture, 
precipitates, and voids on strength and fatigue behavior of Inconel 718 at 

room and elevated temperatures 

Saeede Ghorbanpour1, Nicholas C. Ferreri 1, Marko Knezevic 1*

1 Department of Mechanical Engineering, University of New Hampshire; Durham, NH , 
(USA) 

*Email: marko.knezevic@unh.edu

This paper describes the main results from a comprehensive investigation into the 
role of initial microstructure on strength, large strains cyclic and fatigue behavior 
of direct metal laser sintered (DMLS) Inconel 718 superalloy. To create a variety 
of initial microstructures, the material was deposited at a 45° (diagonal) and a 90° 
(horizontal) angle with respect to the loading direction using DMLS. In addition, 
a group of samples underwent hot isostatic pressing (HIP). A set of wrought 
Inconel 718 was tested as a reference for comparing the DMLS Inconel 718’s 
behavior. The microstructure in the samples was characterized and found to vary 
in terms of grain structure, crystallographic texture, and content of annealing twin 
boundaries, precipitates, and porosity. In particular, the presence of δ precipitates 
and MC carbide precipitates was analyzed via energy-dispersive X-ray 
spectroscopy (EDS) , grain structure and texture was characterized using electron 
back scatter diffraction (EBSD) technique, and finally porosity was measured 
using X-ray computed tomography. The results reveal that the role of porosity and 
high content of δ precipitates in the DMLS specimens is not as significant at 500 
°C as it is at room temperature. The HIP treatment deteriorated the performance 
of the material, suggesting that the coarse grains along with the high content of 
annealing twins present in the HIPed material microstructure have a greater effect 
on performances of the samples at 500°C than porosity and δ precipitates in the 
DMLS not HIPed material. An elasto-plastic polycrystal plasticity model 
integrating a dislocation density based hardening law was employed to simulate 
all the tests except for the high cyclic fatigue. The modeling results in conjunction 
with detailed microstructural characterization reveal the significant role played by 
porosity, annealing twins as well as reverse dislocation motion and backstresses 
on the material behavior. 
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Strain Localization in Arc Crust: Microstructural Investigation of the Grebe 
Mylonite Zone 

Lonnie J. Hufford1*, Elena Miranda1 

1 California State University Northridge; Northridge, California 
*Email: lonnie.hufford.655@my.csun.edu

Crustal-scale, transpressional shear zones in arc settings are known to 
accommodate long-lived, oblique-sense crustal shortening, but it is unclear which 
grain-scale deformation processes contribute to the prolonged localization of 
strain. We focus on the Grebe Mylonite Zone, a mid-crustal transpressional 
ductile shear zone in Fiordland, New Zealand, that forms a major boundary 
between Jurassic and Cretaceous parts of a former arc. We used EBSD to 
investigate the microstructures and CPO of a monzogranite, granodiorite, and 
biotite diorite to interpret the rheology-controlling minerals of the shear zone 
rocks and the active deformation mechanisms during shear zone deformation. 

Quartz forms interconnected, anastomosing bands within the monzogranite. 
Lobate grain boundaries and CPO consistent with activation of the {m}<a> slip 
system suggest that it underwent dynamic recrystallization (DRX). This rock 
composition also contains plagioclase produced through exsolution and displays 
evidence of ductile deformation. Smaller, low strain grains surround larger, high 
strain grains, but CPO corresponds to no documented slip system. The 
granodiorite contains interconnected, anastomosing bands of quartz similar to the 
monzogranite, but plagioclase porphyroclasts are present with tails of low strain, 
recrystallized grains having undergone DRX. The CPO of the recrystallized 
grains is consistent with the activation of the (001)[110] slip system. The biotite 
diorite’s foliation is defined by a network of interconnected, elongated plagioclase 
grains with bulging microstructures and biotite. Isolated quartz is rarely 
interconnected and not a rheology-controlling mineral in this composition. 
Plagioclase CPO suggests activation of the (001)[100] and (011)[-100] slip 
systems and is consistent with the mineral having been dynamically 
recrystallized. 

We find that where strain dominantly localized was dependent on rock 
composition and fabric. The dominant deformation mechanism during 
deformation is dislocation creep for quartz in the monzogranite and granodiorite 
and in plagioclase for the biotite diorite. We also find plagioclase undergoing both 
steady-state and non-steady-state deformation within the granodiorite and 
monzogranite, respectively. 
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Interfacial network characteristics obtained from EBSD analyses 

Marquardt Katharina1*, Ulrich Faul2 

1 Bayerisches Geoinstitut, Bayreuth, Germany 
2 Massachusetts Institute of Technology, MA 

*Email: katharina.marquardt@uni-bayreuth.de

There is growing evidence that the character distribution of interfaces in rocks, 
including phase and grain boundaries, influence macroscopic properties. To date, 
neither the anisotropic frequency distribution nor its dependence on chemical 
composition is known for rock forming minerals. In the presented study we aim at 
linking interfacial structures to properties with the ultimate goal to model 
resulting bulk rock properties and interpret geophysical observables, such as 
seismic properties, electrical conductivity, viscosity or permeability.  
Here, we report detailed interface characterizations in different aggregates of 
olivine, the most abundant mineral of the upper mantle. We synthesized different 
olivine aggregates with varying chemical compositions ranging from Mg2SiO4 
forsterite to Mg1.8Fe0.2SiO4 olivine and different additions of incompatible 
elements that are known to segregate to the interfaces. We also tested a sample 
containing small amounts of melt. The samples were obtained by using different 
synthesis methods. 
To test the effect of the incompatible elements on the bulk rock viscosity we 
deformed the aggregates in the diffusion creep regime.  
The samples where characterized using mainly electron backscatter diffraction 
(EBSD) and transmission electron microscopy (TEM). To obtain the area 
distribution of the geometrically varying interfaces, we used EBSD data from 
over 4x104 grains, corresponding to more than 6000 mm grain boundary length. 
Subsequently, we used a stereological approach to determine the grain boundary 
character distribution (GBCD), defined as the relative areas of grain boundaries of 
different types distinguished by their five degrees of freedom. The TEM data are 
used to solve the long standing debate weather or not grain boundaries in 
aggregates synthesized by different methods (vacuum sintering, solution-gelation 
and hot isostatic pressing) differ in their structure. 
We found that the grain boundary plane distribution varies systematically between 
pure samples and samples with added incompatible elements or added melt. All 
samples show a preference for low index planes which is in agreement with 
observations on other materials (e.g. MgO, TiO2, SrTiO3, MgAl2O4). However 
different samples have a preference for different habit planes. Furthermore, 
olivine aggregates with incompatible elements segregated to the interfaces are 
systematically softer than pure aggregates.  
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New insights about deformation and recrystallization mechanisms in ice 
from cryo-EBSD 

M. Montagnat1*, T. Chauve1,2, B. Journaux1,3, F. Barou4 A. Tommasi4, D.
Mainprice4, S. Piazolo5, J. Wheeler6 

1 Institut of Geosciences of Environment, CNRS, Univ. Grenoble Alpes; France 
2 Dept. Geosciences and Physics, Physics of Geological Processes, Univ. Oslo; Norway 

3NASA Astrobiology Inst., Dept. Earth and Space Science, Univ. Washington, Seattle, USA 
4 Geosciences Montpellier, CNRS, Univ. Montpellier; France 

5 Department of Earth and Ocean Sciences, School of Environmental Science, Univ. Liverpool; 
UK!

6 School of Earth and Environment, Univ. Leeds; UK 
*Email: maurine.montagnat@univ-grenoble-alpes.fr

Ice is a hexagonal crystalline material that deforms plastically owing to the 
motion of lattice defects, the dislocations. It is characterized by a very strong 
plastic anisotropy, and so far there is only one dislocation family (basal slip 
system (0001) <11-20>) known to dominate the viscoplasticity of ice in natural 
conditions. These dislocations are gliding in the basal plane of the hexagonal 
structure.  Nevertheless, in order to produce any type of deformation, a minimum 
of four dislocation slip-systems need being activated. Therefore, ice must call on 
accommodation mechanisms such as dislocation climb, or recrystallization 
mechanisms to enable ductile deformation.  
EBSD technique, by giving access to the full crystallographic orientation at a 
remarkable spatial resolution (< 1 µm), enables to observe the lattice 
misorientation induced by geometrically necessary dislocations, and, in some 
specific cases, to access the Burger’s vector of dislocations involved (e.g. 
Wheeler et al. 2009). EBSD has become accessible to ice in the late 2000, thanks 
to adapted cryo-stages, but the stability of the surface state and quality has long 
been a limitation to obtain good quality patterns. Recently, by making use of the 
CrystalProbe microscope of Geosciences Montpellier, we have been able to 
obtain high quality patterns over several cm2 of ice sample surface.  In this 
presentation, we will see how such observations helped us to better understand the 
dynamic recrystallization mechanisms (nucleation, subgrain boundary formation, 
etc.) occurring at close to natural conditions (high temperature and low strain-
rate) during laboratory tests (Chauve et al. 2017). We were also able, for the first 
time, to evidence a strong occurrence of one type of dislocations with non-basal 
Burger’s vector that were disregarded so far. These dislocations must be involved 
in the modeling of ice deformation, as contributors to the rate-controlling 
processes (Chauve et al. 2017b). 

- Chauve T., Montagnat M., Barou F., Hidas K., Tommasi A., Mainprice D. (2017). Phil.
Trans. Roy. Soc. A, 375 (2086) DOI: 10.1098/rsta.2015.0345
- Chauve T., Montagnat M., Piazolo S., Journaux B., Wheeler J., Barou F., Mainprice D.,
Tommasi A. (2017b). EPSL, 473, 247-255, DOI: 10.1016/j.epsl.2017.06.020
- Wheeler J., Mariani E., Piazolo S., Prior D, Trimby P and Drury M.R. (2009). J.
Microscopy, 233 (3), 482-494, DOI: 10.1111/j.1365-2818.2009.03136.x
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Study of Phase Stability of High Mo and High Cr White Cast Iron Using 
SEM Transmission Kikuchi Diffraction 

Jie Wan1, Jingjing Qing1, Mingzhi Xu1,* 
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High Mo and High Cr white cast irons containing 16 wt.% Mo and 17 
wt.% Cr are generally used for wear resist applications. Highly orientated 
carbides with fine structures resulted from directional solidification and fast 
cooling rate, induce relatively high hardness on the wearing surface. Sizes of the 
eutectic carbides are in the magnitude of 100 nm, which makes it difficult to 
characterize the phase constituent using conventional EBSD. To fully understand 
the phase stability of this as-cast wear-resist material during its solidification, 1) 
marble’s reagent was used to highlight the carbides of different orientations in the 
optical microscopy images, 2) deep etching was performed with an 60 vol% 
methanol + 34 vol% butoxyethanol + 6 vol% perchloric acid electrolyte to reveal 
the stereo microstructures, 3) Transmission Kikuchi Diffraction (TKD) was used 
to acquire the high resolution crystallography information of the fine phases, 4) 
phase constituents were determined combining the TKD results with EDS 
mapping. Overall, high Mo and high Cr white cast iron presented in this study 
contains matrix (austenite surrounded by ferrite), crocodile jaw shaped M7C3 
carbides, columnar M7C3 carbides, and fishbone eutectic structure (ferrite and 
high molybdenum M2C carbide).  

Key words: TKD, white iron 
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Hydrothermal Vent from a Sea Floor VMS Deposit. 
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Volcanogenic Massive Sulphide (VMS) deposits are a major source of Cu, Zn, 
Pb, Au, Ag and other metals. These ancient sulphide deposits have suffered 
metamorphism and hydrothermal alteration making their identification difficult 
and their formation mechanisms hard to understand. The black smoker, 
hydrothermal vents on the seafloor have been suggested to be modern analogues 
of ancient VMS deposits and by investigating their structure and crystal growth 
mechanisms (crystal growth mechanisms are unknown) we may better understand 
the ore forming processes of the ancient VMS deposits. Therefore, the objective 
of this study was to examine the sphalerite grains in the vent structure of a “black 
smoker” to elucidate its crystal growth history using SEM, EBSD and EPMA. A 
sample from a polymetallic black smoker fragment collected in 1993 by dredging 
on PACMANUS II from the Satanic Mills hydrothermal field, Manus Basin, 
Papua New Guinea was used for this analysis. Results indicated that the vent wall 
is porous at two length scales: mm and tens of µm. Some of the large pores 
exhibit heavy metal deposits in the form of lead – arsenic sulfosalt around their 
edge. Some of the small pores in the centre of granular sphalerite grains have 
been filled by growth of pyrite and chalcopyrite phases. Presumably the 
deposition of these different phases occurs because the composition of the 
hydrothermal fluid can change over time. The grain structure of the sulphide 
phase also occurs at two length scales: tens of µm and µm to sub-µm. The large 
grains are found away from the small porous areas whereas the small grains 
exhibit a fine equiaxed structure and are found in the regions of higher porosity 
often surrounding the small pores. They are also found on the boundaries with 
larger pores. We hypothesise that the fine equiaxed regions are zones that have 
nucleated first by rapid precipitation from the hydrothermal fluid. The coarse 
grained region then forms relatively slowly on the fine grained region. This study 
presents a detailed investigation of granular sphalerite growth, which is an 
important part of chimney growth. It is the first time that the sulphide deposition 
process has been studied at the individual crystallite scale and will provide new 
insights for the ore-forming process of ancient VMS deposits.  
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Preparation of Atypical Sample Geometries for Transmission Kikuchi 
Diffraction and Scanning Transmission Electron Microscopy 
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Transmission Kikuchi diffraction (tKD) allows high-resolution crystallographic 
analysis of samples that have been prepared for scanning/transmission electron 
microscopy (S/TEM), but with the simplicity and speed of EBSD. However, 
sample preparation – whether for tKD or S/TEM – can often be problematic. In 
this presentation, we will describe two separate problems in tKD sample 
preparation we have recently solved.  

First, we addressed the question of how to prepare the interface at the root of fine 
nanotendrils grown on a substrate. In this case, thick mats of 20-30 nm diameter, 
1-2 µm tall tungsten nanotendrils were grown on a polycrystalline tungsten
substrate via helium plasma exposure at 900°C. Standard FIB preparation results
in coating of the tendrils with Pt-C-O-Ga paste, which prevents good tKD
analysis. We determined that aqueous electrodeposition of copper penetrated into
the tendril mat, and then acted as a protective layer, which allowed FIB to be used
to make samples for tKD and S/TEM analysis. Using these samples, we were able
to measure the grain boundary character distribution of the substrate-tendril
interfaces, an important metric to validate tendril growth models. This method
could likely be modified and expanded to other nanofibril or nanotube growth.

Second, we wished to determine the identity of nanoprecipitates in steel, but with 
statistically useful numbers of precipitates. We found that carbon extraction 
replicas, taken from a Eurofer97 ferritic stainless steel, were very suitable for tKD 
analysis, and precipitates down to ~5-10 nm were easily identified. A single long 
tKD analysis could measure hundreds of precipitates. S/TEM X-ray mapping of 
the same regions of the replica, combined with data analytics of the X-ray 
spectrum image, allowed statistical conclusions about the chemical composition 
of the different types of precipitates to be drawn. 

ORNL work supported by US Department of Energy, Office of Science, Fusion 
Energy Sciences, under contract number DE-AC05-00OR22725. UC-San Diego 
work supported by DE-FG02-07ER54912.  
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Strain Measurement of 3D Structured Nanodevices by EBSD 
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Stress and strain affect the performance—mechanical and otherwise—of materials 
at all length scales. In semiconductors, strain has a strong influence on carrier 
mobility that is exploited by manufacturers to improve device characteristics 
including power efficiency.  Strain engineered devices are now commonplace, but 
strain metrology solutions with spatial resolution below 100 nm are limited, 
particularly so for 3-dimensional (3D) devices.  EBSD can be used to measure 
strain; however, directly applying this well-established technique to nanoscale 3D 
structured devices leads to incorrect results as shown in this work.  

Samples of epitaxial Si0.76Ge0.24 lines on a Si substrate were provided by an 
industrial collaborator and verified to be fully coherent by Raman and microspot 
x-ray diffraction.  These lines varied in width, but were 55 nm tall, including a 5
nm overetch beyond the SiGe:Si interface.  EBSD strain measurement was
performed across lines with widths of 5 µm, 285 nm, 105 nm, 63 nm, and 33 nm.
As the width of the line decreased, the strain measured by EBSD in the direction
of the line decreases even though the strain in this direction is the coherency strain
and is invariant with line width.  To investigate the source of this error, Mote-
Carlo electron trajectory simulation was applied to the specific geometry of the
samples and analyzed to determine from where electrons arriving at the EBSD
detector had been scattered.  Since a large fraction of electrons that are incident
on the SiGe line scatter toward the EBSD detector from the Si material region, the
EBSP that is observed is the conflated signal from two material regions and cross-
correlation based strain measurement using these patterns results in errors of
strain magnitude and strain state.

The simulation provides the ratio of electrons that last scattered in SiGe vs Si, 
thus the intensity contribution from Si and SiGe regions can be calculated from 
the simulation results.  Using the ratio of intensities between the two signals and a 
simple linear mixing assumption, the signal from the Si region can be subtracted 
from the observed EBSP giving an EBSP that contains only SiGe region 
information.  Running these EBSPs through cross-correlation strain measurement 
yields measured strain states and magnitudes that are entirely consistent with fully 
coherent SiGe on Si. 
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To determine how polycrystalline metals deform and develop damage that leads 
to fracture, it is necessary to characterize the dislocations involved in the 
deformation.  This work compares the capabilities and limitations of electron 
channeling contrast imaging (ECCI) and cross-correlation electron backscattered 
diffraction (CC-EBSD) to map and characterize the dislocations distributions 
resulting from nanoindentation in body centered cubic tantalum.  Nanoindentation 
was carried out close to and far from grain boundaries to mimic single and bi-
crystal experiments.  Atomic force microscopy then used to assess the resulting 
topography from nanoindentation and to evaluate the affect grain boundaries have 
on topography.  ECCI was used to directly image dislocation distributions and to 
determine dislocation character, ie. Burgers vector and screw or edge type, by 
way of contrast analysis.  EBSD patterns were collected for the same areas that 
were analyzed with ECCI.  Patterns were cross-correlated using OpenXY [1] to 
generate geometrically necessary dislocation (GND) density maps.  The 
dislocation types were characterized using CC-EBSD following the method 
outlined by Ruggles et al. [2].  A qualitative assessment of the dislocation 
distributions shows a strong agreement between the two techniques.  Quantitative 
comparison of dislocation densities shows general agreement with the difference 
between the two techniques being on the same level as the noise of CC-EBSD 
GND calculation.  The dislocation character that was determined with ECCI 
matched the dislocation character determined with CC-EBSD. 

[1] - OpenXY, Brigham Young University, GitHub.com, 2018

[2] - T.J. Ruggles, D.T. Fullwood, J.W. Kysar, Resolving geometrically necessary
dislocation density onto individual dislocation types using EBSD-based 
continuum dislocation microscopy, Int. J. Plast. 76 (2016) 231–243. 
doi:10.1016/j.ijplas.2015.08.005. 
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Electron backscatter diffraction (EBSD) is an extremely versatile technique, 
enabling quantitative characterization of microstructures across length scales from 
the nanometer to centimeter. However some samples contain both features on the 
sub-um and much larger scales (e.g. 100’s um to mm), necessitating a 
combination of both low and high magnification analyses. Attempts to 
characterize such microstructures in a single analysis are typically prohibitively 
slow, or require compromise either on area or on resolution. 
The recent introduction of complementary metal oxide semiconductor (CMOS) 
based EBSD detectors has resulted in a significant increase in realistic analysis 
speeds, with no compromise on data quality. The Symmetry® EBSD detector can 
achieve analysis speeds in excess of 3000 patterns per second (pps) on complex, 
multi-phase materials, with sufficient pattern resolution (156 x 128 pixels) to 
characterize deformed or nanoscale features with high indexing rates. This step 
change in data acquisition rates opens up new possibilities for analyzing across a 
range of length scales. 
In this presentation we look at several case studies. The first is a suite of 
additively manufactured Ti 6Al 4V alloys for use in aerospace applications. These 
samples have a hierarchical microstructure, with large prior beta grains 100s um 
long, a basketweave network of alpha platelets on the 1-10 um scale and small 
(sub-um) retained beta grains. In addition, hot isostatic pressing (HIP) has been 
used to modify the as-built microstructure, subtly changing the alpha lath size and 
the retained beta grains. We show examples of how this new generation of 
detector has enabled effective determination of all the key parameters in relatively 
short analysis times (i.e. under 1 hour), highlighting the key differences between 
the various HIP treatments. 
The second example is from the Martian meteorite NWA 817. This contains very 
large grains of olivine and clinopyroxene (up to 0.5 mm across) with numerous 
fine grained regions of calcite, spinel, ilmenite and cristobalite. A single large 
area montage of an area ∼3 mm across was acquired using a measurement step 
size of 400 nm. Such an analysis, with >40 million data points, can be collected in 
a single overnight scan and provides the necessary detail to characterize all 
aspects of the microstructure. 
We will discuss the challenges associated with collecting and handling such large 
datasets and the possibilities for extending this approach to EBSD into new 
application fields. 

29



Investigating Shifts in HR-EBSD Cross-correlation Analysis 
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The accuracy of high-resolution electron backscatter diffraction (HR-
EBSD) for small-scale strain measurement depends on detecting EBSD pattern 
(EBSP) shifts relative to a reference pattern. A number of regions of interest 
(ROIs) at positions !!(= !! , !!

!)!in each EBSP are cross-correlated against the 
equivalent ROI in the reference pattern to determine the ROI shift relative to the 
reference pattern, !!(= !! , !!

!), where k is the ROI index. Wilkinson et al. [1] 
established relationships to determine the unknown distortion tensor, !!!, from 
!!and !!, and implemented these relationships in a software package. Measuring 
shifts with an accuracy of 0.05 times the pixel size of the EBSP detector allows 
strains to be determined with an accuracy around 10-4. 

The use of single crystal, undeformed, silicon as a test vehicle and a 
system calibrant for investigating the behavior of EBSP shifts is well-established. 
We have developed a method that analyses the shifts, !!, of ROIs at !!, measured 
from a set of EBSPs taken from a rectangular region of strain-free Si. The goal for 
each EBSP is to determine the coordinates (X,Y,Z) in the detector frame of the 
impact point of the electron beam on the sample surface, which, when applied to 
the complete set of EBSPs, defines the sample surface in the detector frame. From 
simple geometry we can write: 

! ! !!!
!∗

! ! !!!
!∗

!
!
!

= !!! + !!!
!!! + !!!

,   k= 1:49 for these measurements          (1) 

Two methods were employed to evaluate (X,Y,Z) from this equation set, least 
squares and singular value decomposition, and very little or at times no difference 
from machine zero was found between them, as expected. 

A chip of strain-free silicon was mounted on a 45° pretilt holder which 
was tilted by 25° to achieve the conventional 70° electron impact angle. Varying 
degrees of stage rotation were applied to the sample and patterns were recorded 
over a rectangular region about 0.28 mm x 0.25 mm. The shifts at each point were 
determined from cross-correlation and equation (1) was used to calculate surface 
coordinates (X,Y,Z) at each point of the scan. The normals to the (X,Y,Z) 
surfaces were calculated and rotations of these normals about the stage axis were 
compared with actual stage rotations, and with orientations measured by 
conventional Hough-based EBSD analysis. These results are being assessed for 
use in determining the sample plane in the SEM, and the accuracy of HR-EBSD 
strain measurements. 
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We present a novel algorithm for determining the grains and orientations of high 
temperature beta phase from measured EBSD data of low temperature alpha 
phase in Ti-6Al-4V. This algorithm is based on the piecewise constant Mumford 
Shah model which has seen great success in segmentation, in part because it is 
well suited to impose geometric constraints. The model exploits beta phase 
grains’ smooth boundaries and the uniform orientations within each grain. We 
first explain the model and propose a segmentation algorithm on EBSD alpha 
phase orientations. Then, we give extensions of the model to account for noisy 
measurements and EBSD data that contains a mix of alpha phase and beta phase 
orientations. Lastly, to demonstrate the power of the algorithm, we give results 
from measured Ti-6Al-4V EBSD data. 
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An Orientation Distribution Function (ODF) describes the orientation of crystals 
in a polycrystalline material. We propose to use Bayesian methods to infer the 
parameters of an ODF. In this talk, we will present a Bayesian model which uses 
a mixture of symmetrized Bingham distributions as the likelihood for the data and 
vague prior distributions for the parameters. Additionally, we will discuss the 
associated reversible jump Markov chain Monte Carlo algorithm which allows 
one to sample from the posterior distribution of the parameters of interest. We 
will conclude with analyses of various data sets with interpretations and a 
discussion of the advantages of this approach over classical methods.  
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The first step in determining crystallographic orientation from an EBSD pattern in 
the conventional approach is to extract the geometry of the bands from the 
pattern. This is typically done using a variant of the Hough Transform. The better 
the pattern, the more likelihood for successful detection of the bands. Various 
image processing techniques can be applied to improve the patterns. Generally, 
the most effective and often critical image processing step is to remove the overall 
gradients in the pattern. EBSD patterns are generated by a point projection from 
the specimen surface onto the EBSD detector which generally forms a strong 
intensity gradient on the detector. Furthermore, only a fraction of the electrons 
that illuminate the phosphor screen have undergone diffraction and carry the 
information needed for orientation determination. In order to optimize band 
detection, the intensity gradient must be removed and the remaining image 
contrast amplified. This is often done through background correction (i.e. 
subtraction or division). Typically, a background image is formed by pre-
collecting a pattern from an area containing many grains in a polycrystalline 
sample. This (essentially average) pattern should capture the overall intensity 
gradient and be devoid of diffraction bands. This is relatively easy to do on flat 
polycrystalline samples with little variation in backscatter response between the 
constituent phases. However, when the sample is not flat or contains multiple 
phases with strong variations in EBSD pattern intensity, acquiring a good 
background can be difficult. Any surface topography and differences in 
backscatter coefficient between phases cause a shift in the intensity gradient such 
that it does correlate well with individual EBSD patterns. This can result in dark 
or oversaturated areas in the pattern which hinders band detection. Different 
methods are available to minimize these intensity variations such that samples 
with large backscatter differences can be measured successfully.   
 

!
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CCD-based EBSD detectors have been commercially available for more than 15
years.  These detectors are typically either ‘high resolution’ or ‘high speed’. The
‘high resolution’ detectors enable the acquisition of high-quality, megapixel-
resolution (>1024x1024 pixels) diffraction patterns with good sensitivity, but
limited acquisition speed.  Alternatively, ‘high speed’ detectors, typically offer a
maximum VGA resolution (640x480pixels), with much higher maximum speeds.
The latest high-speed CCD-based detectors achieve speeds of ∼1500 patterns per
second (pps), but only by using extreme pixel binning.  This binning has two
undesirable effects with regard to pattern quality:  a reduction in resolution (only
~40x30 pixels at the highest speed); and reduction in the maximum signal-to-
noise ratio (SNR) before pixel saturation.  As a result, this high pattern binning
compromises analysis, reducing both the hit rate and the orientation precision of
fast data acquisition.  In addition, not all EBSD applications require a detector’s
maximum speed.  Some applications require high sensitivity, high resolution and
high pattern quality.

The development of a CMOS sensor for EBSD detectors has overcome these 
issues, delivering a step change in performance.  The CMOS sensor architecture 
enables high speed without the need for extreme, on-sensor binning.   

Therefore good resolution and good maximum SNR can be achieved during fast 
data acquisition. A CMOS-based detector can acquire at more than double the 
speed of a CCD detector, with patterns collected and analysed in real time at 
speeds in excess of 3000pps.  Importantly, this CMOS detector has a superior 
maximum SNR and 4x the resolution (16x more pixels) at >3000pps than a CCD 
at ~1500pps (Figure 1).  As a result this technology delivers significant 
improvements to both indexing hit rates and to the angular resolution of 
orientation measurements.   
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Multivariate statistical analysis (MSA) is widely used across science disciplines 
including microscopy, however, to date its application to electron backscattered 
diffraction (EBSD) data has been surprisingly limited.  Brewer, Kotula, and 
Michael [1] demonstrated that MSA could be applied to EBSD data but this appears 
to be the only previous publication in the area.   
The first step in the analysis is to re-write each EBSD pattern as a vector containing 
intensities at each effective pixel after any binning to prevent the data array 
becoming too large.  The set of patterns are then arranged into a data array with 
columns containing intensities from an individual pattern, and rows containing the 
intensity variation across the spatial map for a particular detector pixel.  We then 
seek to decompose this data array into a set of basis vectors describing underlying 
intensity distributions on the detector (i.e. basis patterns) and the variation of their 
strength from one observation point to the next (i.e. spatial maps).  Principal 
component analysis is perhaps the most widely used MSA approach, and seeks a 
first basis pattern that extracts the largest possible variance in the spatial data, 
followed by succeeding components that must be orthogonal to the preceding 
components but are chosen to again have the highest variance possible.  Limiting 
the data to the first few of these component patterns is an effective means of data 
reduction.  However, an issue with applying PCA to EBSD data is that it does not 
guarantee a single spatial point in the map is dominated by a single basis pattern 
and in fact basis patterns often show overlaps.  Instead the VARIMAX solution is 
more suitable as this generates basis patterns such that each observation (ie EBSD 
map point) tends to be dominated by a single basis pattern.  Formally the 
VARIMAX solution maximizes the sum of squared correlations between and basis 
patterns and their spatial variation.   
MSA is unlikely to ever replace Hough-based analysis of EBSD patterns, however, 
it may play useful role in improving the analysis of low quality data sets, or 
differentiating finer details not routinely detected through the Hough/Radon 
transform.  It is also useful in significantly reducing the number of patterns to be 
handled by library or dictionary based approaches to pattern indexing [2]. 
Examples illustrating the methodology and these benefits will be presented.  

References: 
[1] LN Brewer, PG Kotula and J Michael, Ultramicroscopy 108 (2008), p. 567-578.
[2] YH Chen, SU Park, D Wei et al, Microsc & Microanal. 21 (2015), p. 739-752
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Nickel-base superalloys (Ni-SA) are choice materials for principle components in 
aircraft turbine engines due to their outstanding high-temperature mechanical 
properties, which derive from the presence of γ’-phase (Ni3Al) precipitates in a γ-
phase (Ni) matrix [1, 2]. Control of the size, morphology, and distribution of γ’-
phase is critically important for maintaining of optimal mechanical properties and 
in-service performance of Ni-SA. Details of the accommodation of elastic strain 
associated with the (γ/γ’)-interfaces influence the morphological stability of the 
Ni-SA microstructures under thermo-mechanical loading [1-3]. Therefore, in 
studies of the (γ/γ’)-interface accurate knowledge regarding the locally resolved 
evolution of lattice mismatch strain is critical [1, 2]. An emerging strain 
measurement technique is based on cross-correlation analysis of high resolution 
electron backscatter diffraction (HR-EBSD) [4-7]. The technique measures lattice 
distortion related differences between EBSD patterns obtained from the same 
grain, and is very sensitive to pattern quality. Sample preparation factors 
prominently into the accuracy and precision attained in HR-EBSD strain analyses. 
We report on the influence of two sample preparation methods in HR-EBSD 
strain mapping for a polycrystalline Ni-SA: (a) conventional mechanical polishing 
(MP) using colloidal silica suspension, and (b) Ar broad ion beam (BIB) milling 
using low ion energy and milling angle. HR-EBSD cross-correlation analyses 
revealed three main observations when comparing the MP and BIB methods: 

• Average strain magnitudes for the principal strain components are different by
up to an order of magnitude; higher for MP and lower for BIB milling.

• Strain accommodation depends on the crystallographic orientation of γ grains.
• Systematically higher strain accumulation in the normal direction (ε33) for the

MP sample surface has been attributed to vertical loading during MP.

References: 
[1] R.C. Reed, Cambridge University Press, 2006.
[2] R.C. Buckingham, et al., Mat. Science & Engineering A 654 (2016) 317-328.
[3] S. Meher, et al., Materials and Design 140 (2018) 249-256.
[4] K.Z. Troost, et al., Applied Physics Letters 62 (10) (1993) 1110-1112.
[5] A. Wilkinson, et al., Ultramicroscopy 62 (1996) 237-247.
[6] Angus J. Wilkinson, et al., Ultramicroscopy 106 (2006) 307-313.
[7] T.B. Britton, et al., Ultramicroscopy 111 (2011) 1395-1404.
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Pattern centre (PC) and crystal orientation were determined through pattern 
matching between target electron backscatter patterns (EBSPs) and dynamically 
simulated EBSPs, using global optimisation algorithm [1]. Systematic analysis of 
error and precision with this approach was carried out for dynamically simulated 
target EBSPs with known PC positions and orientations. Some patterns were 
noised, distorted and binned. Results showed that the error in determining the PC 
and orientation was < 10-5 and <10-2 degree respectively for the undistorted full
resolution images (956×956 pixels). The presence of noise and optical distortion 
and image binning has some influence on the error although the precision 
remained relatively unchanged. Similar precision of PC and orientation 
determination was achieved for background subtracted experimental EBSPs as 
well. 
Highly accurate and precise optimisation of PC and orientation allows for the 

replacement of an experimental reference EBSP with the dynamically simulated 
EBSP within High Resolution (HR-) EBSD [2] to quantify absolute strain of the 
order of 10-4. This was demonstrated by the sample rotation experiment [2] and
strain analysis around the indent in interstitial free steel. 

References 
[1] R. Storn, K. Price, J. Global Optimization 11 (1997) 341
[2] A. J. Wilkinson, G. Meaden, D. J. Dingley, Ultramicroscopy (2006) 307
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Serpentine minerals ((M3-x
2+Mx

3+)[(Si2-xMx
3+)O5(OH)4], where M2+ = Mg, Fe, Mn, Ni and 

M3+ = Fe, Al, Cr) are ubiquitously present on the sea floor and form from the interaction 
of water with mafic minerals in the lower crust and lithospheric mantle.  In this study, 
natural antigorite, the high pressure form of serpentine relevant to subduction zones, was 
investigated to understand its bulk seismological properties.  Antigorite is a very soft 
mineral, which consequently makes it difficult to polish to the specifications required for 
EBSD analysis.  However, using the new Oxford Instruments’ Symmetry Detector in 
conjunction with a JEOL 7001LVF FE-scanning electron microscope, it is possible to 
cover large map areas in order to collect enough antigorite patterns to make for a 
statistically significant study of the lattice-preferred orientation.  Diffraction patterns for 
antigorite are generally extremely weak, so samples were left uncoated and analysed in 
low vacuum mode with a chamber pressure of between 20-30Pa and a probe current of 
12-16mA. Using a match unit for triclinic antigorite calculated from the crystallographic
data of Dódony et al. (2002), the AZtez matching algorithm returns reliable
crystallographic orientations for antigorite grains that generate strong enough diffraction
patterns.  Antigorite-bearing samples collected from the Kohistan arc – an exhumed
section of sub-arc mantle exposed in north-western Pakistan – display extreme variation
in textural strength that are interpreted to be a product of the deformation history.
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subduction complex in the Nelchina area, southern Alaska 

Veselina T. Yakimova1* and Elisabeth Nadin1
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In the Nelchina area of southern Alaska is a fault that separates the mélange 
section from the flysch section of a Cretaceous accretionary prism. The fault has 
only recently been revealed due to glacier retreat, and thus has not been 
constrained in timing, sense of slip, or deformation conditions. Its role in southern 
Alaska (and western Cordillera) tectonics could lend insight into the relationships 
between early Cretaceous mélange (the McHugh complex) and late Cretaceous 
flysch (the Valdez Group), which are still debated. We mapped and sampled 
within the fault zone in summer 2017. The damage zone is ~50 m wide and 
consists of foliated metasediments interlayered with black fault rocks. We 
measured foliations, which are generally E–W striking, and lineations, which 
plunge 30–45˚W. We also collected oriented samples for electron backscatter 
diffraction (EBSD) measurement of quartz c-axes from sheared rocks; to 
determine if the black fault rocks have a measurable fabric element; and to make 
grain-size maps of recrystallized regions of the thin sections for stress estimates. 
Optical microscopy revealed that the majority of the rocks consist of quartz-rich 
clasts 0.5–5 mm in diameter surrounded by ultrafine groundmass. XRD and EDS 
mapping showed that the ultrafine material is primarily composed of quartz, 
feldspar, calcite, dolomite, pyrite and kaolinite, some of which is likely due to 
extensive hydrothermal alteration within and around the fault. The samples’ 
chemical compositions will be further analyzed using XRF and electron 
microprobe, in order to constrain the pressure, temperature, and strain conditions 
of deformation. SEM imaging will also help characterize the microtextures 
present in the fine-grained black fault material. A secondary aim is to date some 
of the deformation fabrics through Ar/Ar of minerals such as rotated K-feldspar. 
This project should provide a more detailed understanding of the nature and 
timing of faulting and help constrain the debated possibilities of its origin, which 
include: 1) a member of the Border Ranges Fault system in either the early 
thrusting or subsequent dextral phase of motion; 2) a local slip plane of the 
accretionary wedge, activated during oblique subduction; or 3) a major strike-slip 
fault that helped to translate the Valdez Group thousands of km along the North 
American margin.   
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EBSD characterization of rock deformation fabric and its relationship to 
anisotropy of magnetic susceptibility (AMS) in deformed rock of the Chester 
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________________________________________________________________________!

The Chester gneiss dome in Vermont formed during the orogenic events that 
ultimately produced the Appalachian Mountains. While the overall collisional 
tectonic environment is well established, the specific mechanisms responsible for 
exhumation of the Chester dome are still debated. The two prominent exhumation 
models for Chester dome are: 1) extensional unroofing during transpression, and 
2) folding and nappe development; each of which are likely to produce distinctive
mineral fabrics within the structure of the gneiss dome. This study aims to resolve
some of the uncertainty in exhumation mechanisms by characterizing the mineral
fabrics of Chester dome rocks using electron backscatter diffraction (EBSD) and
anisotropy of magnetic susceptibility (AMS). We collected 21 oriented samples
from around the Chester dome, sampling all of the major map units, which
include gneisses and schists of mafic and felsic composition. We made standard
oriented thin sections as well as 2 x 2 x 2 cm^3 cubes, oriented with respect to
foliation and lineation, of all samples. All 21 samples were characterized by
EBSD, which allows us to model the paramagnetic elastic tensors of each sample
based on crystallographic preferred orientation (CPO). AMS tensors were then
used to model the ferromagnetic and ferrimagnetic tensor components of the same
samples with respect to CPO. Preliminary results suggest that AMS is controlled
by grains oriented with principal susceptibility axes that are parallel to rock fabric
axes, with minimum susceptibility perpendicular to foliation, and maximum
susceptibility parallel to lineation. Some important exceptions include samples
containing pyrrhotite, as suggested by high temperature susceptibility
measurements, and samples containing abundant hornblende. We will present
comparisons of low- and high-field AMS tensors, and modeled paramagnetic
tensors from EBSD data. We will also examine similarities and differences
between AMS tensors and elasticity tensors derived from EBSD data.
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The Effects of Quartz Dauphiné Twinning on Strain Localization in 
Polymineralic Rocks in a Mid-Crustal Shear Zone- Fiordland, New Zealand. 
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We use microstructural, CPO, and misorientation data from an EBSD analysis to 
evaluate the effect of Dauphiné twins on strain localization processes within 
naturally deformed quartz under amphibolite facies conditions from a 
transpressional shear zone in the middle crust of Fiordland, New Zealand. We 
present results from two samples collected: a granodiorite mylonite (17NZ41B) 
and a tonalite mylonite (17NZ42), focusing predominantly on sample 17NZ42 
which shows the best development of Dauphiné twins. EBSD analysis of the 
mylonites reveals dynamic recrystallization (DRX) of quartz. Quartz grains have 
lobate grain boundaries and low intra-grain crystal plasticity indicative of grain 
boundary migration (GBM) DRX. Crystallographic vorticity axis analysis reveals 
a transpressional fault dominated by pure-shear. Quartz grains in 17NZ42 are best 
oriented for prism <a> slip. This is consistent with the CPO which indicates 
predominantly prism <a>slip transitioning to prism [c] slip with weak activation 
of basal and rhomb <a> slip. Misorientation analysis confirms this interpretation 
and reveals the presence of a combination of both tilt and twist type boundaries. 
Misorientation analysis in crystal reference frame of a subset of the twinned 
grains shows a preference for prism <a> slip and a combination of {r/z} <a> and 
prism <a> slip for misorientations from 55º-65º associated with Dauphiné twins. 
The grains were further subsetted out to analyze the twinned portion of the grain. 
Low angle misorientations cluster around the r-, a-, and c-pole while 
misorientations from 55º-65º cluster solely around the (1-21-1) pole associated 
with {r/z} <a> slip on twist boundaries. 

We interpret that the Dauphiné twins initially helped to localize strain and then 
hindered strain. Dauphiné twins developed during the onset of deformation, 
preferentially orienting the grains for prism <a> slip and the twins for rhomb <a> 
slip. The development of twins resulted in the preferential orientation of grains 
which allowed strain to localize. GBM DRX prevented the twins from rotating 
into an orientation conducive for prism <a> slip and grains from rotating into an 
orientation conducive for prism [c] slip, preserving the orientation initially 
induced from Dauphiné twins, hindering strain localization processes. 
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Influence of viscosity contrast on phase mixing in ductile shear zones: 
insights from high-strain experiments on calcite-fluorite composites 
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The high-strain interiors of ductile shear zones are commonly comprised of 
(ultra)mylonitic rocks that are fine-grained and contain well-mixed mineral 
phases. Phase mixing is thought to play a significant role in shear localization, as 
phase boundary pinning inhibits grain growth, and promotes strain-weakening 
deformation mechanisms (i.e., diffusion creep, grain boundary sliding) that 
operate at small grain sizes.  

In previous high-strain experiments, poorly-mixed 50-50 vol.% composites of 
calcite and anhydrite were deformed in torsion at 500°C to investigate 
microstructural and mechanical evolution during phase mixing (Cross & Skemer, 
2017). In those experiments, domains of calcite and anhydrite became stretched 
and thinned to form thin compositional layering that ultimately disaggregated at 
large shear strains (γ > 50) to form a fine-grained, well-mixed ultramylonite 
deforming within the diffusion creep regime. However, under the conditions of 
those experiments, calcite and anhydrite were nominally isoviscous, and further 
experiments are needed to understand the influence of viscosity contrast on phase 
mixing. 

Here we present results from ongoing torsion experiments on poorly-mixed 50-50 
vol.% and 20-80 vol.% composites of calcite and fluorite. Under the experimental 
conditions (T = 500°C; ̇γ = 10-5 – 10-4 s-1, as in Cross & Skemer, 2017), calcite is 
nominally an order of magnitude stronger than fluorite. Using EBSD, we 
document the evolution of grain size, crystallographic preferred orientation 
(CPO), and phase domain morphology and mixing during deformation to large 
shear strains. We find that, in contrast with the previous calcite-anhydrite 
experiments, calcite and fluorite do not readily mix, even at shear strains well in 
excess of 50. While calcite develops a moderate CPO during deformation, with 
c(0001) planes aligned within the shear plane, fluorite grains are consistently 
randomly oriented, suggesting deformation by dislocation and diffusion creep, 
respectively. Our observations imply that fluorite is the main strain-
accommodating phase, and that viscosity contrast exerts a significant control over 
the micromechanical evolution of polymineralic rocks. 

44



Insights into Hawaiian Edifice Stability from Kilauean Crystal Clots 

Penny Wieser1*, Marie Edmonds1 and John Maclennan1

1 Department of Earth Sciences, University of Cambridge, UK 
*Email: pew26@cam.ac.uk

The flanks of Hawaiian volcanoes are highly unstable [1]. This instability has been 
linked to the presence of ductile, creeping olivine cumulate bodies acting as a 
driving force for flank displacement[2].  

This study investigates ~200 olivine crystals erupted in rift zone lavas on 
Kilauea Volcano between 1969-1974. Two significant textures are observed: 
Olivine aggregates consisting of 2-10 grains, and olivine single crystals and 
aggregates showing  abundant low angle misorientations. The origin of these 
textures, and their relationship to cumulate bodies at depth is a matter of great 
debate. The traditional view is that grain clots are formed by synneusis, the 
“swimming together of crystals” in a liquid-rich magma chamber, whereas 
deformed olivines record ductile creep in cumulate bodies at depth, before being 
disrupted and carried to the surface by the erupting magma. Under this conceptual 
framework, deformed crystals may provide vital information on the characteristics 
of the deep cumulate bodies. However, Welsch et al.[3,4] suggest that both textures 
are growth features, resulting from an early phase of dendritic growth, 
morphologically obscured by a later phase of polyhedral crystal growth. This 
argument is based on the relationship between rhythmic and/or feathery 
enrichments of elements highly incompatible in olivine (e.g. P), and the location 
of low angle misorientations. Crucially, they suggest that the presence of these 
pseudodeformational features in erupted crystals has resulted in a great 
overestimation of the importance of olivine cumulates in the structural evolution 
of oceanic islands such as Reunion and Hawaii. 

We test these two hypothesis by investigating the crystallographic 
relationships between adjacent crystals, and low angle intracrystalline 
misorientations, using electron backscatter diffraction (EBSD) and the Matlab 
package MTEX. Contrary to the idea that dendritic crystallization is the cause of 
grain clumping and subgrain formation, we find that these two textural classes 
show distinctly different crystallographic signatures. Adjacent grains in crystal 
clots are related by a rotation about [100], indicative of synneusis[5]. However, 
adjacent intracrystalline “subgrains” are related by a rotation about [001], 
consistent with subgrain boundaries being formed of tilt walls constructed with 
(010)[010] dislocations[6] (A-type fabric).  

Further work will consist of elemental mapping across misorientations 
quantified by EBSD to investigate whether some of the “deformation features” 
may reflect growth errors. We also plan to quantify strain within the cumulate 
bodies based on subgrain piezometry.  
References: [1] Denlinger & Morgan, 2014. Chp. 4, US Geol. Surv. Prof. Pap. 1801. [2] Clague &
Denlinger, 1994. Bull. Volc. 56(6), pp.425-434. . [3] Welsch et al., 2013. JPet., 54(3), pp.539-574. [4] 
Welsch et al., 2014. Geology, 42(10), pp.867-870. [5] Schwindinger & Anderson, 1989. Contr. to Min. 
Pet, 103(2), pp.187-198. [6] Hansen et al. 2012. JJ. Geophys. Res, 117(B9)
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EBSD has been routinely applied to geologic materials for over 2 decades, with 
many applications in the fields of structural, metamorphic and igneous geology. 
Increasingly the technique is also being applied to planetary sciences, with a 
number of recent TKD and EBSD applications to meteorite samples. However, 
there exists a common belief that successful EBSD analyses of complex, 
polymineralic rock samples require high resolution patterns and long acquisition 
times. 
Here we investigate the potential for rapid characterization of geologic samples 
using a new CMOS-based EBSD detector, the Oxford Instruments Symmetry®. 
This technology shift allows the collection of good resolution EBSPs (e.g. 156 x 
128 pixels or higher) at high speeds (typically 300-1500 patterns per second (pps) 
on mineral samples) without requiring exceptional beam currents (i.e. <35 nA). 
We present examples from a range of geologic and planetary samples, including 
nanoscale measurements of the Allende meteorite (at speeds up to 1200 pps with 
resolutions down to 80 nm) and comprehensive chemical and crystallographic 
analyses of deformed ocean gabbro samples. In the latter, examples will be given 
showing how whole samples (blocks or thin sections) can be effectively 
characterized in as little as 30 minutes, providing unparalleled detail into the 
deformation history of such rocks. 
We discuss the potential for routine, high resolution scanning of large areas of 
rock samples as well as some of the challenges for data processing and 
presentation. 
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Superior Interpolation of EBSD Data Using Bayesian Deep Neural Networks 
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EBSD mapping is a powerful tool for microstructural analysis of geological 
materials, but frequently suffers from incomplete indexing of the mapped area. 
This leads many EBSD studies to be forced to employ data ‘cleaning’, where the 
values of unindexed pixels are interpolated in order to produce a more complete 
data set. The commonly employed and widely available methods for interpolating 
the values of such unindexed pixels involve averaging the values of immediately 
neighboring indexed pixels. However, this approach is extremely generalist and 
ignores the the vast amount of orientation information present in any EBSD map 
by considering only immediate neighbors.  

Machine learning techniques excel at detecting patterns in datasets too large and 
complex to be easily processed by human analysists. Artificial neural networks 
are a subtype of machine learning especially well-suited for describing 
relationships between numeric data, and the large datasets produced by automated 
EBSD analysis are ideal for this type of machine learning. We have used well-
indexed natural geological EBSD data to train neural networks to predict the 
orientations of unindexed pixels using data from neighboring pixels as input. Our 
neural networks outperform the neighbor-averaging method by up to 50% across 
a variety of error estimation schemes. Although it seems intuitive that the 
orientation data of neighboring pixels would be the only significant predictor of 
the orientation of an unindexed pixel, we find that prediction accuracy is 
significantly increased by allowing the neural networks access to the band slope, 
band contrast, and MAD values of neighboring pixels. As a preliminary 
conclusion, this work suggests that machine learning techniques may be used to 
reveal and exploit complex natural patterns within EBSD data. Once trained, the 
neural network is both fast and easy to deploy, indicating potential for 
community-wide improvement of interpolation practices. 
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Introduction: Pallasite meteorites are a rare type of meteorite that contain both an 
iron metal matrix which surrounds large olivine. Accessory phases include 
sulfides and phosphates. This mineral assemblage points to pallasites being the 
leftover material from a planetary body that has differentiated. That said, the 
olivines present in pallasites have different shapes. Some pallasites have euhedral 
grains, other rounded. More complex pallasites can have fragmented olivines, 
coexisting with the other types. These crystal morphologies require either 
complex histories [1] or invoking of impact events to be explained fully[2].  
Either one of these events could impart a preferred crystal orientation of the 
olivines, but little work has been done to show these effects. 

Methods: A piece of the Sericho Meteorite was purchased for this study. The 
polished slice measures 24x40mm. The sample was polished and carbon coated 
for analysis on a JEOL 7000 FEG. Data will be collected using an EDAX Hikari 
Super with an Octane Elect EDS detector. 

Discussion: This study will look at the relation of grain morphology to orientation 
deviations to better understand the nature of the formation of these meteorties to 
better constrain the current models. 

References: 
[1] J. Boesenberg, J. Delaney, and R. Hewins, Geochimica et Cosmochimica Acta
89 (2012), p. 134–158.
[2] E. Scott, Lunar and Planetary Science Conference XXXVIII (2007), #2284.
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Knowledge of the grain structure and crystallographic orientation distribution within polycrystalline 
samples is critical to the understanding of the fracture mechanisms that operate at the length scale of the 
grains. Electron Backscattered Diffraction (EBSD) reveals the crystallographic microstructure of a 
material, but is limited to only 2D surface information. A few synchrotron beamlines began expanding 
the non-destructive capabilities of x-ray tomography technique beyond just the conventional 
absorption/transmission contrast by utilizing diffraction signals. [1,2] Since then, the diffraction contrast 
tomography (DCT) technique has gained considerable traction as a complementary method to EBSD 
due to its ability to uniquely obtain bulk, 3D grain structures non-destructively, opening the door for 
large-scale grain structure analysis or time-dependent evolutionary studies.  Undeniably, EBSD will still 
continue to provide the highest spatial and grain detectability limit owing to its point-wise scanning 
technique compared to the full-field approach of X-ray diffraction contrast methods. Due to the 
exclusive presence of DCT at the synchrotron however, its accessibility to the wider research 
community has been inherently limited. 

In this work, a lab-based adaptation is presented, termed lab diffraction contrast tomography (LabDCT) 
the technique operates within a lab-based X-ray microscope with a polychromatic divergent beam. 
Mounting a sample in a Laue focusing condition, individual grains produce diffraction spots on a 
specialized high resolution detector.  The polychromatic beam provides a unique advantage wherein a 
majority of the grains within a sample simultaneously satisfy the Bragg condition due to the wide 
spectrum of wavelengths, yielding crystallographic information including grain orientation, location of 
center of mass, and morphology for a large number of grains within the sample. This information can be 
utilized to complement microstructural data obtained by traditional absorption-based tomography such 
as voids, inclusions, or secondary non-crystalline phases. On the other hand, albeit through destructive 
sectioning, 3D-EBSD provides high resolution (sub-micron) crystallographic information from samples.  

This work presents results demonstrating the latest developments in 3D-EBSD and LabDCT by means 
of several applications. [3] Included in the discussion will be examples highlighting the applicability and 
advantages of each method for certain materials. In particular, examples will cover studies related to 
tracking 4D grain growth during annealing processes, microstructural impacts on corrosion behavior, 
and connections between grain boundary characteristics, inclusions, and performance in polycrystalline 
silicon for solar cell applications. Lastly, we discuss future directions and developments of the 3D-
EBSD and LabDCT method, as well as possibilities of correlative coupling to related techniques for an 
enhanced understanding of materials structure evolution in 3D and across multiple length scales. 

[1] U. Lienert et al., Journal of the Minerals, Metals & Materials Society, 63 (2011), p. 70-77.
[2] D. Juul Jensen and H.F. Poulsen, Materials Characterization, 72 (2012), p. 1-7.
[3] R. Keinan et al., Acta Materialia, In Press (2018).
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The use of glass-ceramics for sealing high temperature electrochemical devices 
has been an important development and field of study over the past several 
decades. One of the technical barriers for commercialization of these technologies 
is the reliability and durability of the glass-ceramic seals with long exposure times 
at temperature. Understanding the microstructural changes (i.e. phase formation, 
interfacial reactions) with time at temperature would be extremely useful in 
predicting the reliability and durability of the seals. This data would minimize 
risks and help to drive the successful commercialization of the technology.  

The glass-ceramic seals studied in this program have been characterized as a 
function of time at temperature using the Electron Backscattered Diffraction 
(EBSD) method. EBSD was found to be an effective method to understand the 
crystallization behavior of the glass ceramic seal and examining interactions at 
interfaces. In addition, accelerated tests are being performed to mimic long term 
exposure times at temperature to aid in predicting the reliability and durability of 
the glass-ceramic seals. 
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EBSD Analysis of Representative SiC Layers from Tristructural-Isotropic 
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Tristructural-isotropic (TRISO) coated particle fuel is an advanced nuclear fuel 
concept being developed for high temperature gas-cooled reactors, molten salt 
reactors and as an accident tolerant fuel concept. The TRISO fuel particle consists 
of a fissile fuel kernel, surrounded by a porous carbon buffer layer and successive 
isotropic coating layers of dense inner pyrolytic carbon, fluidized bed chemical 
vapor deposited SiC, and dense outer pyrolytic carbon. During operation each fuel 
component performs a function with the SiC layer acting as the primary barrier to 
fission products and actinides not retained in the fuel kernel. EBSD analysis of six 
different TRISO fuel variants from the AGR-1 and AGR-2 irradiation 
experiments and planar diffusion couples with representative TRISO layer 
microstructures has been performed to understand the role of SiC microstructure 
on diffusive release in-pile and during safety testing experiments. 
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Introduced!just!a!few!years!ago![1],!TKD!in!SEM,!a.k.a.!t?EBSD,!has!already!become!an!established!
technique!due!to!its!much!better!spatial!resolution!as!compared!to!standard!EBSD![2?3]!and!to!the!
ever!increasing!need!of!analytical!tools!for!characterizing!nanomaterials.!!The!original!sample?
detector!configuration!using!the!standard!EBSD!detector!a.k.a!“off?axis”!TKD!had!certain!limitations!
resulting!in!a!drop!in!data!quality!and/or!measurement!efficiency.!The!two!most!important!
drawbacks!of!“off?axis”!TKD!were!the!strong!gnomonic!projection!distortions!in!the!patterns!and!the!
fact!that!the!patterns!were!produced!by!high!angle!scattering!electrons,!i.e.!very!weak!signal.!These!
two!limitations!have!removed!by!the!introduction!of!“on?axis”!TKD![4]!which!uses!a!modified!head!of!
the!EBSD!detector.!The!new!TKD!configuration!features!a!horizontal!phosphor!screen!that!is!placed!
under!the!electron!transparent!sample!so!that!the!SEM’!optical!axis!intersects!the!center!of!the!
screen.!This!sample?detector!geometry!allows!capturing!Kikuchi!patterns!where!signal!yield!is!
strongest!and!with!minimized!gnomonic!projection!induced!distortions.!The!improvement!in!these!
two!acquisition!parameters!has!led!to!significant!gains!in!spatial!resolution,!data!acquisition!speed!
and!data!integrity![5].!!

In!this!context,!the!talk!will!present!the!latest!developments!in!terms!of!TKD!technique!optimization!
with!a!focus!on!its!spatial!resolution.!The!most!important!factors!influencing!the!spatial!resolution!of!
TKD!in!SEM!will!also!be!discussed!as!well!as!its!integration!with!other!techniques!like!Energy!
Dispersive!X?Ray!Spectroscopy!(EDS).!

References.)

[1] R.R.!Keller!and!R.H.!Geiss,!Journal!of!Microscopy,!Vol.!245,!Pt.!3,!pp.!245–251,!2012.

[2] P.!W.!Trimby,!Ultramicroscopy,!120,!16–24,!2012.

[3] N.!Brodusch!et!all,!Journal!of!Microscopy,!Vol.!250,!Pt.1,!pp.!1–14,!2013.

[4] J.J.!Fundenberger!et!all,!Ultramicroscopy,!161,!17–22,!2016.

[5] F.!Niessen!et!all,!Ultramicroscopy,!186,!158?170,!2018.
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Electron backscattered diffraction (EBSD) equipped scanning electron 
microscopy (SEM) coupled with in-situ mechanical testing capability, is a 
powerful modern tool for investigating and quantifying strain-induced changes in 
the structure of metals and alloys. The present work discusses the most recent in 
situ mechanical test results on irradiated austenitic steels. 

Irradiation of metals and alloys and accumulation of radiation defects lead to the 
significant changes in the material structure, properties, and acting plastic 
deformation mechanisms. Deformation processes in the irradiated metallic 
materials often develop in a localized fashion, with the numerous fine slip lines 
observed in non-irradiated materials replaced with fewer narrow defect-free 
dislocation channels. Channeling and strain localization compromises material 
performance by increasing stress corrosion cracking susceptibility, decreasing the 
resistance to the crack propagation, etc.  

As measured through Electron backscattered diffraction (EBSD) examination of 
the irradiated alloys, dislocation channeling leads to the fast increase in the 
misorientation gradients and formation of specific “hot spots,” or areas with 
highly localized deformation. Strain-induced phenomena, such as twinning and 
phase instability, appear in irradiated austenitic steel at much smaller strain levels, 
compared to the non-irradiated. The orientation of the grains with respect to 
deformation direction is an important factor influencing both these phenomena. 
The relationships between the local strain level and EBSD strain metrics (Kernel 
Average Misorientation, Grain Reference Orientation Deviation) are discussed.  

Additionally, irradiation and localized plastic deformation lead to strong EBSD 
pattern quality degradation. An attempt was made to analyze Kikuchi pattern 
quality, retrieve density of geometrically necessary dislocations, and evaluate 
elastic stresses and strains in the irradiated specimens via high-resolution EBSD, a 
mainstream improvement of the EBSD technique. 

A detailed evaluation of the in situ mechanical testing performed at the Oak Ridge 
National Laboratory’s Low Activation Materials Development and Analysis 
(LAMDA) lab, a specialized facility for working with irradiated materials, is 
presented.  
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Computational Polarized Light Microscopy Technique for Orientation 
Determination of α-Titanium  

Ke-Wei Jin1, Marc De Graef 2
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Computational polarized light microscopy (CPLM) can be used to determine 
orientation of grains and has advantages over other techniques like EBSD due to 
low cost and ease of use of optical microscopes. Certain metals, such as α-
titanium, exhibit optically anisotropic effects when illuminated using polarized 
light. α-titanium grains can be clearly identified due to different intensities of 
grains when illuminated using polarized light. The recorded intensity depends on 
the orientation of the α-titanium grain. When incident polarized light beam is 
rotated around 360° in incremental steps, the recorded intensity changes as a 
function of the rotational increment of the light beam. This results in an intensity 
profile as a function of rotation, from which the inclination and azimuth of the c-
axis of the grain can be determined. Euler angles for each grain derived from 
EBSD can be used to verify the orientation determined from CPLM. 

A forward model was created for computational polarized light microscopy with 
the goal of performing dictionary indexing of intensity profiles to determine 
orientation. A physics-based simulation of the interaction of polarized light with 
an optically anisotropic sample is used to predict the intensities recorded during 
the experimental procedure of CPLM. Mueller matrices representing α-titanium 
are calculated as a function of c-axis orientation. By performing dictionary 
indexing between experimental and forward model intensity profiles, the 
orientation of a grain can be determined.  
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Application of EBSD to High Pressure Die Cast A383 alloys 

Tao Liu1, Laurentiu Nastac1, Vishweshwar Arvikar2, Ilya Levin2, 
Luke N. Brewer1*
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2 Nemak Alabama, Sylacauga, AL. 

*Email: lnbrewer1@eng.ua.edu

Electron backscatter diffraction (EBSD) was used to investigate the 
microstructures of high pressure die cast (HPDC) A383 (Al-Si-Cu) alloys. High 
pressure die casting is used to manufacture automobile engine blocks with higher 
performance and enhanced reliability. A series of HPDC engine components was 
produced using combinations of Sr additions and heat treatments. The grain sizes 
of the α-Al phase for HPDC A383 alloys were measured using EBSD, and the 
results indicate that neither Sr additions nor heat treatment had an effect on the 
grain size of α-Al. The addition of Sr changed the morphologies of Si particles 
from needle-like shapes to fine fibrous shapes by generating multiple twining in 
eutectic Si particles. This twinning is nanoscale in nature and was revealed in 
related TEM measurements. In addition, EBSD was used to confirm the crystal 
structures and space groups of the Fe-rich intermetallics observed in HPDC A383 
alloys. These intermetallics are a source of concern for maintaining the ductility 
of the casting. The results revealed that there were two types of Fe-rich 
intermetallics: “sludge” (Al15(Fe,Mn,Cr)3Si2) with a polygonal morphology and 
α-Fe intermetallic (Al8Fe2Si)  with a Chinese-script shape. Despite different 
morphologies and compositions, both intermetallic types possessed the same 
space group, Im3̅. No needle-like β-Fe intermetallics (Al5FeSi) were observed.  
We will combine these observations to discuss how the microstructural 
characteristics of the castings impact their mechanical properties.  
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Applying EBSD, PED, and TKD for Examining Microstructural 
Deformation in Cold Sprayed Materials 

Tian Liu1, Jeremy D. Leazer2, Luke N. Brewer1* 
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This work studied the microstructure evolution during the cold spray (CS) 
deposition of binary Al-Cu alloys. A series of Al-Cu alloy coatings, ranging from 
2 to 5 wt% Cu, were produced using a low-pressure CS system with helium as the 
carrier gas. Single impacted Al-Cu particles were also generated using a modified 
cold spray experiment for studying the building blocks of cold sprayed materials. 
Microstructural evolution caused by the CS process was investigated using EBSD, 
precession electron diffraction (PED), and transmission Kikuchi diffraction (TKD). 
The deformation of cold sprayed materials was characterized using x-ray 
diffraction and neutron diffraction. The feedstock Al-Cu alloy powders presented a 
cellular solidification structure, while the cold-sprayed coatings displayed a slightly 
deformed version of this starting microstructure at the prior particle centers, and a 
completely transformed microstructure near the boundaries between prior particles. 
Grain refinement occurred at the interfacial regions between prior particles, as 
ultrafine grains (~100 nm in diameter) were observed at the interface. Dislocation 
densities of Al-Cu coatings increased with copper content based on x-ray line 
profile analysis. Neutron diffraction peak breadth increased linearly with copper 
content, suggesting a higher degree of plastic deformation with increased alloy 
content as well. EBSD measurements showed weak fiber textures parallel to the 
deposition direction for this set of alloys. These microstructural changes correlated 
with the increased coating hardness measured for increasing copper content. Both 
PED and TKD effectively displayed the deformation crystallography in single 
impacted particles.  PED and TKD results showed that the individual particles 
experienced large deformation upon impact (approximate average strain of 60%), 
and nano-scale grains were formed at the particle/substrate interface. The relative 
strengths and weaknesses of these two techniques will be discussed. 
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Study of Damage Evolution in Tantalum using EBSD 

Ramon M. Martinez1*, Veronica Livescu1, George T. Gray III1, 
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Shock-loaded materials experience complex loading paths that evolve both 
spatially and temporally depending on experimental parameters. Without in-situ 
diagnostics, the identification of damage processes and their temporal evolution is 
very difficult. Material behavior subjected to dynamic loading is of paramount 
interest to advancing the development of predicting deformation, damage initiation, 
and evolution in metals during high velocity impacts. Nucleation of physical events 
within highly coupled processes is not a fully understood phenomenon but 
necessary in representing material behavior predictability. Predominately but not 
specific to, instances of interest are found in: ballistic impacts, blast loading, 
automobile crash, etc. Spall failure is heavily influenced by the microstructure and 
loading conditions and is the principal failure mode in shock driven metallic 
materials.  
This study investigates the response of wrought and additively manufactured (AM) 
high purity tantalum. AM tantalum used for characterization was selected after 
various iterations of metallographic imaging to determine build parameters that 
achieve pore-free material. The samples were explosively loaded in identical 
conditions. Electron backscattered diffraction (EBSD) characterization is applied 
to determine where spall damage nucleates and grows within the microstructure of 
shock loaded materials and to study the influence of microstructure anisotropy in 
damage distribution and development. EBSD study of the texture, kernel average 
misorientations, and geometrically necessary dislocation densities revealed the 
effect of microstructure due to additively manufactured specific traits that affect 
grain nucleation and growth. The nucleation sites as well as the mechanisms of void 
formation were examined. 
Void nucleation is where microstructural imprint can be best represented. In this 
case, we found that void damage nucleation and development is strongly influenced 
by microstructural parameters such as grain size, shape, and orientation with respect 
to loading. 
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Microstructure Evolution During Incremental Sheet Forming 
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Incremental Sheet Forming (ISF) is a novel manufacturing process where metal 
sheet is locally deformed by a rigid tool that moves along a pre-defined tool path. 
It serves as an alternative to conventional sheet forming processes such as 
stamping and deep drawing, offering cost savings for small volume production. 
Two variants of ISF include Single Point Incremental Forming (SPIF), which is 
die-less, and Two Point Incremental Forming (TPIF), which uses a full or partial 
die. For this study, sheets of AA 7075-O were formed at room temperature into 
single angle cones and variable angle funnels by SPIF, and “heart shaped” 
components by TPIF. As-formed parts were characterized for grain structure and 
texture evolution by Electron Backscatter Diffraction and X-Ray Diffraction. 
Strain history of several locations along the component walls was tracked during 
forming using finite element analysis. Grains elongated along component walls 
with increasing equivalent strain. Both grain length and width evolved linearly 
with strain, indicating that the grains were elongating proportionally to the 
equivalent deformation of the sheet. The <111> texture variant was strong 
perpendicular to the elongation direction. Experimentally measured texture results 
were compared to textures generated by crystal plasticity finite element (CPFE) 
simulation. 
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Transmission Kikuchi Diffraction Studies of Fissile Precipitates in Irradiated 
Nuclear Fuel 

Rachel L. Seibert1*, Kurt A. Terrani2, Jeff Terry1
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This work focuses on utilizing transmission Kikuchi diffraction (TKD) to 
characterize fission products in the silicon carbide encapsulating layer of 
tristructural-isotropic (TRISO) nuclear fuels. TKD is a modern technique similar 
to traditional electron backscatter diffraction (EBSD) but which utilizes electron 
transparent samples prepared for transmission electron microscopy, positioned 
horizontal to or slightly back-tilted from the EBSD detector. It was chosen for its 
increased resolution compared to that of traditional EBSD, with the hopes that 
nanometer sized precipitates could be characterized. The TRISO fuel samples 
studied were neutron irradiated to a burnup of 19.6% fissions per initial heavy 
metal atom. Palladium and uranium fissile precipitates on the range of a few 
nanometers up to 1.5 µm, which had diffused into the silicon carbide layer, were 
targeted for analysis. Distribution of fission products along preferential grain 
boundaries has been previously observed and is confirmed in this study. Work 
will be presented demonstrating the successful use of TKD to characterize larger 
fission products found within the samples. However, we were unable to 
characterize smaller fission products despite the improved resolution of TKD. A 
discussion will take place about what did and did not work for identifying 
precipitates, and approaches to be taken for future work to better optimize the data 
collection process for high Z fissile materials inside of a low Z matrix. 

61



The power of exploratory subsetting in EBSD:  An example revealing hidden preferred 
crystallographic orientations in additively manufactured Inconel 718 

Scott Sitzman*, Tait McLouth, Paul Adams, Glenn Bean, David Witkin and Brendan Foran

The Aerospace Corporation; El Segundo, CA 
*Email:  scott.d.sitzman@aero.org

The ability of EBSD to deliver spatially resolved crystallographic orientation information enhances the 
characterization of materials in ways unavailable to researchers relying on global orientation techniques 
such as traditional modes of x-ray and neutron diffraction.  Metallurgical additive manufacturing (AM), a 
very active and important area of research in materials science and aerospace, is a beneficiary of this 
capability and is the subject of considerable recent EBSD activity.  Microstructures generated by AM are 
generally unlike those of any traditional cast or wrought materials of the same composition, commonly 
presenting highly complex and discontinuous grain and phase structures.  These are best analyzed in 
EBSD using a subsetting (pixel group isolation)-intensive approach, as if the material is comprised of 
separate structures which can exhibit interesting characteristics in isolation and in their interrelationships.  
An illuminating example is provided by an experimental AM sample of Inconel 718 (IN718), a common 
and important nickel-based superalloy, built using a continuous scan strategy.  This sample presents a 
strong {100} || laser track quasi-fiber texture, and a subset of all pixels contributing to it reveals only a 
slightly purer fiber texture than the dataset as a whole.  This stands in contrast to the preferred orientation 
among pixels contributing to a much weaker {110} peak aligned with the build direction.  A subset made 
of this peak exhibits a clear two-orientation preference, where the orientations are related by an apparent 
90° rotation about the common {110} peak.  The slightly more populated of these also contributes to the 
main {100} || laser track peak dominating the entire dataset, the weaker contributing to a second {100} 
peak normal to the build direction.   

These minor populations, with clearly crystallographically-controlled orientation inter-relationships and 
relationships to the sample build and laser track directions, give unique insight into the solidification 
process of AM IN718 that would otherwise be lost among the more dominant orientation signals. This 
demonstrates the particular usefulness of an exploratory, subsetting-focused EBSD data analysis strategy 
for AM materials. 
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Determining Favorable Microstructures for Ferroelastic Deformation in 
Ceramics 

Charles S. Smith1*, Jessica A. Krogstad1 

1Department of Materials Science and Engineering, University of Illinois at 
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Ferroelastic deformation enables toughening in a variety of electroceramic and 
structural ceramic materials through the nucleation and motion of ferroelastic 
domains. Unlike other common toughening mechanisms, ferroelastic toughening 
is an intrinsic toughening mechanism and can occur without sacrificing the 
microstructural and phase homogeneity of the ceramic. However, the effect that 
local microstructure has on ferroelastic deformation and the mechanisms involved 
in domain nucleation and motion are largely unknown. In this study, the effect 
that crystal orientation and local microstructure have on ferroelastic deformation 
is studied. Electron backscatter diffraction (EBSD) is used to map crystal 
orientations in polycrystalline ceramics that are then subjected to various loads 
using micro-indentation. The orientations of grains that are favorable for domain 
nucleation can then be determined. EBSD is also used to select grains with 
desired orientations for nanopillar fabrication using a focused ion beam (FIB). 
Nanopillars are then deformed using in situ transmission electron microscopy to 
observe the ferroelastic domain nucleation and measure the associated stresses. 
Using these methods, the stress required for domain nucleation in single crystals 
has been observed to exceed previously reported values for similar ceramics. 
Furthermore, the nucleation of domains in polycrystals has been observed to be 
sensitive to the stress state induced using different forms of micro-indentation. 
These results have implications for designing microstructures to most effectively 
utilize ferroelastic deformation for toughening.  
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Assessing the CVD growth kinetics of hexagonal boron nitride on Cu, Ni and 
their alloys using electron microscopy techniques 
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Hexagonal boron nitride (h-BN) is a hot topic of study in recent years as it is being 
considered as a potential substrate and a tunnel dielectric for vertical two-
dimensional (2D heterostructure devices. Large area (in sq.cm) growth of 
hexagonal boron nitride has been demonstrated on polycrystalline metal foils such 
as Cu and Ni using chemical vapor deposition (CVD) in both low-pressure 
(LPCVD) and atmospheric pressure (APCVD) variants. While monolayer and 
multilayered (> 2 layers) films of h-BN haven been grown using CVD, the growth 
kinetics, mainly the role of polycrystalline substrate grain orientation is not fully 
understood. 

In this work, we will grow h-BN using atmospheric pressure CVD on 
polycrystalline Cu foils (25 µm, 99.98% pure), and CuNi alloy substrates. The 
CuNi alloys are prepared by thermal annealing Cu foils electroplated with Ni at 
1000°C for >5 hours in H2/N2 environment. Various alloy concentrations can be 
created by changing the electroplating current density and time. h-BN is grown on 
Cu and alloy substrates using CVD at 1030°C in H2/N2 environment at ambient 
pressure with ammonia borane as the precursor. After the growth of h-BN, we 
characterize the samples using Fourier transform grazing-incidence infrared 
reflection absorption spectroscopy (FT-IRRAS) to confirm h-BN film growth. We 
then use electron and scanning probe microscopy, and photoelectron spectroscopy 
to further characterize the h-BN films.  

We will present some of our findings on the nature of the substrate (polycrystalline 
Cu, and CuNi alloy) morphology and grain orientation that affect the growth of h-
BN. We will use scanning electron microscopy (SEM), in secondary electron mode 
along with an in-lens detector, and electron backscattering diffraction (EBSD) to 
establish a relationship between the h-BN crystal growth with the substrate. Growth 
kinetics, mainly h-BN crystal size and density over growth time, will be assessed 
by using SEM. EBSD will be used to obtain the substrate microstructural 
orientation map and correlate the substrate grain orientation maps with SEM 
micrographs to assess the h-BN crystal size and density dependency on substrate 
grain orientation.  
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Investigating the possibilities of high speed, high angular precision 
EBSD  

Pat Trimby1*, Jenny Goulden1, Angus Bewick1
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In recent years there has been significant interest in the development of high 
resolution (HR) EBSD, in which pattern correlation techniques are used to 
calculate small diffraction pattern shifts relative to reference patterns. This has 
enabled analyses with significantly improved angular resolution compared to 
standard Hough-based indexing, with angular precision routinely reported below 
0.01°. Further recent advances have explored the potential of “forward modeling” 
in EBSD, involving generating simulated patterns close to each measured 
orientation and utilizing image correlation techniques to refine the orientation 
measurement. This has proved particularly valuable for dictionary-based 
indexing, and offers significant potential for further improvements to Hough-
based indexing. 
However, these approaches routinely require significant offline data processing, 
incorporating diffraction pattern saving, the generation of simulated patterns and 
subsequent image correlation and analysis. In this study we investigate real-time 
data acquisition approaches to determine the limits of both speed and angular 
accuracy. We have explored the benefits of CMOS technology in an EBSD 
detector, with a powerful combination of both high pattern resolution AND high 
speed, and have studied the angular precision afforded by both conventional 
Hough based indexing, modified Hough-based indexing and a real-time solution 
refinement approach (“Refined Accuracy”) within the acquisition software. 
The results show that there is a significant underestimation in the literature of the 
angular precision of real-time EBSD indexing. Tests on a silicon single crystal 
show that an angular precision <0.05° is easily achievable at speeds in excess of 
100 patterns per second (pps) using EBSP resolutions of 622 x 512 pixels. Even 
further improvements in precision can be achieved using megapixel resolution 
patterns with slower frame rates, with achievable values in the 1/100th degree 
range. It is also notable that at high speeds (>3000 pps) an angular precision better 
than 0.2° is still achievable using a CMOS-based EBSD detector. 
We will explain and discuss the implications of these findings for EBSD 
applications, and show examples of high angular resolution EBSD in both the 
materials and geologic sciences. 
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Electron backscattered diffraction (EBSD) is a technique regularly used to 

obtain crystallographic information from inorganic samples. Especially when 

EBSD is acquired with EDS simultaneously, sample microstructure can be 

thoroughly characterized both structurally and compositionally. For organic 

materials, coherent Kikuchi patterns do form when electron beam interacts with 

crystalline material. However, such patterns tend to be weak due to lower average 

atomic number in organic material. What makes it worse is that the patterns fade 

quickly and disappear completely once a critical electron dose is exceeded, which 

inhibits successful collection of EBSD maps from organic materials. We aim at 

opening new avenues of crystallographic characterization for organic crystal 

molecules.  
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