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PROGRAM SCHEDULE

 EBSD 2016 
 An MAS Topical Conference on Electron Backscatter Diffraction 

 
Monday, May 23, 2016 

 
3:00-

6:00pm 
On-site check-in and Live Vendor Demo Sign-up  

(BEVILL Building Lobby/Main Entrance, UA Campus) 
Receive conference badge, program book, tutorial slides, banquet ticket, etc. 

Sign-up for live vendor EBSD demo time slots held the following day 
 
 

Tuesday, May 24, 2016:  Tutorials and Live EBSD Demonstrations  
(Please see page 8-9 for detailed tutorial schedule) 

 
7:30-5:30 On-site check-in and Live Vendor Demo Sign-up  

(BEVILL Building Lobby/Main Entrance) 
8:30am Basic EBSD Tutorial 

Shelby Hall 1004 
Advanced Tutorials 
Shelby Hall 1092 

Live Vendor 
Demos 

 
9:00am TKD Tutorial  8:30am-1:00pm 

 (CAF-Bevill Building) 
(Requires prior sign-up 

with vendors) 
 
 

10:00am PED Tutorial 
11:00am HR-EBSD Tutorial 

12:00pm ---LUNCH--- (Shelby Hall Rotunda)  
1:00pm Basic EBSD Tutorial 

Shelby Hall 1004 
Advanced Tutorial Labs 

See page 11-12 for locations 2:00pm 
3:00pm ---BREAK--- 

(snacks in Shelby Hall Rotunda) 
3:15pm Case Studies: Materials 

Science (Shelby Hall 1004) 
Basic EBSD Tutorial Laboratories 

See page 11-12 for locations 
 

4:15pm ---BREAK--- 
(snacks in Shelby Hall Rotunda) 

4:30pm Case Studies: Geoscience 
(Shelby Hall 1004) 

Basic EBSD Tutorial Laboratories 
See page 11-12 for locations 

 
5:30-

8:30pm 
Live Vendor Demos 

(CAF-Bevill Building) 
(Requires prior sign-up with vendors) 

 

  



 

8

PROGRAM SCHEDULE CONTINUED

 EBSD 2016 
 An MAS Topical Conference on Electron Backscatter Diffraction 

 
Wednesday, May 25, 2016: Technical Symposia, Day 1 

(Shelby ROOM 1004, Shelby Engineering and Science Quad, UA Campus) 
 

8:00am-
12:00pm 

Continued on-site check-in (Shelby Hall Rotunda) 
Poster setup in Shelby Hall Rotunda 

 

 
Session 1: Transmission Kikuchi Diffraction 

8:30am Transmission Kikuchi Diffraction: What Comes Next? Pat Trimby (invited), Sydney 
University 

9:10am Optimum Geometry for Transmission Kikuchi 
Diffraction using SEM 

Laurie Palasse, Bruker Nano 

9:30am Texture Analysis of Friction Stir Welded Copper-
Niobium Nanolamellar Composites 

Josef Cobb, Mississippi State 
University 

9:50am ---BREAK--- 
Session 2: Applications to Complex Materials Microstructures 

10:20am Understanding Fatigue Crack Initiation and the Early 
Stages of Crack Growth using Electron Backscatter 
Diffraction 

Sushant Jha (invited), Air Force 
Research Laboratory 

11:00am Onset of Abnormal Grain Growth in Nickel-200 Within 
the Low-Strain Regime 

Olivia Underwood, Sandia 
National Laboratories 

11:20am The Microstructure and Texture Evolution of Extruded 
Pure Polycrystalline Magnesium under Compressive 
Pre-Deformation Effects 

Duke Culbertson, University of 
Nevada Reno 

11:40am The Role of Texture and Grain Size During Abnormal 
Grain Growth in Mo 
 

Philip J. Noell, University of 
Texas at Austin 

12:00pm ---LUNCH--- 
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PROGRAM SCHEDULE CONTINUED

 EBSD 2016 
 An MAS Topical Conference on Electron Backscatter Diffraction 

 
Session 3: Applications to Geological Sciences 

1:00pm How to Measure Fracture Opening Rates using Quartz 
C-Axis Orientations 

Estibalitz Ukar (invited), 
University of Texas at Austin 

1:40pm Variation in Magnitude of Differential Stress and 
Development of Quartz Crystal Fabrics Across an 
Exhumed Continental-scale Thrust Zone 

Alexander D. Lusk, University 
of Southern California 

2:00pm EBSD and Correlative CL Analysis of Naturally-
Deformed Zircon (ZrSiO4) 

Giancarlo Jones, University of 
Western Ontario 

2:20pm ---BREAK--- 
Session 4: Applications to Materials for Energy Production 

2:50pm EBSD of Nuclear and Irradiated Materials Chad M. Parish (invited), Oak 
Ridge National Laboratory 

3:30pm High Resolution EBSD Analysis of Grain Boundary 
Normal Stress Near Dislocation Channel–Grain 
Boundary Interaction Sites in Irradiated Austenitic 
Stainless Steel 

Drew C. Johnson, University of 
Michigan 

3:50pm Characterization of Hydrogen Induced Cracking in 
Pipeline Steels using Electron Backscatter Diffraction 

M. K. O’Brien, Colorado 
School of Mines 

 
Poster Session 

4:10pm Poster Previews in Shelby Rotunda  
4:20pm Poster Session in Shelby Hall Rotunda  
5:30pm ---BREAK--- 

Banquet 
6:00pm Drinks at Tuscaloosa River Market  
7:00pm Banquet dinner at Tuscaloosa River Market  
9:00pm Adjourn  
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PROGRAM SCHEDULE CONTINUED

 EBSD 2016 
 An MAS Topical Conference on Electron Backscatter Diffraction 

 
Thursday June 19th 2014: Technical Symposia, Day 2 

(Shelby ROOM 1004, Shelby Engineering and Science Quad, UA Campus) 
 

8:00am Congregate and coffee (Shelby Hall Rotunda) 
 

Session 5: EBSD Technique Development 
8:30am High Angular Resolution EBSD: Current Progress, Case 

Studies and Limitations & Future Potential 
Britton, T.B. (invited), 
Imperial College 

9:10am Selecting a Reference Point within a Grain for 
Orientation Deviation Calculations 

Stuart Wright, EDAX Inc. 

9:30am Resolving Pseudo-Symmetries with EBSD Ali Gholina, University of 
Manchester 

9:50am ---BREAK--- 
Session 6: EBSD Technique Development 

10:20am EBSD Pattern Simulations and Dictionary-Based 
Indexing 

Marc De Graef (invited), 
Carnegie Mellon University 

11:00am Application of Precession Electron Diffraction in 
Understanding Indentation-Induced Grain Growth in 
Nanocrystalline Metals 

 

G.B. Thompson, University 
of Alabama 

11:20am Error Analysis of Orientations and Misorientations 
Obtained by the Dictionary Approach to Electron 
Backscatter Diffraction Indexing 

Farangis Ram, Carnegie 
Mellon University 

11:40 Comparison of Dislocation Mapping using Electron 
Channeling Contrast Imaging and Cross-Correlation 
Electron Backscattered Diffraction 

Bret E. Dunlap, Michigan 
State University 

12:00pm ---LUNCH--- 
 

Session 7: Deformation Fabrics 
1:00pm Orientation-Dispersion Analyses: a Unifying Micro-

kinematic Framework 
Seth C. Kruckenberg 
(invited), Boston College 

1:40pm Statistical Symmetry of Lattice Preferred Orientations Christopher J. Thissen, Yale 
University 

2:00pm EBSD and Biomineralization in the Fossil Record Alberto Pérez-Huerta, 
University of Alabama 

2:20pm Closing Remarks and Adjourn  
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 EBSD 2016 
 An MAS Topical Conference on Electron Backscatter Diffraction 

 
BASIC EBSD TUTORIAL SCHEDULE 

Tuesday, May 24, 2016 
 

7:30-8:30am On-Site Check-in and Live Vendor Demo Sign-Up  
(BEVILL Building Lobby/Main Entrance) 

8:30am Welcome and Brief Tutorial Overview 
(Shelby Hall 1004) 

Luke Brewer 
8:35am Introduction to EBSD 

(Shelby Hall 1004) 
Yoosuf Picard 

9:20am EBSD Technology Engine 
(Shelby Hall 1004) 

Marc De Graef 
10:15am ---BREAK--- 
10:30am Sample Preparation: Material Science & Engineering 

(Shelby Hall 1004) 
Luke Brewer 

11:15am Sample Preparation: Geoscience 
(Shelby Hall 1004) 
Alberto Perez-Huerta 

12:00pm ---LUNCH--- 
(Shelby Hall Rotunda) 

1:00pm Acquisition 
(Shelby Hall 1004) 

Elena Miranda 
2:00pm Post Processing EBSD Data 

(Shelby Hall 1004) 
Andrew Cross 

3:00pm ---BREAK--- 
3:15pm Case Studies: Materials Science  

(Shelby Hall 1004) 
Joe Michael 

Basic EBSD Laboratory 
Demonstrations 

Central Analytical Facility 
1 2 3 4 5 

Bevill 
1014A 

Bevill 
1071 

Bevill 
0056 

Bevill 
1018B 

Bevill 
1014D 

4:15pm ---BREAK--- 
4:30pm Case Studies: Geoscience  

(Shelby Hall 1004) 
Elena Miranda/Whitney Behr 

Materials Science Tutorial Demo 
Central Analytical Facility 

6 7 8 9 10 
Bevill 
1014A 

Bevill 
1071 

Bevill 
0056 

Bevill 
1018B 

Bevill 
1014D 

 

 

BASIC TUTORIAL SCHEDULE
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 EBSD 2016 
 An MAS Topical Conference on Electron Backscatter Diffraction 

 
ADVANCED TUTORIALS SCHEDULE 

Tuesday, May 24, 2016 
 

7:30-
8:30am 

On-Site Check-In and Live Vendor Demo Sign-Up  
(Bevill Building Lobby/Main Entrance) 

8:30am Welcome and Brief Tutorial Overview 
(Shelby Hall 1004) 

Luke Brewer 
9:00-

9:45am 
Transmission Kikuchi Diffraction 

(Shelby Hall 1092) 
Patrick Trimby 

10:00am ---BREAK--- 
10:15-

11:00am 
Precession Electron Diffraction 

(Shelby Hall 1092) 
Edgar Rauch 

11:00-
11:45am 

High Resolution EBSD 
(Shelby Hall 1092) 

Ben Britton 
12:00pm ---LUNCH---  

(Shelby Hall Rotunda) 
1:00-

3:00pm 
Advanced Tutorial Laboratories  

(Central Analytical Facility, Bevill Building) 
TKD PED HR-EBSD 

 Bevill 
1014A 

Bevill 
1071 

Bevill 
0056 

On TEM  
(Bevill 1018A) 

On SEM  
(Bevill 1018B) 

1-1:40pm Group 1 Group 2 Group 3 On Analysis 
Software  

(Bevill 1003) 

On Analysis Software 
(Bevill 1000) 1:40-2:20pm Group 3 Group 1 Group 2 

2:20-3:00pm Group 2 Group 3 Group 1 
3:00pm ---BREAK--- 

 

ADVANCED TUTORIAL SCHEDULE
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ABSTRACTS
Transmission Kikuchi Diffraction: What Comes Next?

Patrick Trimby1*, Glenn Sneddon1, Andrew Breen1, Connor Oakman1, Katja Eder1, Julie M. Cairney1

1 The University of Sydney; Sydney, Australia

*Email: patrick.trimby@sydney.edu.au

Transmission Kikuchi Diffraction (TKD) has become an established alternative scanning electron microscope 
(SEM) - based diffraction technique for applications in which conventional electron backscatter diffraction (EBSD) 
provides insufficient spatial resolution. Published examples of TKD analyses include characterizing nanostructured 
and highly deformed metals, determining phase changes in oxide scales, studies of crack tip propagation and inves-
tigations of superconductors. An effective spatial resolution in the range of 2-10 nm makes TKD a viable alternative 
technique to precession electron diffraction techniques in the transmission electron microscope (TEM).

However, the combination of the versatility of the SEM as an analysis platform and the relative ease of use of 
TKD makes it worthwhile exploring new application fields for this technique. In this paper we aim to demonstrate 
some of the directions we are taking with TKD in our laboratory, including:

- Developing a technique for routine correlation between TKD and atom probe tomography

- Improving our understanding of the absolute spatial resolution of TKD (including the depth resolu-
tion), with assessment of the effects of atomic number, thickness and sample tilt

- Initial results from our first commercially-supplied deformation stage, configured specifically for 
TKD

- Initial investigations into the potential for pattern cross correlation with TKD (i.e “High Resolution” 
TKD).

Examples will be given of on-going work in these fields, along with an assessment of the challenges associated 
with each new application field.
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ABSTRACTS CONTINUED

Optimum Geometry for Transmission Kikuchi Diffraction using SEM 

 

Laurie N. Palasse, Daniel R. Goran 

 

Bruker Nano  

Am Studio 2D , 12 489 Berlin, Germany. 

Laurie.Palasse@bruker.com 

 

In this presentation we would like to review the advantages and challenges of the recently 

developed Transmission Kikuchi Diffraction (TKD) technique in SEM. TKD has been 

demonstrated to have a significantly better spatial resolution as compared to Electron Backscatter 

Diffraction (EBSD) performed on bulk samples [1-2].  It delivers orientation maps utilizing the 

same hardware and software configurations as in conventional EBSD systems but requires 

electron transparent samples. However, this standard TKD detector configuration has some 

limitations. When using a vertically positioned phosphor screen, the signal is captured at high 

scattering angles which results in a loss of signal as well as strong distortions in the Kikuchi 

patterns (TKP) induced by gnomonic projection. Besides, most of the transmitted signal does not 

reach the phosphor screen and results in lower quality patterns which can have negative effect in 

the measurement quality. 

The limitations of such non-optimal sample-detector geometry can be overcome by an on-axis 

detection system. With a horizontal phosphor screen placed underneath the specimen, the 

transmitted signal is captured where it is the strongest and TKPs will have minimal distortions. 

Additionally, using low probe currents allows to increase the spatial resolution and to reduce the 

beam-induced sample drift as compared to standard TKD detector configuration [3-4]. The 

improved stability and high spatial resolution allow the user to conduct large-area TKD 

orientation mapping. We will demonstrate that statistical data can be obtained for the quantitative 

characterisation of partially recrystallized nanostructured stainless steel sample in the SEM. 

 

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, vol.120, 16-24, 2012. 

[3] M. Abbasi et al., ACS Nano, vol.9, no.11, 10991-1002, 2015. 

[4] Fundenberger J.J. et al., Ultramiscroscopy, vol 161, 17–22, 2016. 

 

 



 

15

ABSTRACTS CONTINUED

Texture Analysis of Friction Stir Welded Copper-Niobium Nanolamellar 
Composites 

Josef Cobb1, Judith Schneider2, John Carpenter3, Donovan Leonard4 

1 Mississippi State University, Mississippi State, MS 
2 University of Alabama Huntsville; Huntsville, AL 

3 Los Alamos National Laboratories; Los Alamos, NM 
4 Oakridge National Laboratories; Oak Ridge, TN 

*Email: jbc251@msstate.edu 
 

Electron backscatter diffraction (EBSD) and transmission Kikuchi diffraction 
(TKD) are used to analyze the texture of friction stir welded copper-niobium 
nanolamellar composites for comparison to the parent material. The parent 
material is fabricated by accumulative roll bonding, and has relatively uniform 
individual layers which have a thickness of approximately 200 nm each. These 
layers undergo non-uniform refinement and distortion when subjected to the 
friction stir welding process. EBSD is used to analyze areas where layers remain 
larger than 100 nm, and TKD is used to analyze regions where layers are under 
100 nm, some as small as 30 nm. Typical FCC and BCC rolling textures found in 
the FCC copper and BCC niobium parent material are maintained on the 
retreating side of the weld, although this texture weakened on the advancing side 
of the weld. The weakening of texture is attributed to an additional flow/strain 
path occurring on the advancing side of the weld. Difficulties indexing TKD 
patterns in the strained material will also be discussed. 
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ABSTRACTS CONTINUED

Understanding fatigue crack initiation and the early stages of crack growth 
using electron backscatter diffraction

Sushant Jha1,2, Vikas Sinha3, Reji John1, James Larsen1, Adam Pilchak1*

1 Air Force Research Laboratory (AFRL/RXCM); Wright Patterson AFB, OH

2UTC; Dayton, OH

3 UES; Dayton, OH

 *Email: adam.pilchak.1@us.af.mil

Titanium alloys lack hard second phases and inclusions which often initiate cracks in other structural ma-
terials based on Fe, Al, and Ni. As a result, fatigue crack initiation is a strong function of the local micro-
structure and texture. Due to the relatively small degree of plasticity that occurs during the early stages of 
crack growth, fatigue cracks often take transgranular paths along preferred crystallographic planes leaving 
a highly faceted feature in the crack wake. In this work, EBSD was used to interrogate the crack initiation 
sites of titanium alloys at multiple length scales. The crack-initiation facets were characterized by a com-
bined EBSD and quantitative tilt fractography method and the data revealed

consistent differences in the orientations of the first grain to crack in low- and high-lifetime specimens. In-
vestigations into the early stages of growth through first and second nearest neighbor grains were conducted 
with EBSD performed on a small flat surface milled onto the fracture surface using a focused ion beam. 
Finally, the role of longer-range microstructural influences were obtained by sectioning or serial sectioning 
into the fracture surface and performing large-area EBSD scans. These data define a complete set of de-
scriptors about the microstructural “weak links” in the material. Using AFRL’s DREAM.3D, we use these 
segmentation criteria to quickly analyze thousands of instantiations of statistically equivalent digital micro-
structure to model the probability of occurrence of the weak links in a given volume of material.
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ABSTRACTS CONTINUED

Onset of Abnormal Grain Growth in Nickel-200 Within the Low-Strain Regime

Olivia Underwood1*, Jonathan Madison1, Joseph Michael1, Bonnie McKenzie1, 

Rich Martens2, Gregory Thompson2, Shery Welsh3, Jeffrey Evans 

1Materials Science & Engineering Center, Sandia National Laboratories, 

Albuquerque, NM  87185

2 Metallurgical and Materials Engineering, The University of Alabama 

Tuscaloosa, AL 35487

3Interceptor Knowledge Center Engineering Directorate, Missile Defense Agency 

Redstone Arsenal, AL 35808

*Email: odunder@sandia.gov

It is widely understood that the mechanical properties of metals are heavily influenced by grain size and grain 
boundary character. Grain boundary engineering (GBE) is one, often employed, method used to control the assem-
bly of grain boundaries. However, previous grain-boundary engineering studies have shown that it is rather difficult 
to reliably control grain size in low strained metals. Additionally, the phenomena of abnormal grain growth (AGG) 
and its contributing factors are still a subject of much debate in both GBE and non-GBE metals. Therefore, the main 
objective of this study is to experimentally observe the effect of temperature and cold-work on low-Σ coincident site 
lattice (CSL) boundaries and AGG in Nickel-200 within a regime of low strain using Orientation Imaging Microsco-
py. The onset of abnormal grain growth was observed to occur at specific pairings of strain and temperature following 
cyclic annealing throughout the low strain regime where reductions ranged from 0 < ε < 9%. The evolution of CSL 
boundaries and overall grain size distributions are also reported and shown.  An empirical relationship describing the 
impact of thermal exposure and initial strain content on the onset of AGG in Ni-200 is provided and suggestions for 
the mechanisms observed are given.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a 
wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear 
Security Administration under contract DE-AC04-94AL85000 
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ABSTRACTS CONTINUED

The Microstructure and Texture Evolution of Extruded Pure Polycrystalline 
Magnesium under Compressive Pre-Deformation Effects 

 
Duke Culbertson1, Qin Yu2, Yanyao Jiang1* 

 
1University of Nevada Reno; Reno, NV 

2Oregon State University; Corvallis, OR 
*Email: yjiang@unr.edu 

 
 
The microstructure and texture evolution of extruded pure polycrystalline 
magnesium under compressive pre-deformation in ambient laboratory air was 
investigated. Solid round dog bone-shaped specimens were compressed along the 
extrusion direction (ED) to -7% and -12% strain and then tensioned to failure. 
Electron backscatter diffraction (EBSD) inverse pole figure (IPF) maps, image 
quality (IQ) maps, and pole figures were taken using companion specimens to 
examine the microstructural and textural evolutions along the loading curves. The 
compressive pre-deformation resulted in significant {101̅2}-type twinning, which 
was nearly exhausted around -10% strain. {101̅0}-type twins and {101̅0}-{101̅2}-
type double twins are observed in the twinned regions following the exhaustion of 
{101̅2}-type twins. De-twinning was observed upon the tensile re-loading. The 
rate of de-twinning was dependent on the number of twin variants present in the 
twinned grains. More twin variants resulted in a slower rate of de-twinning. After 
the exhaustion of de-twinning, abnormal tension twins of relatively low Schmid 
factor are observed in nearly {101̅0} grains. 
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ABSTRACTS CONTINUED

The Role of Texture and Grain Size During Abnormal Grain Growth in Mo

Philip J. Noell1, Eric M. Taleff1*

1 The University of Texas at Austin; Austin, TX

*Email: philip.noell@utexas.edu

Abnormally large grains were produced in molybdenum (Mo) through plastic deformation at elevated tempera-
tures in the vicinity of 0.6 TM. This process, known as dynamic abnormal grain growth (DAGG), is capable of rapidly 
producing large single-crystals in the solid-state. Observations of DAGG in a commercial-purity Mo sheet material 
indicate that  DAGG grains prefer to initiate and grow near the sheet center. Cross-sections of this Mo material were 
examined using EBSD to evaluate through-thickness variations in crystallographic texture and grain size. A significant 
through-thickness variation in crystallographic texture exists in this material but does not appear to directly influence 
DAGG propagation. Instead, dynamic normal grain growth, which may be influenced by texture, preferentially occurs 
near the sheet surface prior to DAGG. High temperature tensile deformation produces many abnormal grains in this 
material. Abnormal grains oriented with the <110> crystallographic direction approximately along the tensile direction 
grow more readily during deformation than abnormal grains that do not share this orientation. Data produced using 
the EBSD technique will be discussed and interpreted to explain the effects of grain size and crystallographic texture 
on DAGG in this material.
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ABSTRACTS CONTINUED

How to measure fracture opening rates using quartz c-axis orientations

Estibalitz Ukar1*, Stephen E. Laubach1, Randall Marrett2

1 Bureau of Economic Geology, Jackson School of Geosciences, The University of Texas at Austin; Austin, 
Texas

2 Department of Geological Sciences, Jackson School of Geosciences, The University of Texas at Austin; 
Austin, Texas

*Email: esti.ukar@beg.utexas.edu

Networks of naturally open fractures provide conduits for fluid flow, and may influence hydrocarbon recovery, 
hydrogeology, and underground fluid storage. Predicting fracture network growth and resulting patterns is essential 
for effective engineering intervention yet challenging because rates and timing of natural fracture growth are largely 
unknown, impeding model validation. To validate process-based models that can predict fracture network growth 
and resulting patterns, fluid inclusion-based fracture temperature histories correlated to independently estimated 
burial thermal history gives timing and opening rates of some fractures, but these types of data are time consuming 
to collect and application is restricted to samples that contain large, two-phase aqueous fluid inclusions from rocks 
with well constrained thermal histories. Rate and timing inferences can be extended using fracture cement distri-
butions and textures and the Lander and Laubach (2015) model that accounts for crystal growth patterns in quartz 
cement in sandstone fractures. The model predicts that for quartz deposited synchronously with fracture opening, 
spanning potential, or likelihood of quartz deposits that are thick enough to span between fracture walls, depends on 
temperature history, fracture opening rate, size of the opening increments, and size, mineralogy and crystallographic 
orientation of substrates in the fracture wall (transected grains). The model predicts that c-axis orientation distribu-
tions of spanning and non-spanning quartz is a measure of fracture opening rate. Using EBSD maps and SEM CL 
we evaluate the model by comparing spanning predictions to quartz c-axis orientation distributions of spanning and 
non-spanning quartz deposits. Tests were conducted on eight fractures in four sandstone formations having simi-
lar quartzose composition and grain size but differing temperature histories based on fluid-inclusion assemblages 
and differing opening rates documented with fracture temperature history derived from fluid inclusion assemblage 
sequences and burial history. Spherical statistical analysis shows that, in agreement with model predictions, bridging 
crystals have a preferred orientation with c-axis orientations at a high angle to fracture walls. Using crystals with the 
lowest spanning potential based on crystallographic orientation (c-axis parallel to fracture wall) and a temperature 
range for fracture opening measured from fluid inclusion assemblages, we calculate maximum fracture opening rates 
that allow crystals to span. Minimum opening rates can be calculated based on the crystallographic orientation of 
failed bridges that did not span across incremental opening gaps. Calculated rates are comparable to those derived 
independently from fracture temperature histories based on burial history and multiple sequential fluid inclusion 
assemblages. Our results suggest that EBSD maps, which can be more rapidly acquired than measurement of tens to 
hundreds of fluid inclusion assemblages, can provide a useful measure of relative opening rates within populations 
of quartz-filled fractures formed under sedimentary basin conditions. Such data is useful for evaluating fracture 
pattern development models.
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ABSTRACTS CONTINUED

Variation in Magnitude of Differential Stress and Development of Quartz Crystal Fabrics Across an 
Exhumed Continental-scale Thrust Zone

Alexander D. Lusk1*, John P. Platt1

1 University of Southern California; Los Angeles, CA

*Email: luska@usc.edu

The Moine Thrust Zone (MTZ), located in NW Scotland, formed as a result of the closing of the Iapetus Ocean 
and docking of various terranes and arcs (Scandian Phase of the Caledonian Orogeny, ca. 450-415Ma). The MTZ as 
defined here comprises three major foreland-propagating, eastward-dipping thrust faults, the latest of which is the 
Moine Thrust fault, emplacing Proterozoic Moine Supergroup psammites (Moine Nappe) westward onto Cambro-Or-
dovician shelf sequence rocks and Lewisian basement gneiss. The Ben Hope Thrust is the next major thrust structur-
ally up from the Moine Thrust and emplaces the Ben Hope Nappe, also composed of Moine Supergroup psammites, 
onto the underlying rocks of the Moine Nappe. The thrust system is thought to have been exhumed while still active, 
resulting in exposure of deeper structural levels of the MTZ in the structurally higher nappes.

Here we present a transect across the Moine and Ben Hope Thrusts, from the head of Loch Eriboll to the summit 
of Ben Hope, utilizing electron backscatter diffraction (EBSD) spectroscopy to examine the dynamically recrystal-
lized grainsize and crystal fabric development of quartz and feldspar. We use the empirically derived piezometers 
for dynamically recrystallized grainsize of quartz and feldspar to calculate the magnitude of differential stress across 
the transect. Stresses generally decrease eastward and structurally up from the Moine Thrust, where ultramylonites 
have an average grainsize of 14.7±5.8 µm, corresponding to a maximum differential stress of 63.5±17.0 MPa. Higher 
stresses towards the foreland likely reflect lower temperatures of deformation in rocks that before thrusting were at 
higher structural levels, and may have triggered a switch to grainsize sensitive creep, thus resulting in localization of 
strain and narrowing of shear zone width. Crystal fabric data in quartz and feldspar are used to infer dominant slip 
systems within the thrust zone rocks.
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ABSTRACTS CONTINUED

EBSD and correlative CL analysis of naturally-deformed zircon (ZrSiO4) 
Giancarlo Jones1*, Desmond Moser1, Sean Shieh,1 Ivan Barker1, Connor Davis1 

 
1 University of Western Ontario; London, ON 

*gjones47@uwo.ca 
 

Zircon is a highly valued mineral in the field of U-Pb isotope geochronology as 
zircon ages underpin the geologic timescale. EBSD analyses reveal a great variety 
of structure at the sub-micrometer scale in single zircon crystals from deformation 
zones within Earth’s crust. Such microstructural analysis is useful to the nascent 
field of strain-chronometry, since some microstructures are linked to egress of 
trace lead from the zircon crystal and thus partial to complete resetting of its 
radiometric age. We are investigating zircon from both tectonic and impact 
environments at varying depths through the crust, with the goals of linking 
microstructure with  deformation conditions and building a more predictive model 
for geochronology. Correlative microscopy was performed using a Hitachi 
SU6600 scanning electron microscope equipped with an Oxford Instruments/HKL 
EBSD system and a Gatan ChromaCL cathodoluminescence (CL) detector. 
Misorientation structures range from broad zones exhibiting several degrees of 
gradual lattice rotation, to abrupt 65 degree boundaries along twin lamellae. 
Representative data will be presented from major continental collision zones and 
impact structures on Earth and a meteoritic fragment of a planetesimal. While 
zircon that has deformed in both impact and tectonic events shows the action of 
dislocation creep in forming subgrain boundaries, the density of these boundaries 
varies widely as does the tendency to form as nets or straight lines. In many 
impact examples, grains display a palimpsest of several features corresponding to 
distinct deformation events within a shock loading and unloading sequence. Our 
work, together with that of other groups, shows promise in constructing a 
predictive deformation map for this important geologic dating tool.  
 
 
 
 
 
 
 
 
 
 

Left: CL image of zircon showing 
primary trace element zoning offset by 
microstructures. Right: EBSD 
misorientation map showing shock 
microtwin lamellae (red) and broad 
zones of lattice rotation (green, blue).  
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Nuclear power is still the primary non-carbon baseload electricity source in the world. Here at ORNL, we are 
pursuing many different materials science programs to both support the current fleet of nuclear reactors, and to pro-
vide the scientific basis to enable deployment of next-generation fission reactors and eventual fusion power. Electron 
backscatter diffraction is a vital tool for designing new materials and understanding the effects of irradiation and 
service on materials. In support of these studies are a JEOL 6500F SEM with EDAX EBSD and EDS, and an FEI 
Versa DualBeam with Oxford EBSD and EDS, both certified to handle and examine highly radioactive specimens, 
and in the case of the DualBeam, to perform FIB processing and milling. This talk will review several examples from 
our work on Department of Energy Nuclear Energy and Fusion Energy projects, emphasizing the problems solved 
by EBSD, and the difficulties encountered when examining radioactive and irradiated specimens. For instance, to 
support license extensions of the current light-water reactor (LWR) fleet, we used EBSD to investigate stress corro-
sion crack initiation and propagation in the irradiated austenitic steels. Additionally, EBSD was employed to analyze 
plastic deformation mechanisms in the irradiated metallic polycrystals. To support research into higher burnup of 
fuel, we have performed EBSD of LWR fuel from the HB Robinson power plant and observed a fine-grained high 
burnup structure, with significantly refined grains near pores that were prior-Xe bubbles before polishing. Silicon 
carbide is an important candidate material for accident tolerant fission fuels, and for fusion blanket technologies, and 
SiC is tremendously radiation resistant. However, joining SiC parts is very difficult. We made a series of SiC/SiC 
joints, using layers such as Mo and Ti3SiC2, and neutron-irradiated them, followed by polishing and EBSD to study 
the evolution of the bonding and cracking in the joint layers. This talk will show these and several other examples 
from recent ORNL nuclear materials problems, and will also discuss procedures and experimental concerns required 
for preparing, safely handling, and examining radioactive samples outside of a hot-cell environment.
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During irradiation, the primary deformation mode of austenitic stainless steel 
changes from homogeneous slip to localized heterogeneous deformation in the 
form of dislocation channeling. Slow straining in a high temperature argon 
environment performed on proton irradiated samples produced two types of 
dislocation channels: discontinuous channels, where the localized deformation is 
arrested at the grain boundary, and continuous channels where dislocations are 
transmitted across the grain boundary. With the emergence of High Resolution 
EBSD (HREBSD), small elastic strain measurements are possible with fine enough 
spatial resolution to calculate the elastic stress field ahead of both discontinuous 
and continuous channel – grain boundary interaction sites. Stress profiles have been 
calculated for both channel types using EBSD pattern cross correlation and pattern 
remapping with the Cross Court 4 software package developed by BLG Vantage. 
Tensile stress normal to the grain boundary was found to be roughly an order of 
magnitude greater at discontinuous channel – grain boundary intersections when 
compared to similar continuous channel interactions. Shape and magnitude of the 
stress profiles generated due to localized deformation have been correlated with 
grain size, grain orientation, Schmid factor, and channel height to help isolate the 
factors important for elevating stress values at the dislocation channel – grain 
boundary intersection site. Additional straining in a high temperature water 
environment provided Irradiation Assisted Stress Corrosion Crack (IASCC) 
initiation data, which was then coupled with the HREBSD calculated stress profiles 
and molecular dynamics (MD) simulations to gain deeper insight into the IASCC 
process. 
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In the oil and gas industry, there is an increasing desire to develop low carbon steel pipelines that can be 
used at higher operating pressures in sour service environments. The elevated levels of hydrogen sulfide 
present in sour service environments are thought to promote hydrogen ingress and cause internal cracking. 
This process is known as hydrogen induced cracking (HIC). The cracks that form during this process are 
both intergranular and transgranular. Electron backscatter diffraction (EBSD) may provide crystallographic 
information on susceptible regions of fracture. 

In this investigation, X52 and X70 steels were cathodically charged with hydrogen, sectioned, and subse-
quently characterized using EBSD. Both X52 and X70 are low carbon steels with thermomechanically pro-
cessed ferritic microstructures. X52 has a mixed ferrite/pearlite microstructure, whereas X70 has a non-equi-
axed, highly substructured ferritic microstructure. The goal of the study is to determine if there are particular 
boundary and plane characteristics that are related to HIC. To study intergranular cracking, misorientation 
distribution functions were obtained from undamaged specimens, along with grain boundary plane distri-
butions for specific misorientation angle/axis pairs. Discrete misorientation angle and axis plots are also 
being created from points across cracked grain boundaries, and are being compared to the misorientation 
information obtained from undamaged regions. In addition, plane traces have been superimposed adjacent to 
transgranular cracking regions. These plane traces indicate that transgranular cracking occurs along {100} 
planes. 
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It is ten years since the emergence of high angular resolution electron backscatter diffraction (HR-EBSD) and there-
fore it is timely to review the approach and consider some of its many contributions to materials science. 

HR-EBSD uses cross correlation of electron backscatter patterns to significantly increase the angular resolution 
by two orders of magnitude (0.5° for Hough based EBSD, ~0.006° for HR-EBSD). This increase in resolution enables 
measurements of residual elastic strain (i.e. stress) to be captured as well.

In this talk the basic method, first developed by Wilkinson et al. [1] will be introduced, together with recent im-
provements include robust fitting [2], pattern remapping [3] and sensitivity analyses [1, 4-6]. This will be supported 
with a few case studies, including: measurement of stress concentrations near grain boundaries in titanium [7]; capturing 
components of the deformation tensor in Ni alloys with high precision and comparisons with high spatial resolution 
digital image correlation [8]; and microstructure – deformation correlations in Ni alloys.

The talk will conclude with a brief discussion of limitations [9] and future potential of the technique, including 
accessing absolute values of elastic strain.

[1] Wilkinson, Meaden and Dingley (2006) Ultramicroscopy

[2] Britton and Wilkinson (2011) Ultramicroscopy

[3] Britton and Wilkinson (2012) Ultramicroscopy

[4] Britton, Jiang, Clough, Tarleton, Kirkland, and Wilkinson – Part 1 (2013) Ultramicroscopy

 [5] Britton, Jiang, Clough, Tarleton, Kirkland, and Wilkinson – Part 2 (2013) Ultramicroscopy

[6] Tong, Jiang, Wilkinson and Britton (2015) Ultramicroscopy

[7] Britton and Wilkinson (2012) Acta Materialia

[8] Jiang, Zhang, Dunne and Britton (2016) Under review

[9] Britton, Maurice, Fortunier, Driver, Day, Meaden, Dingley, Mingard and Wilkinson (2010) Ultramicros-
copy
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Many authors have shown maps reconstructed from EBSD data where the 
orientation deviation within a grain with respect to a specific reference orientation 
within the grain. These maps are sometimes referred to as Grain Reference 
Orientation Deviation (GROD) maps (e.g. S.I. Wright, M.M. Nowell, & D.P. 
Field (2011) "A review of strain analysis using electron backscatter diffraction." 
Microscopy and Microanalysis 17, 316-329.). Two parameters can have a 
significant effect on the maps: (1) the choice of tolerance angle for deciding 
whether two neighboring measurement points belong to the same grain and (2) the 
choice of reference orientation against which the orientation deviations are 
calculated. In this case, we focus on the choice of reference orientation. Several 
different criteria have been proposed for choosing an appropriate reference 
orientation including (1) the average orientation for the grain, (2) the orientation 
of the point in the grain with the lowest kernel average misorientation, (3) the 
orientation of the point at the geometric center of the grain, (4) the orientation of 
the point in the grain producing the largest average orientation deviation and (5) 
the orientation of the point in the grain producing the smallest average orientation 
deviation. The choice of reference orientation can have a significant effect on the 
GROD map its interpretation in light of the development of local strain and stress 
within the microstructure. (e.g. Y. Mikami, K. Oda, M. Kamaya, & M. Mochizuki 
(2015). “Effect of reference point selection on microscopic stress measurement 
using EBSD.” Materials Science and Engineering: A, 647, 256-264). In this 
presentation we focus on deviation from the reference orientation in terms of 
angle but the principle is also pertinent to the axis of rotation or even the strain 
tensor when the comparisons are done using cross-correlation techniques. The 
different reference orientation selection modes are evaluated using EBSD 
measurements from austenitic steel sample deformed using uniaxial tension in-
situ. 
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It is well known that pseudo-symmetries in crystal structures lead to problems of indexing with EBSD techniques 
[1,2].  One of the common examples of this problem is in low symmetry crystal structures that are close to possessing 
a higher symmetry. This is attributed to the high similarities in EBSPs between related orientations. . However recent 
developments in EBSD offer the potential to resolve the correct orientation of these challenging structures.

This novel approach uses the combination of ‘Refined Accuracy’ [3] and an updated reflector list, to resolve to the 
true Laue group symmetry.  This was first shown [4] by investigating pseudo-symmetry in γ-TiAl, where the tetrago-
nal structure has a c/a ratio of 1.018 that gives rise to mis-indexing about the [111] pseudo-symmetry three fold axes.

Here further results will be presented from tetragonal Zirconia which has generated a great deal of interest in 
industrial applications, such as self-healing thermal barrier coatings (TBC).  Tetragonal ZrO2 samples were fabricated 
using spark plasma sintering with packed powder (YSZ and MoSi2 mixture) sintered at 1500°C for 20 min, under an 
applied stress of 100MPa. The volume percentage of the MoSi2 was 20%. XRD was used to refine the crystal lattice 
parameter information for the ZrO2 phase.  The tetragonal structure gives rise to mis-indexing about the [201] pseu-
do-symmetry three fold axes.  However, correct indexing reveals boundaries of 90° rotation around <110> direction, 
where the presence of such boundaries correlate with the fore-scatter images.

References:

[1] D. Abou-Ras, J. Gibmeier, G. Nolze, A. Gholinia and P. Konijnenberg, ‘On the capability of revealing 
the pseudosymmetry of chalcopyrite-type crystal structure’, Cryst. Res. Technol. 43, No. 3, 234-239 
(2008).

[2] L.N. Brewer and J.R. Michael, ‘Risks of ‘Cleaning’ Electron Backscatter Diffraction Data’, Microscopy Today, 
10-15 (2010). doi:10.1017/S155192910000040

[3] K. Thomsen, N.H. Schmidt, A. Bewick, K. Larsen and J. Goulden (2013). Improving the Accuracy of 
Orientation Measurements using EBSD. Microscopy and Microanalysis, 19 (Suppl. 2), pp 724-725.

[4] A. Palomares-Garcia, R. Munoz-Moreno, M. Teresa Perez-Prado, J. Goulden, N-H Schmidt and J.M. 
Molina-Adareguia, RMS EBSD meeting proceedings 2015, UK.
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The ability to accurately simulate an EBSD pattern (EBSP), using both dynamical scattering theory and a proper 
accounting of the stochastic nature of electron back-scattering events, opens up a broad array of new approaches to the 
analysis of EBSPs.  In this presentation, we will begin by reviewing a forward model for EBSD, consisting of a Monte 
Carlo simulation of the exit depth, exit energy, and directions of outgoing BSEs, and a Bloch wave or scattering ma-
trix computation of a series of scattering master patterns.  We will describe the modified Lambert mapping that is used 
to efficiently store the simulated master patterns. 

Along with a set of accurate detector parameters, the master patterns are then combined into a simulated EBSP; 
since this latter step is based on bilinear interpolations of the master patterns, several hundred dynamical patterns can 
be generated per second.  We will illustrate the realism of the simulated patterns by comparing the patterns against 
several experimental data sets.  Master patterns can also be combined according to special orientation relationships, 
such as twinning relations, to generate simulated EBSPs for situations where the SEM interaction volume is signifi-
cantly larger than the microstructural orientation variants, so that only overlap EBSPs can be acquired.

The forward model can then be used to generate a dictionary of simulated patterns for a particular sampling of 
orientation space.  We will illustrate the use of the cubochoric rotation representation to obtain uniform samplings of 
SO(3); for each such sampling, a set of EBSPs can be computed which can be used subsequently to index an exper-
imental data set.  We will describe the indexing process as an application of dot products between high-dimensional 
vectors; we will also discuss the implementation of a number of related parameters, such as confidence index, and 
image quality. After a brief excursion into the indexing of electron channeling patterns (ECPs), we will conclude this 
contribution with a demonstration of a partial implementation of the EBSD forward model as a series of DREAM.3D 
filters.
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Nanocrystalline Cu and Ag thin films with and without a high density of twin boundaries have been in-
dented at room and liquid nitrogen temperatures to understand stress-driven grain growth. We have found that 
Cu films with a high density of twins shows more prominence for grain growth.  This growth was observed in 
the pile-up region of material around the indent. Using precession electron diffraction (PED), a clear reduction 
(even absence) of sigma 3 twins was present in the growth region speculating to a de-twinning mechanism.  
In the nanostructured Ag films, the cryo-indented grains appeared recrystallized near the surface of the pile 
up region along the indented surface. Such recrystallization was not strongly evident in the equivalent room 
temperature indents. 
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In the dictionary approach to electron backscatter diffraction indexing, a pattern’s 
orientation is determined by comparing it with a dictionary of dynamical, forward 
modelled electron backscatter diffraction patterns. Error analysis of orientations 
and disorientations obtained by this approach is the subject of this presentation. 
1000 simulated patterns with random orientations were indexed against two 
dictionaries of 1.4° and 0.7° sampling intervals. The dictionaries were generated 
by uniform sampling of cubochoric space. Pattern simulation and dictionary 
indexing were both performed using the dedicated EMsoft package (EMsoft 3.1, 
http://www.github.com/marcdegraef/EMSoft). Results show that for small 
patterns (60⨉60) with a low quality, the orientation error remains below 1.3° with 
a mean of 0.6° when the coarser dictionary is used. The finer dictionary leads to a 
maximum orientation error of 0.6° with a mean of 0.3°. These results are almost 
identical with the results of a pure geometrical consideration, where the minimum 
disorientation between 10,000 random orientations and orientations obtained by 
uniform sampling of the cubochoric orientation space with sampling intervals 1.4° 
and 0.7° is obtained. This shows that the simulated patterns resemble the 
experimental patterns so closely that their effect in error analysis is minimal. 
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The plastic deformation of polycrystalline metals necessitates heterogeneous 
motion of dislocations, with the manner in which these dislocations interact with 
grain boundaries being critical to the process.  In this study, dislocation 
interactions at grain boundaries were characterized using nanoindentations in 
body-centered cubic tantalum.  The resulting dislocations were characterized 
using both electron channeling contrast imaging (ECCI) and cross-correlation 
electron backscattered diffraction (CC-EBSD).  To compare single and bi-crystal 
deformation, nanoindentation was carried out both near to and far from grain 
boundaries.  EBSD was used to determine grain orientations and grain boundary 
misorientations, while atomic force microscopy (AFM) was used to map 
topographies developed from nanoindenation.  The dislocation distributions were 
then determined using ECCI, with corresponding geometrically necessary 
dislocation (GND) maps calculated from CC-EBSD using OpenXY [1].  
Qualitative comparison of the dislocation distributions observed from ECCI and 
the GND maps shows strong agreement.  Quantitative assessment was carried out 
by determining the Burgers vectors of the ECCI observed dislocations using 
contrast analysis and comparing the results to the CC-EBSD derived GND 
distributions.  The advantages and limits of each technique were evaluated.  The 
shear across grain boundaries was assessed based on the incoming and outgoing 
Burgers vectors of the dislocations at the grain boundary.  By comparing AFM 
topography measurements of corresponding single and bi-crystal indents, the 
effect of the nature of the grain boundaries on dislocation motion across the 
boundaries was assessed.  
 
[1] - OpenXY, Brigham Young University, GitHub.com, 2015 
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Aggregates deformed by crystal plastic mechanisms commonly exhibit intragranular crystallographic distortion 
(e.g., undulose extinction, subgrain development) that record detailed information about the micro-scale rotation of 
material in geological shear zones. Critical for relating microstructural features to deformation histories and deforma-
tion models is the objective and quantitative identification of principal kinematic axes. Evidence from model-based 
and sample-based investigations of shear deformations indicates that the principal kinematic axes of deformation need 
not be aligned with those of the finite strain ellipsoid, and as such, fabric elements alone may be unreliable for the 
sake of determining local kinematics. Furthermore, to directly compare quantitative kinematic proxies from different 
materials requires a unifying analytical framework that is independent of material composition and dominant slip 
systems.

We present a new quantitative approach, crystallographic vorticity axis (CVA) analysis (Michels et al., 2015) that 
leverages orientation statistics to determine a grain-scale orientation-dispersion axis from crystallographic orientations 
within a single grain. From many grains, a preferred dispersion axis can be identified, which has been shown to ap-
proximate the direction of a mesoscopic vorticity vector related to the sample’s deformation history. This sample-scale 
approach been demonstrated in a range of minerals and lithologies, and has also been shown to provide a compelling 
match to vorticity axes in a variety of monoclinic deformation scenarios, including simple-shear, wrench-dominated 
transpression, and coaxial-dominated transpression.

Advantages of such dispersion-based analyses include: (1) a unifying analytical framework by which to com-
pare different mineral phases and rock types; (2) vorticity axis estimates are independent of information about the 
orientation of specific fabric elements (i.e., foliation and lineation) or assumptions about deformation geometries; (3) 
grain-scale crystallographic dispersion tensor quantities (such as the principal dispersion axis for CVA analysis) can 
be directly related to other quantitative grain-scale characteristics within a sample (i.e., phase, size, shape-orientation, 
etc.).
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We introduce a new method for analyzing the symmetry of lattice-preferred orientations (LPO) in deformed rocks. 
At present, these textures are usually analyzed in an empirical fashion, by comparison with experimental results and 
inspection for asymmetry in pole figures. Our approach is based on Curie’s symmetry principal, which states that the 
symmetry of deformation textures is directly related to the symmetry of the deformation. Steady, homogeneous defor-
mation can be classified into five types of symmetry: isotropic, axisymmetric, orthorhombic, monoclinic, or triclinic. To 
quantify the symmetry of the LPO we find the set of statistically significant symmetry elements, such as mirror planes 
and rotation axes. Using the distribution of symmetry elements present in a given LPO fabric, we similarly classify an 
LPO texture as isotropic, axisymmetric, orthorhombic, monoclinic, or triclinic. The method provides a quantitative way 
to interpret the symmetry of the deformation, such as pure shear vs. simple shear, or plane strain vs. flattening. 

Our analysis focuses on finding the set of statistically significant 180 degree rotation axes. To find the symmetry 
elements of an LPO texture, we search a grid of rotation axis orientations in the lower hemisphere of a stereogram, and 
invert the LPO distribution to produce a rotated version of the data. The original and rotated distributions are compared 
in orientation distribution space using a Kolmogorov-Smirnov test to measure the probability that the distributions are 
similar, save for random variation. We illustrate our technique using synthetic LPO data, laboratory-deformed and nat-
urally-deformed olivine LPO data, and LPO data from naturally deformed quartz mylonites. 

The method has four primary advantages:

1)  Symmetry elements are quantified statistically.

2)  Symmetry is determined using complete crystal orientations rather than specific crystal directions.

3)  Crystal orientations are interpreted as one of five symmetry types, even for minerals with complex pole figures.  

4)  The method should apply to any mineral. 
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Electron backscatter diffraction (EBSD) is a crystallographic technique traditionally applied to conductive ma-
terials in the fields of materials science and engineering. For geological samples, this technique was first applied in 
mineralogy and is currently widely used in studies related to structural geology, igneous and metamorphic petrology, 
and meteorites. In addition, EBSD has proven to be a very powerful technique in the understating of crystallization in 
biomineralization studies. The aim of this talk is to analyze the potential use of high-resolution EBSD for the identifi-
cation of primary biomineral structures in the fossil record. Overall, finding such primary structures in fossils contrib-
utes to a better understanding geological processes and biological adaptation to past environmental changes, while 
also offering a new perspective on the fundamental mechanisms underlying biomineralization. 
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The accuracy of electron backscatter diffraction (EBSD) for small-scale strain mapping is assessed using the 
multi-axial strain field surrounding a wedge indentation in Si as a test vehicle. Confocal Raman microscopy (CRM) is 
also used as an independent measure of strain for comparison with the EBSD results. Additionally, the surface profile 
around the indentation is measured using atomic force microscopy (AFM) and the strain field around the indentation 
is modeled using finite element analysis (FEA) such that the calculated surface topography is best fit to the AFM 
surface profile. The assessment consists of (1) direct experimental comparisons of strain and deformation and (2) 
comparisons in which the modeled strain field is used as an intermediate step, so that experimental data (EBSD and 
Raman) can be compared with calculations fit to the results of a third technique, AFM. Direct experimental methods 
(1) consist of comparisons of surface elevation and gradient measured by AFM and EBSD, and comparisons of Ra-
man shifts measured by CRM to those predicted by EBSD. Comparisons that utilize the combined FEA-AFM model 
(2) consist of predictions of distortion, strain, and rotation for comparison with EBSD measurements, and predictions 
of Raman shift from the complete calculated strain tensor for comparison with CRM measurements. For both EBSD 
and CRM, convolution of measurements in depth-varying strain fields is considered. The interconnected comparisons 
suggest that EBSD was able to provide an accurate assessment of the wedge indentation deformation field to within 
the precision of the measurements, approximately 2 × 10−4 in strain. CRM was similarly precise, but was limited in 
accuracy to several times this value. NIST is currently developing strain standards using SiGe deposited epitaxially 
on Si [1] where strains in the Si are in the 1% to 2% range, significantly higher than strains relevant to metals. The 
strains in the indentation strain field range from near zero to 1% and beyond. Thus, the metallurgically interesting 
strain regime has been probed and the results show that EBSD is potentially as accurate and precise at low strains as 
at high strains.

[1] M.D. Vaudin, W.A. Osborn, L.H. Friedman, J.M. Gorham, V. Vartanian, R. F. Cook, Ultramicroscopy 148 
(2015) 94.
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In this study electron backscatter diffraction (EBSD) was implemented to track crack initiation and mi-
crostructurally small crack growth in a type 304L austenitic stainless steel. Specially designed round-corner 
square gauge specimens were used in order to obtain a flat surface in which EBSD could be implemented. 
The gauge sections were mechanically and elecrolitically polished to obtain a surface which indexable Ki-
kuchi patterns could be obtained during interrupted cyclic loadings. A series of fully reversed uniaxial load 
controlled tests were conducted in an interrupted manner until a dominate crack formed into the long crack 
growth regime or approximately 250 μm. At predetermined life intervals the specimens were removed from 
the fatigue machine and loaded into a FEG-SEM on a specially designed stage that held the gauge section 
at 70° from the electron beam for EBSD analysis. SEM imaging was used to locate crack initiation sites and 
measure crack length. EBSD was then used to obtain orientation and phase maps in order to determine the 
influence of defects, slip band intrusions/extrusions, twinning, grain orientation, and phase transformation on 
crack initiation and micro-crack growth. 
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Commercially Pure (CP) Titanium is used in many cardiac and neurological implantable applications, such as cas-
es for pacemakers and neuro-stimulation devices. In most instances, titanium is an excellent material choice due to its 
biocompatibility, high strength, low corrosion rate and MRI safety. CP titanium is susceptible to formation of hydrides 
and hydrogen embrittlement. This study looks at instances where titanium hydrides have been observed to occur and 
the factors that set the stage for the material vulnerability.

Characterization of hydrides poses a challenge due to the limited amount of techniques that can detect hydrogen. 
EBSD has proven to be a useful technique to characterize hydride formation in titanium. Several instances of titanium 
hydride have been observed in the welding of dissimilar materials to CP titanium. [1] In our system, we analyze the 
formation of titanium hydride between a tantalum wire and a CP titanium electrical contact. EBSD found a layer of 
material consistent with TiH2 (cubic) at the tantalum-titanium interface.  The extent of TiH2 formation was found to 
vary with time and hydrogen loading of the tantalum wire. EBSD was used to characterize the hydride phases, micro-
structure and preferred crystallographic relationships to the CP titanium grains.

[1] Joachim Hossick-Schott , Markus Reiterer, Jason Heffelfinger, Mike Hintz, Mike Ringle, Iryna Levina, Kevin 
Gaffney, Latent Cracking of Tantalum-Titanium Welds Due to Hydrogen Embrittlement. Journal of Metals, Vol. 65 
Issue 5, pp. 625-629, March 2013.
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Use of electron backscatter diffraction for phase discrimination has been 
thoroughly explored and shown to be a powerful technique when applied with 
care. There is a large demand for rapid and accurate phase discrimination of 
particles collected from the atmosphere, biosphere, and industrial environments. 
Several microanalytical techniques have been brought to bear on the issue 
including light and electron microscopy, energy dispersive x-ray spectroscopy, 
and electron diffraction. Scanning electron microscopy and energy dispersive x-
ray spectroscopy (SEM/EDS) are routinely employed for characterization of 
particulate. However, EDS alone is not adequate in some cases to positively 
determine which phase might be present in a sample, specifically if the 
composition of the materials are very similar, or if polymorphs are present. The 
addition of EBSD allows for rapid discrimination of crystalline phases. In the 
asbestos analysis industry, transmission electron microscopy (TEM) is the 
platform specified by regulations that is used for identification of mineral fibers as 
it has the ability to determine the composition and crystallography of sub-
micrometer diameter particles. One drawback of the use of TEM in this industry 
is the exclusive utilization of selected area electron diffraction (SAED). When 
compared to EBSD, SAED is much more cumbersome and not always conclusive. 
The use of SEM/EDS/EBSD in conjunction with TEM/SAED can provide critical 
information on the nature of sub-micrometer particulate present in samples of 
interest. As asbestos analysis transitions from concentrating on only the built 
environment to including analysis of particulates created in a natural environment 
better crystallographic information will be required to aid in the discrimination of 
mineral phases that were not normally encountered in routine asbestos analysis. 
Several examples of how EBSD can be used for identification of particulates will 
be presented and direct comparison to TEM results will be made. The use of 
SEM, advanced image analysis, and EBSD open the path to automation of 
asbestos analysis which has only been a dream for the past four decades. 
 

 

Poster #9



 

40

POSTER PRESENTATIONS CONTINUED
Advanced materials sample preparation by broad beam argon ion milling for EBSD 

analyses

Pawel Nowakowski*, James Schlenker, Mary Ray, Paul Fischione  
E. A. Fischione Instruments, Inc., 9003 Corporate Circle, Export, PA 15632 USA 

*Email: p_nowakowski@fischione.com 

Accurate sample preparation for electron backscatter diffraction (EBSD) analyses is critical
because the EBSD signal comes from the top tens of nanometers of the sample surface [1].
Therefore, sample surface must be free from contamination, oxidation, and, above all, 
crystallographic damage and plastic deformation [2, 3]. Various sample preparation techniques
are used to prepare samples for EBSD, such as mechanical polishing, electropolishing, focused 
ion beam (FIB), and broad beam ion milling. However, some of these techniques can introduce
sample damage. For example, mechanical grinding/polishing can result in plastic strain. A FIB’s 
high-energy Ga ions can damage a sample’s crystalline structure by introducing lattice defects 
(strain induction). FIB milling can also implant gallium ions into the sample surface, and can 
cause surface amorphization. In addition, the FIB technique is best suited to small sample 
preparation areas (approximately 50 x 50 µm) and, more specifically, specimen preparation for 
transmission electron microscopy (TEM). Mechanical polishing and FIB techniques can also 
result in dynamic phase transformation, which is often observed in austenitic steels or steels 
containing retained austenite. All of the sample changes induced during the preparation process 
can completely obstruct the EBSD signal.
The goal of this work is illustrate how the use of low-energy argon ion milling can improve and 
facilitate sample preparation for EBSD analyses. Several cases are considered:

• Lattice defect induction (strain induction) by mechanical polishing. A silicon <001> 
single crystal sample (EBSD calibration standard) was mechanically polished and argon 
ion milled. The kernel average misorientation (KAM) was calculated from EBSD data
before and after ion milling.

• Meta-stable austenite phase transformation induced during mechanical polishing of 
austenitic stainless steel 300 series samples.

• Materials that are challenging to prepare by conventional mechanical methods, such as
zirconium, aluminum, copper, and titanium. 

 

References 

1. A.J. Schwartz, M. Kumar, B.L. Adams, D.P. Field, Electron Backscatter Diffraction in 
Materials Science, Book, Springer, 2009.

2. S.I. Wright, M.M. Nowell, D.P. Field, A review of strain analyses using electron backscatter 
diffraction, Microscopy and Microanalysis, 17, p. 316-329, 2011.

3. D. Katrakova, F. Mucklich, Specimen preparation and electron backscatter diffraction, Part I: 
Metals, Praktische Metallographie , 38 (10), p. 547-565, 2001.
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The definitive indexing of phases with similar lattice parameters based solely on their Kikuchi patterns during elec-
tron back-scattering diffraction (EBSD) is an ongoing concern in the microanalysis of composite materials. A classic 
example is that of face-centered-cubic aluminium (Al, a ≈ 4.05 Å) and copper (Cu, a ≈ 3.62 Å) composites; where the 
individual phases are chemically distinct but the difference in their lattice parameters (a) is less than 12%. In this study 
we demonstrate that the acquisition of energy dispersive X-ray spectroscopy (EDS) information before the indexing of 
a Kikuchi pattern successfully identifies individual phases within (sub)grain interiors in a reference 8 pass accumulative 
roll bonded (ARB) Al-Cu composite material. However, the EDS-EBSD data acquisition process is unable to differen-
tiate between the phases near interphase boundary areas. Monte-Carlo simulations show that this error is attributed to 
differences in the size of the interaction volume and the apparent centre-displaced-from-the-origin of the received X-ray 
and back-scatter signals at high sample tilt. 

EDS/EBSD mapping and Monte-Carlo simulations over a range of accelerating voltages (5-30 kV) and sample tilts 
(60°-80°) provide the cross-over point between the EDS and EBSD signals. In turn, this information can be used to es-
timate the optimal step size to use for a given accelerating voltage and sample tilt. Alternatively, an optimal accelerating 
voltage for a given step size can be computed when there are limitations on the spatial resolution due to the microstruc-
ture type; such as the reference case of ultrafine grained ARB Al-Cu composites.
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Transmission-EBSD, or TKD, has been used for several years for mapping thin 
TEM-style lamella and nanoparticles. This technique is naturally compatible with 
atom probe tomography (APT) samples as their small sample thickness and needle 
shape is already required to enable the field-evaporation of material in APT. 
Transmission-EBSD of APT specimens not only allows the identification of grains 
and grain boundaries within a sample, but when used during the FIB milling 
process, ensures that a particular feature of interest can be maintained within the 
specimen, even when there is little normal imaging contrast.   

Because TKD patterns are primarily created from the exit surface of the 
specimen, all the grain information cannot be captured in a single image.  In this 
work we introduce tomographic rotation of the needle-shaped specimen to probe 
the entire surface region of the APT specimen. An example specimen is shown to 
contain two grains, but shows the smaller grain cannot be resolved in all 
orientations.  By combining t-EBSD maps at various rotation angles, the grain 
configuration in the near-surface region of the entire specimen is visualized in 3D.  

Transmission-EBSD tomography and APT complement each other well 
with t-EBSD providing orientation information gained from grains at the near 
surface region and APT providing compositional information in the core region of 
the same specimen. This type of correlative analysis approach provides a new level 
of microstructural analysis by combining crystallographic information and local 
chemistry information at the nanoscale. 
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Heat exchanger tubing made from Inconel 690 alloy were damaged during installation. The visible scratches ranged 
in depth from 2 to 11 microns; however it was found by EBSD studies that the lattice was affected for as deep as 100 
microns. To explore the entire deformation gradient, we compared the information obtained from EBSD maps of local 
crystalline lattice rotations with microstructure and microhardness results that showed the depth of work hardening 
underneath the damage. This information is important for understanding the corrosion susceptibility of the material.
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Tin whiskers are long, hair-like filaments of tin that spontaneously grow from pure tin plated surfaces. 
These whiskers grow unpredictably, and present a major challenge in microelectronic devices due to their 
tendency to electrically short neighboring components.  This problem has existed for over 50 years and 
despite considerable research into causes, mechanics and methods of mitigation, it remains an issue and has 
caused some notable failures.  A proposed mechanism of growth involves dynamic recrystallization (Vianco 
and Regent, J. Elec. Mater. 2009, 38, 1815), wherein a new “root” grain nucleates and grows with a strong 
out-of-surface directional preference to form hillocks and whiskers.  This process is driven by stress and 
strain reduction, where the growth of the root grain/whisker is fed by consumption of more highly strained 
material from elsewhere in the tin layer.  In the case of tin whiskers on a copper substrate, the stresses and 
strains primarily arise from the growth and concomitant volumetric expansion of an intermetallic layer be-
low the tin and an incompliant surface cap of tin oxide.

The existence of a recrystallized or recrystallizing root grain among the original, deformed grains can 
be tested by comparing the degree of plastic deformation between it and other grains in the tin layer.  In 
the present work, TKD is applied to make these comparisons since it is capable of measuring and mapping 
lattice rotation and other strain-related characteristics in detail across the single-micron scale tin grains.  
TKD requires exposure of the whisker root in a suitably thin (<100 nm) cross sectional sample, which may 
be prepared by standard FIB (Focused Ion Beam)-based TEM (Transmission Electron Microscope) sam-
ple preparation techniques.  Special care is necessary for tin, however, since severe artifacts can arise from 
interactions with the Ga ion beam, such as highly distorted whiskers and the appearance of balls of liquefied 
and re-solidified Ga-rich metal.  To avoid these, whiskers are coated in thick layers of electron beam-de-
posited Pt and remain attached to the plating, not cut off or cut short with the ion beam.   Backside-thinning 
techniques were used to shield the Sn layer and whisker from direct interaction with the ion beam other than 
glancing angle milling/thinning, which is otherwise difficult in conventional top-down milling with a rela-
tively large piece of material extending from the top.  

For this ongoing work, whiskers on a tin plated copper coupon from a larger tin whisker study are being 
extracted in lamellae for examination by EBSD and TKD.  Whiskers are chosen for a minimum of hillock 
and other features at their interface with the tin surface, and although the focus is on shorter whiskers which 
are simpler to prepare, longer whiskers will also be examined.  Analysis of the TKD results will focus on 
comparing characteristics of intra-grain deformation between whisker root grains with other grains in the tin 
layer.
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The mean recrystallised grain size of exhumed mylonites provides some of the only constraint on the 
magnitude of differential stresses in the non-seismogenic parts of the Earth’s crust and upper mantle. Often 
the mylonites that are used for palaeopiezometry studies have a population of large relict grains and a popu-
lation of finer recrystallised grains. These populations are usually separated by a grain size threshold, which 
causes a truncation of overlapping grain size distributions, thereby skewing mean recrystallised grain size 
(and paleo-stress) measurements. We therefore need a method of separating relict and recrystallised grains 
which is independent of grain size. Furthermore, although EBSD is widely used for the quantification of 
grain size, no paleopiezometers have thus far been calibrated using EBSD, which may cause a systematic 
discrepancy between measured and actual paleo-stress magnitudes. 

We have used EBSD to re-analyse samples previously used for a quartz recrystallised grain size palae-
opiezometer. We apply the grain orientation spread (GOS) as a measure of intragranular lattice distortion 
and present a method based on GOS to separate relict and recrystallised grain populations. Data processing 
was performed in the open-source MTEX toolbox for MATLAB. The separation of relict and recrystallised 
grains is robust for samples where relict and recrystallised grains have distinguishable lattice distortion 
(which acts as a proxy for dislocation density). Our EBSD palaeopiezometer calibration shows that there is 
a close correspondence between the EBSD and the original light-optical data. Offset from the original quartz 
piezometer is largely a function of the effective resolution of the EBSD data. 

Poster #18



 

46

POSTER PRESENTATIONS CONTINUED

Cross-correlative Precession Electron Diffraction – Atom Probe Tomography Study 
of Solute Segregation in Grain Boundaries

Xuyang Zhou1, Xiao-xiang Yu1, Tyler Kaub1, Richard L. Martens1, 

and Gregory B. Thompson1,*

1 The University of Alabama, Tuscaloosa, AL USA

Email: gthompson@eng.ua.edu

A cross-correlative precession electron diffraction – atom probe tomography investigation of Cr segre-
gation in a Fe(Cr) nanocrystalline alloy was undertaken. Solute segregation was found to be dependent on 
grain boundary type. The results of which were compared to a hybrid Molecular Dynamics and Monte Carlo 
simulation that predicted, for special character boundaries, the highest Gibbsain interfacial excess at the in-
coherent S3 followed by Σ9 and S11 boundaries with negligible segregation to the twin and Σ5 boundaries. 
These trends matched well with the experiment; however, the largest experimental segregation was noted 
in high angle grain boundaries which was linked to the onset of clustering. Revising the simulation from a 
single boundary to a polycrystalline structure, similar solute enrichment to the high angle boundaries were 
found. The solute-boundary segregation dependency is explained in terms of excess volume and the energy 
landscape of the solute in the boundary.
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Studies of dislocation density evolution are fundamental to improved 
understanding in various areas of deformation mechanics. Recent advances in 
cross-correlation techniques, applied to EBSD data, have particularly shed light on 
geometrically necessary dislocation (GND) behavior. However, the framework is 
relatively computationally expensive – patterns are typically saved from the EBSD 
scan and analyzed offline. Acquisition settings and image format can have a 
significant impact on both data collection time and computational power required 
to process and store the EBSPs. A better understanding of the impact of various 
forms of EBSD pattern degradation, such as binning, compression and various 
forms of noise, is vital to enable optimization of the process for rapid and low cost 
GND analysis. This paper tackles the problem by setting up an ‘ideal’ set of 
simulated patterns that mimic real patterns corresponding to a known GND field. 
The patterns are subsequently degraded in terms of resolution and noise, and the 
GNDs calculated from the degraded patterns using cross-correlation ESBD are 
compared with the original GNDs. The results demonstrate that the EBSD 
technique is sensitive to binning and Poisson type noise, but is not particularly 
sensitive to typical levels of image compression. 
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A site specific ~ 150 x 40 mm Gibbeon meteorite sample was prepared for ex situ lift out (EXLO) with a 25 keV 
Xe+ ion plasma focused ion beam (PFIB).  The large sample was manipulated to an EXpressLO grid using EXLO and 
then further PFIB polished with 20 keV Xe+ ions for electron backscattered diffraction (EBSD) at a step size of 100 
nm.  After EBSD, an ~ 80 mm length region of the sample was further PFIB milled to electron transparency ending 
with a 5 keV Xe+ PFIB polishing step.  30 keV scanning/transmission electron microscopy (S/TEM) imaging and 
transmission Kikuchi diffraction (TKD) was performed at a higher spatial resolution of < 10 nm to resolve the smaller 
sized 2-phase and fine grained regions in the meteorite. 300 keV STEM imaging with X-ray energy dispersive spec-
trometry (XEDS) analysis showed no detectable Xe in the specimen.  These results show that an EXLO PFIB sample 
lends itself nicely to multiple length scale analyses.

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned sub-
sidiary of Lockheed Martin Company, for the U.S. Department of Energy’s National Nuclear Security Administration 
under contract DE-AC04-94AL85000.
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Gleeble thermal simulation machine is a great tool for running the material improvement and development studies 
in laboratory scale trials, without any actual stripline interruption. In this sense, reliability of Gleeble thermal cycle 
data is of great importance to make sure that applied process roots will work for real scale stripline trials as well. At 
this stage, microstructural characterization for processed and finalized samples will show the level of dependability 
and accuracy of Gleeble thermal simulation studies. Therefore, a HSLA grade steel is studied for determining the mea-
surability of the effect of different heat cycles on inner structure. Different heat cycles were studied in Gleeble thermal 
simulation machine subsequent to JMAT-Pro software consulting. Next, electron backscatter diffraction (EBSD) char-
acterization is applied to see if the results are consistent with the expected phase transitions or not. Since the EBSD 
technique is an ideal tool to describe the multiphase nature of steels in a quantitative manner, diffraction patterns of 
different phases can be clearly distinguished for obtaining the correct discrimination. 
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In the last decade, EBSD has become a common tool in scientific research; it 
allows for routine analysis of misorientation effects caused by plastic 
deformation, twinning, phase transformations, irradiation, etc. However, instead 
of a large number of publications, the investigation of plastic deformation in the 
irradiated materials, even in common ones like austenitic steels, remains relatively 
limited in scope. 
 
Irradiation by high-energy particles, neutrons or ions, leads to the significant 
changes in the material structure, behavior, and performance. For example, 
radiation-induced hardening causes a strong increase of operational stress and 
elastic strains; numerous strain-induced slip lines are often being replaced fewer 
narrow defect-free dislocation channels.  
 
The present work discusses some recent EBSD results on deformation 
mechanisms, acting in the irradiated austenitic steels and the most important 
phenomena induced by plastic deformation (strain-induced phase instability, 
twinning). Dislocation channeling is discussed in details focusing on deformation 
localization and EBSD-related aspects. Additionally, some open challenges (e.g., 
the interrelation between plastic strain and stress corrosion crack initiation and 
propagation) and approaches taken to solve them are analyzed and discussed. 
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SEM-based Transmission Kikuchi Diffraction (SEM-TKD) [1,2] is an extension 
to the conventional  technique of reflection EBSD (using bulk samples) to 
transmission EBSD using thin samples.  The main advantage of SEM-TKD over 
the conventional method is an improvement in spatial resolution of point-analysis 
from small particles and of mapping data from thin films.  This improvement is 
primarily a consequence of examining thin, electron-transparent samples in 
transmission, which reduces the effective diffraction and escape volume, as well 
as the use of zero- to low sample tilts which reduces anisotropic beam-spreading 
effects.  The technique is used to produce 2D datasets from flat, thin sample areas.  
This data is used for microstructural analysis including crystallographic 
orientation, grain size, phase distribution, and grain boundary character and 
distribution.  It is especially useful in characterizing highly-strained materials and 
materials with grain sizes under 50nm.  
 
A significant attraction of TKD is that it can be realised using conventional EBSD 
hardware, without any modification.  However, for TKD the sample geometry, 
pattern centre (high or above the detector screen) and sample tilt (close to 
horizontal) are very different to those for conventional EBSD.  Thus the TKD-
mode imposes a more extreme case of the gnomonic projection which is already 
inherent to the capture of conventional electron backscatter patterns. The most 
notable effects of the TKD projection geometry are that horizontal bands near to 
the bottom of the screen are imaged wider than normal, and that the non-
symmetric intensity across these bands is highlighted.  Here we discuss how these 
distortions affect analysis using a conventional EBSP solving engine and some 
new technology developed to improve performance 
 
References: 
[1] R.R. Keller, R.H. Geiss, Transmission EBSD from 10nm domains in a 
scanning electron microscope, Journal of Microsopy 245 (2012) 245-251 
[2] Trimby, P.W., Orientation mapping of nanostructured materials using 
transmission Kikuchi diffraction in the scanning electron microscope, 
Ultramicrosopy 120 (2012) 16-24 
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EBSD and nanoscale mechanical testing both provide critical information to researchers who require structural 
and mechanical property data in order to properly assess the performance of a material.  Until recently, these analy-
ses were performed separately, but advancements in both techniques have allowed for a more integrated approach to 
materials characterization.  Improvements in pattern detection have allowed EBSD acquisition rates and overall ac-
curacy to increase significantly, which pairs well with ever-advancing in-situ mechanical testing techniques, such as 
nanoindentation and micropillar compression.  The high spatial resolution of both techniques pairs well and provides 
a more robust assessment of a material, not only before and after a mechanical test, but also under an applied stress.  
These combined analyses are rapidly expanding the understanding of deformation processes along with the associ-
ated microstructural details that impact the mechanical properties of a material.  This poster presents a study where 
EBSD was used to correlate the hardness and modulus values obtained by nanoindentation to the phase character of 
310 duplex stainless steel.
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A key parameter for successful EBSD pattern indexing is band detection.  If diffraction bands in the EBSD 
pattern are consistently detected successfully, these patterns will generally be indexed correctly and high indexing 
success rates achieved.  Alternatively if bands are not detected correctly, indexing performance will decrease.   It is 
important to note however that not all bands need to be detected correctly in order to determine the correct orienta-
tion solution. Band detection generally degrades as the signal-to-noise ratio (SNR) of the EBSD pattern decreases.  
Typical approaches to improving SNR involve operating the detector at lower gain settings and averaging multiple 
camera exposure frames.  These approaches however increase the acquisition time necessary for a given EBSD 
pattern and corresponding orientation map.  An alternative approach has been developed in which a pattern collected 
from any given measurement point is averaged with the patterns collected from all the spatially adjacent measure-
ment points in the collection array.  For example, with a hexagonal sampling grid, the pattern from each measurement 
point is averaged with the 6 nearest-neighbor patterns surrounding that point.  This averaging improves the SNR 
of the averaged pattern which results in improved EBSD indexing performance.  This approach allows operation 
at higher collection speeds and/or at lower incident beam currents while maintaining or improving EBSD indexing 
success rates.  Of course changes in crystal orientation within the averaged measurement kernel, either within a grain 
or across a grain boundary, can influence the effects of the averaging.  In this work, the effects of spatial averaging 
will be presented on a range of materials over a range of operating conditions to show how index success rates can be 
improved and data quality maintained while minimizing the live collection times required. 
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We investigate how the lower crust accommodates extensional collapse after orogeny by performing microstruc-
tural and electron backscatter diffraction (EBSD) analyses on three amphibolite samples (P1, P3 and P4) from the 
Resolution Island shear zone (RISZ), located in Fiordland, New Zealand. These samples were deformed at upper 
amphibolite facies conditions (T= 650-750 °C, P= 9-14 kbar) during the ~95-88 Ma interval as a granulite/eclogite 
facies orthogneiss dome was denuded by a system of amphibolite facies extensional shear zones. Microstructural data 
suggest dislocation creep in plagioclase accommodated by high temperature grain boundary migration. Hornblende 
microstructures reveal the onset of intracrystalline plasticity from low (P4) to high strain (P1 & P3). Average intra-
grain misorientation maps reveal higher strain in plagioclase relative to hornblende. Pole figure data show hornblende 
lattice preferred orientation (LPO) with {100} parallel to foliation and <001> parallel to lineation in sample P3, and 
sub-parallel to foliation and lineation in samples P4 and P1. Plagioclase LPO patterns reveal distinct fabric between 
samples with no noticeable progression of fabric development. In sample P1 plagioclase LPO patterns show {001} 
and <110> forming weak maxima sub-parallel to foliation and parallel to lineation, respectively, and {011} and 
<100> forming stronger maxima parallel to foliation and lineation, respectively. The pole figures of both minerals 
show a spread in maxima consistent with progressive fabric development during rotation about the X kinematic direc-
tion.

We interpret the spread in maxima in sample P1 as evidence of granulite fabric rotation into parallelism with 
amphibolite facies shear zones, which is consistent with field relationships that show transposition of steep, granulite 
facies foliations into subhorizontal amphibolite facies foliations along the margins of orthogneiss domes. Transpo-
sition was achieved by crystal-plastic deformation in plagioclase, oriented growth of hornblende, and subsequent 
crystal-plastic deformation in hornblende. We observe typical LPO patterns for hornblende, and the plagioclase LPO 
patterns in sample P1 are consistent with a transition from higher to lower temperature slip systems. Our results 
demonstrate a grain scale response to fabric transposition during retrogression from granulite to upper amphibolite 
facies metamorphism, consistent with a changing style of deformation and metamorphism at the root of a Mesozoic 
continental arc.  
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An EBSD Investigation on RA330 and Aluminized RA330 in a Gas Carburizing Furnace 
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High temperature corrosion resistant alloy RA330 is widely used for furnace fixtures in heat 
treatment processes. Aluminizing can be used to increase the high temperature oxidation and 
carburization resistance of nickel-based alloys. This paper presentation focuses on the capability 
of EBSD for obtaining the microstructural information from exposed near surface region of the 
RA330 alloy. In this paper RA330 and aluminized RA330 were selected to study their 
performance in an industrial carburization furnace for times up to one year. The oxidation 
properties and oxide stability at high temperatures will be presented.  In addition, the preliminary 
analysis of microstructural development during long term exposure experiments in an industrial 
carburizing furnace will be presented. These samples were characterized using optical and 
scanning electron microscope, EBSD, and x-ray diffraction.  It was found that the aluminized 
alloys exhibited lower weight gain and carbon uptakes.  
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Applying EBSD to Natural Geologic Settings: Paleopiezometry and Quartz Slip Systems from the 
Cordillera Blanca Shear Zone, Peru
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We present paleostress estimates and crystallographic preferred orientations (CPOs) derived from EBSD anal-
yses of naturally deformed quartz. The samples were collected from an exposed mid-crustal shear zone in the 
central Peruvian Andes that preserves the transition from ductile to brittle deformation. We compare data from 
three transects spanning ~50 km of the ~200 km long shear zone to evaluate spatial and temporal changes in 
deformation temperature and paleostress (flow stress) associated with strain localization along a low-angle 
brittle detachment fault that defines the upper boundary of the shear zone. Deformation temperatures are 
qualitatively estimated from quartz CPOs and paleostresses are derived from mean recrystallized quartz grain 
size.  These estimates provide a basis for interpreting rheology of quartz-rich materials as they approach 
the brittle-ductile transition (BDT). The BDT forms the base of the seismogenic zone, and thus quantifying 
deformation conditions near the BDT can aid in understanding material responses to seismic events and in 
modeling earthquake behavior. Characterizing deformation at the BDT also enhances understanding of how 
mid-crustal shear zones can accommodate local, regional, and global tectonic stresses and thus is fundamental 
to the development of robust lithospheric rheology models. 

Across all three transects, samples collected from positions farthest from the brittle detachment record rela-
tively high-temperature, low-differential stress conditions, whereas lower-temperature, high-differential stress 
conditions typically prevail nearest to the detachment. Crystallographic slip systems range from dominant 
prism <c> slip at positions away from the detachment to dominant basal <a> slip nearest the detachment, with 
intermediate positions involving variable components of prism <a>, rhomb <a>, and basal <a> slip. However, 
not all slip systems are observed in all transects. Using a 5-pixel minimum grain size, paleostress estimates 
range from ~15 MPa to ~60 MPa, with individual transects ranging from approximately 15-50 MPa, 30-55 
MPa, and 15-60 MPa.
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Accurate Detector Parameter Estimation for Dictionary-based Indexing of Diffraction Patterns
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The dictionary approach to indexing diffraction patterns has recently been shown to be a powerful alternative to 
the 2-D Hough transform for the indexing of Electron Backscatter Diffraction Patterns (EBSPs). The technique uses a 
physics- based forward model to generate a “dictionary” of patterns, which serves as a look-up table against which the 
experimental patterns are matched. This approach is extremely robust to noise, since the pattern matching uses the whole 
diffraction pattern and not just the locations of the Kikuchi bands. However, the generation of the dictionary relies on 
the accurate determination of the detector parameters including pattern center, sample to scintillator distance, and so on. 
The accurate determination of the detector parameters is also important in other applications, such as strain mapping 
using High-Resolution EBSPs. In addition, the generation of the dictionary requires that orientation space be uniformly 
sampled to obtain equal representation of all possible orientations. 

In this contribution, we will present a method to accurately determine the detector parameters using a class of deriv-
ative-free optimization algorithms. Specifically, our approach optimizes the cross correlation between the experimental 
pattern and a dynamically simulated pattern, using either a Nelder-Mead (Simplex) method or the Bound Optimization 
by Quadratic Approximation (BObyQA) algorithm. We will compare the results of this method to actual experimental 
patterns as well as calibrated samples, for which the parameters are already known. We will also detail the use of the 
so-called cubochoric representation of SO(3) to uniformly sample orientation space and misorientation iso-surfaces in 
a hierarchical manner, starting with uniform grids in a cube, followed by an equal-area mapping to the unit quaternion 
sphere. 
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Texture Variation Studies in NiTi Tubes Using EBSD
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NiTi alloys are used in biomedical applications such as stents because of their superelastic effect, biocom-
patibility and favorable mechanical properties. The texture of NiTi supplied in with various sizes of tubes 
has been characterized. Studies have shown that the mechanical properties, especially the fatigue properties 
vary among the various sizes of tubing. We hypothesize that this may be due to variations in texture due to 
the different strain states during tube drawing processes. The basis for this hypothesis is the evidence in the 
literature for the dependence of texture development in NiTi on processing history, as expected from crystal 
plasticity. We shall use EBSD to characterize the texture. Obtaining good EBSD patterns is a challenge in 
NiTi, predominantly because of surface relief that develops during sample preparation. The phase transfor-
mation from austenite to martensite, especially on the surface, is a challenge for developing good surface 
finish for EBSD. The residual stress from mechanical polishing also limits the quality of the EBSD patterns. 
Thus the properties of NiTi that make it so useful also result in demanding sample preparation for EBSD 
acquisition.
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EBSD-based Analysis of the Relation between Oxide Scale Microstructure and Pickling 
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Oxidation is a general permeative problem for almost all of the metals at raised process temperatures. For steels, 
especially during hot rolling, an oxide scale forms and later effects the surface quality. The surface quality, and hence, 
the commercial value of final products depend on the oxide scale properties and capability of removing them by steel 
manufacturer. The relation between initial microstructure of the scale and its removal by acid pickling, therefore has a 
great importance. The characterization of the oxide scale developed on hot-rolled strip surface is significant to fol-
lowing processing such as pickling and cold rolling. In this study, characterization of the oxide scale developed on 
commercial hot-rolled strips and the complex relationship between oxide scale properties and phase, grain boundary 
and grain size were investigated. Previous studies [6], investigated this relationship as well, however those studies 
concentrate on only in-house laboratory scale products. In this study, the hot-rolled-strips were taken from the mills 
of a commercial-integrared line. The pickling process was realized in samples cut from the strips, in a solution of 30 
parts HCl, 70 parts water. The samples dipped into this solution for 0.5 – 30 minutes. Afterwards, the microstructure of 
the pickled samples were compared to the initial non-pickled condition. The electron back-scatter diffraction (EBSD) 
technique was used to characterize the different layers and the texture as well as orientation relations of the scale layer 
of the samples. Since the crystal structure of those layers are different, EBSD technique can successfully identify them. 
Moreover, the oxide scale layers were characterized by Nikon Eclipse MA200 optical light microscope (OLM), Jeol 
JSM 7001F Schottky field emission gun (FEG) scanning electron microscope (SEM), energy-dispersive X-ray spec-
troscopy (EDS). EBSD and EDS analysis were performed on the mentioned FEG-SEM equipped with Oxford INCA 
and CHANNEL 5 software packages. The results indicate that, the present hot-rolled strip has mainly “magnetite”, 
as scale layer. Morever, the parts of this scale having larger grain size and higher energy grain boundaries are easily 
pickled. 
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Dislocation content measured via 3D HR-EBSD near a grain boundary in an AlCu oligocrystal
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Understanding dislocation-grain boundary interactions is crucial for plasticity modelling.  These inter-
actions are traditionally observed via transmission electron microscopy (TEM), but TEM methods observe 
a very small volume of material and are quite time consuming.  Electron backscatter diffraction (EBSD) can 
provide dislocation and grain boundary information at longer length scales for a fraction of the investment.  
However, because EBSD is a surface technique, the angle of a grain boundary out of plane and the lattice 
distortion derivative normal to the surface plane (necessary to fully determine Nye’s dislocation density 
tensor) are both unavailable.  Some effort has been made to gather three dimensional (3D) data around grain 
boundaries using a focused ion beam, but high resolution EBSD (HR-EBSD) methods have not been ap-
plied in 3D.  High resolution EBSD directly compares neighboring patterns using cross correlation to extract 
more accurate lattice information from EBSD patterns.  In this study, multiple sections are taken near a grain 
boundary in a deformed precipitation hardened AlCu (4  wt.% Cu) oligocrystal to determine the complete 
grain boundary character and the hard-to-access distortion derivatives.  This grain boundary is interesting 
because the grain boundary plane changes rapidly while the grain misorientation is roughly constant, pro-
viding insight into the effect of grain boundary character.
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Understanding Boundary Susceptibility to Embrittlement by Combined EBSD/EDS Analysis

Jordan Key1, Josh Kacher1
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Liquid metal embrittlement (LME) is the process whereby two metals, one in molten form, come in 
contact with each other, resulting in a significant loss of ductility in the solid metal. Here, we used Al-Ga 
as a model system to investigate the effects of grain boundary characteristics and networking to understand 
the relationship between microstructure and LME susceptibility. Scanning electron microscopy (SEM) and 
electron backscatter diffraction (EBSD) techniques were employed to characterize the initial grain boundary 
state prior to liquid Ga exposure. This includes both the grain boundary characteristics and, using point-to-
point misorientation measurements, the local dislocation density. Samples were then embrittled by exposing 
the surface of a polished Al sample to liquid Ga. Post-exposure SEM imaging combined with energy disper-
sive spectroscopy (EDS) analysis were used to determine the Ga ‘flow’ through Al grain boundary networks, 
with special attention paid to triple junctions where the Ga was seen to preferential segregate along one 
grain boundary and not the other. These triple junctions were then identified in the EBSD maps and cor-
relations were established between grain boundary structure or energy, surrounding dislocation state, and 
preferential gallium segregation. Additional transmission electron microscopy (TEM) characterization was 
performed to verify the SEM-based surface characterization and resolve dislocation structures.
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Sample preparation strategies for EBSD measurement on SEM using high- and low-
energy Ar ion beams 
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Sample preparation plays a crucial role in any investigation and it is particularly true for 

electron backscatter diffraction (EBSD) measurements. In this technique the information 

depth is as shallow as some tens of nanometer and this is the reason why this method requires 

damage- and oxide-free sample surfaces. There are a number of techniques for preparing 

specimens for EBSD, among others mechanical grinding and polishing, chemical etching, 

electropolishing and different ion polishing treatments. Unfortunately, there is no single 

technique and treatment that works with all materials and this is why it is essential to have a 

suitable protocol to achieve the desired result. In the past decades the ion milling and 

polishing techniques have been used increasingly. These techniques use either low-energy 

(0.1-2keV) and relatively high-energy (2-20 keV) ions of inert gases (mostly Ar or Xe) in 

near parallel beams, or ions of metallic origin (in most cases Ga) as in the focused ion beam 

(FIB) systems. The main benefit of the ion beam milling and polishing methods is that they 

are less sensitive to the chemical composition of the sample material. Nevertheless, the ion 

beam sample preparation also needs different approaches to the conductive and non-

conductive, hard and soft or homogeneous and inhomogeneous materials. In this presentation 

we show some examples how to achieve good EBSD results in case of different and even 

hardly polishable materials applying high- and low-energy Ar ion sample preparation method. 
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Directly correlating EBSD-based dislocation density measurements with TEM characterization by 
FIB lift out in additive manufactured IN718

Jeremy Yoo1, Todd Book2, Michael Sangid2, Josh Kacher1

1 Georgia Institute of Technology; Atlanta, GA

2 Purdue University; West Lafayette, IN

Electron backscatter diffraction (EBSD)-based dislocation density measurements have become a sta-
ple tool in scanning electron microscopy (SEM) analysis of deformed structures. However, despite its 
widespread application, there has been no direct verification of the measured densities. In this study, the 
dislocation density of a fatigued additive manufactured IN718 sample was characterized using curvature 
measurements obtained from EBSD analysis. Locations of high and low dislocation density were identified 
and correlated with microstructural features such as grain and twin boundaries. Focused ion beam machin-
ing was used to select and thin to electron transparency micron-scale lamella of material, which were then 
characterized via transmission electron microscopy (TEM). Using the g•b invisibility criterion and diffrac-
tion-based analysis, the Burgers vectors and line directions of the dislocations were determined. These data 
were used to reconstruct Nye’s dislocation density tensor, which was directly compared to the EBSD-based 
measurements. Discussion will focus on insights into the mechanics of dislocation accumulation during 
fatigue as well as the effectiveness of using macroscale deformation mapping techniques to understand local 
dislocation configurations.
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Shape memory alloys (SMAs) are a unique class of materials with significant 
power-to-weight ratios. Acting as actuators, SMAs are capable of replacing 
hydraulic and pneumatic systems where the size and weight of the application is a 
consideration. These alloys can be effectively strengthened by precipitating an 
L21 (Heusler) phase which is coherent with the parent B2 matrix in Nickel-
Titanium SMAs. Once strengthened, these alloys are capable of withstanding 
higher stresses without losing their ability to recover their original shape. This 
increased strength would allow SMAs to be more widely implemented in 
technological applications. Previous research on a nickel-titanium-hafnium-
aluminum system showed drastic increases in strength coupled with a reduction in 
transformation temperatures far below room temperature. Current work looks to 
improve upon these alloys in a newly designed Nickel Titanium Gallium ternary 
system through characterization of mechanical and thermal properties. Phase 
diagram information is developed through the use of diffusion couple 
experiments, and analyzed using advanced electron microscopy tools which allow 
for the determination of chemistry, relevant phases, and structure. Selectively 
designed alloys are then fabricated via arc melting with subsequent heat 
treatments in order to understand how precipitate volume fraction and chemistry 
alter the properties of the SMA system.  
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Microstructural Evaluation of Bond Enhancement Mechanisms for Cu/Al Laminates 
under Electrically-Assisted Roll Bonding
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The research objective of this project is to understand the bonding enhancement mechanism of solid-state 
bonding under the influences of continuous electric currents and further apply the underlying science to ad-
vance the roll bonding process for more cost- and time-effective laminated metal composite production. A 
new process called electrically-assisted roll bonding (EARB), which utilizes electric current to ease material 
deformation and bond formation, is being developed to increase the maximum reduction ratio of metals for 
metal joining and to improve the bonding strength in the bonded metal laminates. In this project, electron 
backscatter diffraction (EBSD) is utilized to evaluate the pristine starting microstructures of Al and Cu mi-
cro sheets and the microstructure of laminates after roll bonding with and without electric current load. An 
EDAX EBSD system on a FEI Quanta 200 was utilized to acquire inverse pole figure (IPF) and pole figure 
(PF) maps in order to determine the grain size and texture of Cu and Al sheets before and after roll bonding. 
The Al IPF maps for both 0 and 150 A current conditions indicate that the layered microstructure persists due 
to the dynamics of microstructure evolution during RB, however, the PFs show a significant change in the 
texture. The Cu IPF maps show a high degree of deformation and subsequent grain refinement for the Cu as 
compared to the starting Cu microstructure, with more grain refinement evident for the 150 A case.  A ~10 mi-
cron region at the Cu/Al interface is poorly mapped by EBSD, suggesting significant grain size reduction and/
or significant plastic deformation localized to within 5% of total metal layer thickness at the Cu/Al interface. 
Local TEM analysis of the Cu/Al interface indicates Al grain growth and significant shearing of the Cu with 
evidence of dynamic recrystallization. An analytical model is performed to estimate localized Joule heating 
and map temperature rise profile at the Al/Cu interface as a factor of initial surface topography and variation 
in interfacial local contact resistance. Results from this study confirmed the empirical EBSD/TEM observa-
tions and revealed that heating effects due to the electrical current (Joule heating) is more confined to the Cu/
Al interface during EARB. Therefore, local phenomena that take place at the interface due to the interaction 
between plastic deformation and electric current during EARB determine bonding properties in the fabricated 
laminates. Thus, EARB offers a route for manufacturing of Al/Cu laminates with enhanced mechanical prop-
erties as compared to the conventional Al/Cu roll bonded laminates.
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Numerous studies have confirmed that machining response such as machining forces and surface roughness 
strongly depend on the crystallographic orientation. These operations deform the surface beneath the cut, 
thereby altering the mechanical properties of the material at the surface. Therefore, the subsurface damage cre-
ated by the machining of polycrystalline materials require fundamental studies of deformation zones machined 
in single-crystals. In this study, electron backscatter diffraction (EBSD) is utilized to analyze the subsurface 
deformation zones resulting from machining of a [111] single-crystal Al in the form of a 2.5 mm diameter 
disk with 1.8 mm thickness.  A microtome was modified to create an orthogonal planning setup which was 
used to cut the sample along eight different crystallographic orientations.  The sample was machined with a 
0° rake single-crystal diamond tool at a cutting speed of 40 mm/s with 40 µm depth-of-cut. A Kistler 9256C2 
3-axis dynamometer was used to record forces in three mutually perpendicular directions. The sample was 
then mounted and polished in cross-section for subsurface EBSD mapping using an EDAX system on a FEI 
Quanta 200 scanning electron microscope.   Three sample cut orientations were analyzed corresponding to 
high, medium and low cutting forces.  Deformation zones were determined based on inverse pole figure (IPF) 
mapping and measurement of misorientation relative to the deformation free [111] out-of-plane direction well 
away (~100 microns) from the machined surface.  Deformation zones varied in size, from 20- 40 microns in 
depth.  Larger cutting force correlated to larger deformation zone.  However, Taylor factor mapping indicated 
an influence as well, with initial orientations having higher Taylor factor leading to significant deformation 
and a larger cutting force as well.   These results provide fundamental insights on the nature of anisotropy for 
machining crystalline metals and the resultant effects on tool cutting forces and deformation processes.
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Growth Direction Determination for Ge Nanowires on Graphene
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Ge nanowires (NWs) offer many opportunities for sensing and signal transfer in biomedical devices.  In this 
project, electron backscatter diffraction (EBSD) is utilized to determine the crystallographic growth direction of Ge 
NWs grown by the vapor-liquid-solid method catalyzed using Au nanoclusters directly on single-layer graphene.  
An Oxford Instruments EBSD system was utilized for point-by-point pattern acquisition and indexing inside a FEI 
Quanta 600 scanning electron microscope (SEM) operated at 20 keV and ~5 nA electron beam acceleration voltage 
and current, respectively.  Growth direction was extrapolated based on the physical direction of individual Ge NWs as 
imaged by tilt-corrected scanning electron micrographs in coordination with EBSD-measured pole figures for various 
crystallographic directions.  Consistently, the <110> and <112> were identified as favored growth directions for Ge 
NWs.  Evidence of NW kinks were also observed where the growth orientation rotated 30° about <111> directions.
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The Solid State Additive Manufacturing (SSAM) process referred to as Additive 
Friction Stir provides a new path for coating, joining, repair and additively 
manufacturing metals and metal matrix composites. The concept of Additive 
Friction Stir is similar to friction stir welding/processing (FSW/P) in that it is a 
solid state process that yields a metallurgical bond. Additive Friction Stir is a 
patented process, unique from FSW/P because it is additive. Filler materials in the 
form of solids or powders are added and during the process, heat generated by 
friction between the filler material and the tool shoulder under hydrostatic 
pressure and the substrate allows plastic deformation of both filler and substrate 
as they are stirred together. In coating applications, Additive Friction Stir is used 
to deposit a dissimilar material on the surface of a substrate. The result is a 
metallurgically bonded layer between the substrate and subsequent build layers. 
Because this is a solid-state process, Additive Friction Stir eliminates common 
problems such as porosity, hot cracking, segregation and dilution associated with 
fusion-based techniques. Other impacts on material properties of the coating such 
as grain refinement are a benefit of the process. Additive Friction Stir is highly 
scalable and can be used to coat and repair large parts or build fully-dense 
additive components. In this research, the dynamic recrystallization and grain 
refinement of Inconel 625, a nickel-based super alloy widely used in aeronautical, 
aerospace, chemical, petrochemical, and marine applications, was characterized 
for the successive layers in as-deposited samples using Electron Backscattered 
Diffraction (EBSD). The EBSD results depict fine equiaxed grain structures 
formed by dynamic recrystallization (DRX) with even finer grain structures 
forming at the layer interfaces. The EBSD observed grains as fine as 0.27 microns 
in these interface regions while the average grain size was approximately 1 
micron.  
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Understanding the Role of Dislocations on the Performance of Accelerating Cavities by EBSD
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While LHC is running since 2009, CERN continues working on accelerating cavity technologies, including 
superconducting cavities either for the future upgrades of LHC and its injection lines, or for other linear accelerator 
projects.  A significant contribution in development of materials and processing technologies for accelerating cavities 
is provided by the team of scanning electron microscopy of the EN-MME Materials section. The present contribution 
provides examples of investigations based on Electron BackScatter Diffraction (EBSD), aimed at understanding the 
role of dislocations on the Radio Frequency (RF) and Super RF (SRF) cavities manufacturing and performances. 

Samples under study are pure copper (Cu-OFE) and high purity niobium (Nb). 

To accommodate plastic deformation, the material can generate dislocations called Geometrically Necessary 
Dislocations (GND), which disturb the structure of the lattice and leads to local misorientation. EBSD data obtained 
by scanning electron beam on Cu-OFE and Nb polycrystalline surface are analyzed using HKL CHANNEL 5 in order 
to determine the local misorientation, called Kernel Average Misorientation (KAM). This criteria displays small orien-
tation changes, highlighting areas of high GND density. The KAM is calculated as the average misorientation between 
every pixel and its surrounding pixels.  Using EBSD via KAM criteria allows to map the dislocation arrangements in-
duced by the thermomechanical history of the material over large area, compared to transmission electron microscope 
(TEM), and in a non-destructive way. 

Specimen preparation for EBSD is critical, because the diffracted electrons escape from within only a few tens 
of nanometers of the specimen surface. The preparation process includes a final electropolishing in order to remove 
any remaining damaged layer. Moreover, the analysis of reference or annealed samples is included in the study in 
order to evaluate the effect of the preparation on the EBSD response.
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