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Challenge 2

Present in essentially all materials, from circuit components used in 
electronics to alloys used in armor, from manufactured parts used in 
automobiles to nuclear weapons components in our mission space, 

material defects fundamentally change how materials respond to 
extreme conditions or fatigue over time. 

Defect Engineering: If we study properties that defects induce or change in materials, we may 
engineer products with these defects to produce desired or required material properties

Partnering with LLNL/Stanford, who are developing a time-resolved 
dark-field x-ray microscopy imaging technique, the NNSS is 
developing the image processing toolbox that quantifies and 

statistically characterizes dislocation defects.



Challenge

Novel imaging techniques can map the size and 
morphology of populations of mesoscale defects. 
Detailed statistical analysis of defect morphology 
is essential to understand how defects move and 
interact, irrevocably changing materials.
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Spatial progression of defects 
has never been directly

measured during a shock 
wave at the onset of plasticity

Image from https://str.llnl.gov/str/JulAug06/gifs/LorenzanaBox1b.jpg

This is the ultimate goal 
of this collaboration

Edge dislocation in crystal lattice 
https://www.ndeed.org/EducationResources/Comm
unityCollege/Materials/Structure/linear_defects.htm

https://www.nde-ed.org/EducationResources/CommunityCollege/Materials/Structure/linear_defects.htm


A new imaging technique

• Led by LLNL/Stanford, and in collaboration with NNSS, DTU, MIT, 
and many more, we are developing time-resolved dark- and bright-
field x-ray microscopy (DFXM/BFXM) to measure bulk deformation 
mechanisms beneath the material’s surface as the material 
deforms plastically. 

Dark-field

X-ray 
Pulse

Innovation

Transmitted
(Radiography)

4

• Bright-field images show bulk material; dark-field images selectively show deformations.

• Collecting both BFXM and DFXM data, we will better understand how defects grow, propagate, 
interact, and cascade into large-scale material transformations.

• Experiments using XFEL facilities will induce radiation damage in single-crystal samples and 
enable us to capture rare events. 

Bright-field

Diffracted
(Bragg Imaging)



Technical Approach: Dislocations defects
Dislocations are dynamic—they move under shear 
stress, can multiply, and initiate material cracks.

We studied a mm-sized sample of single-crystal 
aluminum at the synchrotrons and XFELs to explore 
dislocations using dark-field x-ray microscopy.

Five dislocations are enumerated 
in this DFXM image, appearing as 
bright/dark pairs

Edge dislocation in crystal lattice 
https://www.ndeed.org/EducationResources/Comm
unityCollege/Materials/Structure/linear_defects.htm
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Clockwise from left: 
Dr. Goznalez at the PAL-XFEL experiment; 

Ms. Williams completing  algorithms at APS; 
Dr. Breckling inspecting the CRL setup at APS

https://www.nde-ed.org/EducationResources/CommunityCollege/Materials/Structure/linear_defects.htm


Technical Approach, Results: DFXM image processing
Through the fusion of image and signal processing 
techniques, including

• Stationary wavelet transforms,
• Binarization,
• Seeded fast marching methods,
• Kalman filtering, and
• Munkres assignment,

we can locate and track dislocations throughout the 
video. This allows quantification of behavioral 
features of interest.

Raw data

Dislocations identified and 
tracked throughout video
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Position of 
dislocations in timeThe glide and climb reference axes 

correspond to the physical mechanism 
of their motion in each direction 

Orientation of 
dislocations in time



7Technical Approach, Results: CRL alignment
Compound Refractive Lens (CRL)

Current alignment approach at 
XFELs and synchrotrons is a brute 
force raster scan that takes 3+ hours 
each time the CRL is aligned.

We developed an intensity 
drift-corrected stochastic 
gradient descent method with 
momentum for automated 
alignment of CRLs.

The beam hits a photodiode, which returns a voltage proportional 
to the intensity of the light hitting the surface. The higher that 
measured intensity value, the more “aligned” the lenses are.



Impact 8

► Papers
■ Science Advances: In-Situ Visualization of Long-Range 

Defect Interactions at the Edge of Melting (accepted)
■ Statistical Analysis and Data Mining: Methods to Quantify 

Dislocation Behavior with Dark-field X-ray Microscopy 
Timescans of Single-Crystal Aluminum (revision submitted)

Poster from Conference 
on Data Analysis 2020

■ SIAM Journal of Scientific Computing: A Dynamic Amplitude-Correcting Gradient 
Estimation Technique to Align X-ray Focusing Optics (submitted)

■ Journal of Synchrotron Radiography: An Automated Approach to the Alignment of 
Compound Refractive Lenses (submitted)

► Selected Presentations
■ Pacific Northwest National Laboratory, December 2019: Materials Defect Study at the 

Mesoscale: The intersection of diagnostics and analysis
■ Conference on Data Analysis, February 2020: Characterizing Dislocation Defects in 

Dark Field X-ray Microscopy Images of Bulk Aluminum
■ Science and Technology Work in Progress Seminar, June 2020: Dynamic 

Measurements of the Structural Evolution of Material Defects at the Mesoscale



Impact

► Further Impacts
■ Conducted first-ever Data Analysis for Nuclear Security Sciences Workshop, 

held in North Las Vegas, January 2020
● Participants from LLNL, PNNL, SLAC, MIT, Arizona State University, University of 

Arizona
● Presented 3 SDRD project “mini-problems” throughout the week
● Future events planned for FY22 in partnership with PNNL

■ Developed collaboration with MIT that extends beyond this project
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Impact
► Experiment Proposals: Beamtime

■ PAL-XFEL, May 2019
■ European XFEL, October 2019
■ APS, February 2020
■ PAL-XFEL, May 2020 – withdrawn due to travel restrictions
■ ESRF, October 2020 – virtual experiment

► Other Impacts
■ Collaboration with University of Alabama resulted in new hire postdoc in Year 1
■ Partnership with MIT and serving as External Research Advisor to PhD student
■ BYU undergraduate intern joined our team as casual employee
■ Image processing techniques are now being absorbed into NEA; CRL alignment study is 

leading to work in RAID / SDRD FY22 for accelerator beam tuning
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HED Hutch, European XFEL
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Image processing
methods are applied
to augment grains 

ROI  

Bridging the SDRD Valley of Death
Reaction History Analysis (RHA) of legacy Underground Testing (UGT) relies on both image and signal 
processing techniques.

Film Grain
Oscilloscope film images contain a large degree of noise due to the aggregation of grains. Grain clusters 
may contribute to the width of signals in the signal extraction process, thereby introducing error into 
measurement and subsequent analysis.

Grains can affect the 
computer’s 
interpretation of the 
signal width (left), 
affecting the extracted 
Rossi signal (right)



Bridging the SDRD Valley of Death
Image processing techniques and skills built in this SDRD project are now being deployed as proof of 
concept in RHA for future programmatic integration, expected in FY22. 

These images demonstrate our ability to produce realistic film grain for synthetic Rossi scope images and 
extract quantities of interest. This enables us to build robust synthetic film sets

• for training future analysts, and 
• to develop deep learning models using a library of synthetic films. 

Computational methods are being developed to synthesize realistic film images and replicate their 
properties, in order to test algorithms.    
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Synthetic film  
Synthetic film with 

applied grain model
Synthetic film with labels:
signal, grain, background
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Challenge

*

Present in essentially all materials, from circuit components used in electronics to alloys used in armor, from manufactured parts used in automobiles to nuclear weapons components in our mission space, material defects fundamentally change how materials respond to extreme conditions or fatigue over time. 

Defect Engineering: If we study properties that defects induce or change in materials, we may engineer products with these defects to produce desired or required material properties

Partnering with LLNL/Stanford, who are developing a time-resolved dark-field x-ray microscopy imaging technique, the NNSS is developing the image processing toolbox that quantifies and statistically characterizes dislocation defects.







Challenge

Novel imaging techniques can map the size and morphology of populations of mesoscale defects. Detailed statistical analysis of defect morphology is essential to understand how defects move and interact, irrevocably changing materials. 

*

Spatial progression of defects has never been directly measured during a shock wave at the onset of plasticity

Image from https://str.llnl.gov/str/JulAug06/gifs/LorenzanaBox1b.jpg

This is the ultimate goal of this collaboration

Edge dislocation in crystal lattice 

https://www.ndeed.org/EducationResources/CommunityCollege/Materials/Structure/linear_defects.htm









A new imaging technique

		Led by LLNL/Stanford, and in collaboration with NNSS, DTU, MIT, and many more, we are developing time-resolved dark- and bright-field x-ray microscopy (DFXM/BFXM) to measure bulk deformation mechanisms beneath the material’s surface as the material deforms plastically. 



Dark-field

X-ray Pulse

Innovation

Transmitted

(Radiography)

*

Bright-field images show bulk material; dark-field images selectively show deformations.

Collecting both BFXM and DFXM data, we will better understand how defects grow, propagate, interact, and cascade into large-scale material transformations.

Experiments using XFEL facilities will induce radiation damage in single-crystal samples and enable us to capture rare events. 

Bright-field

 Diffracted

(Bragg Imaging)



While holography and coherent diffractive imaging can capture the spatiotemporal resolution needed at XFELs, they apertures and foci at the sample prevent these techniques from capturing a sufficiently large field of view for understanding statistic populations of nanoscale features. 



Diamond because dislocations are preferential along <1,1,1>. 



Application in astrophysics:

Understanding interstellar dust’s key role in planet formation through the influence of ionizing radiation. The harsh ionizing conditions of space activate sticking and growth to begin the early steps of planet formation, and understanding how this transform occurs will provide new constraints to planet formation models.



Prior work of others: There are experimental techniques to characterize properties/dynamics of point defects, but these cannot apply to defects extending across many unit cells (mesoscale defects) or those beneath the surface.



BFXM and DFXM are new techniques without robust analytical methods. Radiography and topography correspond to BFXM and DFXM, respectively, with detectors placed almost immediately behind the crystal, removing the need for lenses. Topography and radiography have been around for quite a while, but the lenses and bright X-ray sources add the resolution to resolve defect structures that have never been attainable before.



		Bright-field images show bulk material; dark-field images selectively show deformations – imaging imperfections in the lattice structure.

		Collecting both BFXM and DFXM data, we will better understand how defects grow, propagate, interact and cascade into large-scale material transformations.

		Experiments using XFEL facilities will induce radiation damage in single-crystal samples where multi-frame imaging of irreversible events at millisecond to femtosecond timescales, enable us to capture rare events. 



*









Technical Approach: Dislocations defects

Dislocations are dynamic—they move under shear stress, can multiply, and initiate material cracks.





We studied a mm-sized sample of single-crystal aluminum at the synchrotrons and XFELs to explore dislocations using dark-field x-ray microscopy.

Five dislocations are enumerated in this DFXM image, appearing as bright/dark pairs

Edge dislocation in crystal lattice 

https://www.ndeed.org/EducationResources/CommunityCollege/Materials/Structure/linear_defects.htm

*

Clockwise from left: 

Dr. Goznalez at the PAL-XFEL experiment; 

Ms. Williams completing  algorithms at APS; 

Dr. Breckling inspecting the CRL setup at APS
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Technical Approach, Results: DFXM image processing

Through the fusion of image and signal processing techniques, including

Stationary wavelet transforms,

Binarization,

Seeded fast marching methods,

Kalman filtering, and

Munkres assignment,

we can locate and track dislocations throughout the video. This allows quantification of behavioral features of interest.

Raw data

Dislocations identified and tracked throughout video

*

Position of dislocations in time

The glide and climb reference axes correspond to the physical mechanism of their motion in each direction 

Orientation of dislocations in time











*

Technical Approach, Results: CRL alignment

Compound Refractive Lens (CRL)

Current alignment approach at XFELs and synchrotrons is a brute force raster scan that takes 3+ hours each time the CRL is aligned.

We developed an intensity drift-corrected stochastic gradient descent method with momentum for automated alignment of CRLs.

The beam hits a photodiode, which returns a voltage proportional to the intensity of the light hitting the surface. The higher that measured intensity value, the more “aligned” the lenses are.





Four degrees of freedom: 

Along, and about the “beam axis” (BLUE)

Along, and about the “off-axis” (up and down) (RED)

*









Impact

*

		Papers



Science Advances: In-Situ Visualization of Long-Range Defect Interactions at the Edge of Melting (accepted)

Statistical Analysis and Data Mining: Methods to Quantify Dislocation Behavior with Dark-field X-ray Microscopy Timescans of Single-Crystal Aluminum (revision submitted)

Poster from Conference on Data Analysis 2020

SIAM Journal of Scientific Computing: A Dynamic Amplitude-Correcting Gradient Estimation Technique to Align X-ray Focusing Optics (submitted)

Journal of Synchrotron Radiography: An Automated Approach to the Alignment of Compound Refractive Lenses (submitted)



		Selected Presentations



Pacific Northwest National Laboratory, December 2019: Materials Defect Study at the Mesoscale: The intersection of diagnostics and analysis

Conference on Data Analysis, February 2020: Characterizing Dislocation Defects in Dark Field X-ray Microscopy Images of Bulk Aluminum

Science and Technology Work in Progress Seminar, June 2020: Dynamic Measurements of the Structural Evolution of Material Defects at the Mesoscale







Impact

		Further Impacts



Conducted first-ever Data Analysis for Nuclear Security Sciences Workshop, held in North Las Vegas, January 2020

Participants from LLNL, PNNL, SLAC, MIT, Arizona State University, University of Arizona

Presented 3 SDRD project “mini-problems” throughout the week

Future events planned for FY22 in partnership with PNNL

Developed collaboration with MIT that extends beyond this project

*







Impact

		Experiment Proposals: Beamtime



PAL-XFEL, May 2019

European XFEL, October 2019

APS, February 2020

PAL-XFEL, May 2020 – withdrawn due to travel restrictions

ESRF, October 2020 – virtual experiment



		Other Impacts



Collaboration with University of Alabama resulted in new hire postdoc in Year 1

Partnership with MIT and serving as External Research Advisor to PhD student

BYU undergraduate intern joined our team as casual employee

Image processing techniques are now being absorbed into NEA; CRL alignment study is leading to work in RAID / SDRD FY22 for accelerator beam tuning

*

HED Hutch, European XFEL
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Image processing

methods are applied

to augment grains 

ROI  



Bridging the SDRD Valley of Death

Reaction History Analysis (RHA) of legacy Underground Testing (UGT) relies on both image and signal processing techniques.



Film Grain

Oscilloscope film images contain a large degree of noise due to the aggregation of grains. Grain clusters may contribute to the width of signals in the signal extraction process, thereby introducing error into measurement and subsequent analysis.

Grains can affect the computer’s interpretation of the signal width (left), affecting the extracted Rossi signal (right)



SBSF attempts to account for uncertainty in the signal measurements through several tunable parameters, without a well-defined mathematical basis for their determination. Exploring film grain contributions to the width can ultimately help us develop methods to automatically determine values for several of these parameters.  

Image processing methods are applied to augment grains and film (ROI) is binarized. The signal is removed by removing all pixel intensity values falling within 3 stds of the intensity values for a  baseline lineout.

*









Bridging the SDRD Valley of Death

Image processing techniques and skills built in this SDRD project are now being deployed as proof of concept in RHA for future programmatic integration, expected in FY22. 



These images demonstrate our ability to produce realistic film grain for synthetic Rossi scope images and extract quantities of interest. This enables us to build robust synthetic film sets

for training future analysts, and 

to develop deep learning models using a library of synthetic films. 

Computational methods are being developed to synthesize realistic film images and replicate their properties, in order to test algorithms.    

*



Synthetic film  

Synthetic film with 

applied grain model

Synthetic film with labels:

signal, grain, background
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Characterizing Dislocation Defects in Dark Field X-ray Microscopy Images of Bulk Aluminum
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Abstract
Material defects play a large role in material re-
sponse under shock loading, yet the process of how
these defects initiate, propagate, and annihilate is
not well understood. Using a newly developed diag-
nostic, dark field X-ray microscopy (DFXM), we can
now visualize the behavior of dislocation defects in
materials at the mesoscale under varying conditions.
Using data from the European Synchrotron Radia-
tion Facility, we apply a variety of image process-
ing techniques to capture relevant features to locate
and characterize size and orientation of dislocation
defects in bulk aluminum DFXM images. Beyond
simple visualization, this analysis drives statistical
characterization of the defects and their dynamic re-
sponse to further improve the relevant physics mod-
els.




Dark Field X-ray Microscopy
Strong shock waves rapidly push materials beyond
their yield stress, causing ultrafast plastic deforma-
tions forcing the material to exotic transformations
and failure.




Detailed mechanisms underlying the onset of plas-
ticity and the resulting deformations are not well
understood, and ultrafast dark field X-ray mi-
croscopy (DFXM) is a novel imaging technique in
development to capture how defects initiate large-
scale deformations in materials.




Experiments at European Synchrotron Radiation Facility (ESRF)
At ESRF, DFXM images were collected on bulk aluminum at equilibrium. Dislocation defects, a type of plane defect, are present in the data collected and present
as paired dark/bright regions in the images. In the images below, sequenced in time, a dislocation inserts into a dislocation boundary.




Identifying dislocations and relevant statistics through image processing is essential to informing physics models.




Image Processing Techniques




The original image reduced to a region of interest
around the inserting dislocation (left). A standard
deviation filter of size 5x5 was convolved across the
image (middle). After applying a threshold, the dis-
location dark/bright pairs are identified (right).




“Featurization” results as three 8-bit color channels.
(Left) Image represents three features that corre-
spond to an optimal, ∇2 Laplace, and |~∇| filtering,
with filter kernels shown at top. (Right) Cosine and
sine of ~∇/|∇| as red and blue respectively and the
standard deviation filter as green.




A 2D Daubechies-4 orthogonal wavelet transform decomposes the original image (left) into four coefficient
representations through a series of convolutions with low- and high-pass decomposition filters (middle). As
an iterative process, each level produces coarser scales of the image frames. By applying filtering methods
and thresholding to the 3rd level horizontal detail coefficient representation of the original frames (right),
we isolate the dislocations. We can now track dislocations over a sequence of one hundred frames (0.25
s/frame) using motion estimation and collect statistics on their velocity (µ/s), acceleration (µ/ s2), and
angular velocity (deg/s), and with corresponding 95% confidence intervals calculated via bootstrapping. For
example, tracking the dislocation that inserts into the dislocation boundary results in an average velocity of
1.95± 0.36µ/s, an average acceleration of −0.06± 1.68µ/s2, and an average angular velocity of 0.61± 44.25
deg/s.




Conclusion
Exploratory data analysis has demonstrated power
in identifying and statistically characterizing the
dislocation defects. We expect the demonstrated
features to characterize the local topology of the
monochrome data and would be suitable for multi-
channel input to a convolutional neural network.
We note the featurization can be represented as
fixed convolutional layer with 6 filter channels that
would be appropriately flashed to the FPGA chip on
the detector. The wavelet approach demonstrates
our ability to compute relevant defect statistics.
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Abstract


Material defects play a large role in material re-


sponse under shock loading, yet the process of how


these defects initiate, propagate, and annihilate is


not well understood. Using a newly developed diag-


nostic, dark ﬁeld X-ray microscopy (DFXM), wecan


now visualize the behavior of dislocation defects in


materialsat themesoscaleunder varying conditions.


Using data from the European Synchrotron Radia-


tion Facility, we apply a variety of image process-


ing techniques to capture relevant features to locate


and characterize size and orientation of dislocation


defects in bulk aluminum DFXM images. Beyond


simple visualization, this analysis drives statistical


characterization of thedefectsand their dynamic re-


sponseto further improvetherelevant physics mod-


els.


Dark Field X-ray Microscopy


Strong shock waves rapidly push materials beyond


their yield stress, causing ultrafast plastic deforma-


tions forcing the material to exotic transformations


and failure.


Detailed mechanisms underlying the onset of plas-


ticity and the resulting deformations are not well


understood, and ultrafast dark ﬁeld X-ray mi-


croscopy (DFXM) is a novel imaging technique in


development to capture how defects initiate large-


scale deformations in materials.


Experiments at European Synchrotron Radiation Facility (ESRF)


At ESRF, DFXM images were collected on bulk aluminum at equilibrium. Dislocation defects, a typeof plane defect, are present in the data collected and present


as paired dark/bright regions in the images. In the images below, sequenced in time, a dislocation inserts into a dislocation boundary.


Identifying dislocations and relevant statistics through image processing is essential to informing physics models.


Image Processing Techniques


The original image reduced to a region of interest


around the inserting dislocation (left). A standard


deviation ﬁlter of size 5x5 was convolved across the


image(middle). After applying a threshold, thedis-


location dark/bright pairs are identiﬁed (right).


“Featurization” results as three 8-bit color channels.


(Left) Image represents three features that corre-


spond to an optimal,


∇


2


Laplace, and


|∇|


ﬁltering,


with ﬁlter kernels shown at top. (Right) Cosineand


sine of


∇ |∇|


as red and blue respectively and the


standard deviation ﬁlter as green.


A 2D Daubechies-4 orthogonal wavelet transform decomposes the original image (left) into four coeﬃcient


representations through a series of convolutions with low- and high-pass decomposition ﬁlters (middle). As


an iterative process, each level produces coarser scales of the image frames. By applying ﬁltering methods


and thresholding to the 3rd level horizontal detail coeﬃcient representation of the original frames (right),


we isolate the dislocations. We can now track dislocations over a sequence of one hundred frames (0.25


s/frame) using motion estimation and collect statistics on their velocity ( /s), acceleration ( / s


2


), and


angular velocity (deg/s), and with corresponding 95% conﬁdenceintervalscalculated via bootstrapping. For


example, tracking the dislocation that inserts into thedislocation boundary results in an averagevelocity of


1 95


±


0 36 , an average acceleration of


−


0 06


±


1 68


2


, and an average angular velocity of 061


±


44 25


deg/s.


Conclusion


Exploratory data analysis has demonstrated power


in identifying and statistically characterizing the


dislocation defects. We expect the demonstrated


features to characterize the local topology of the


monochrome data and would be suitable for multi-


channel input to a convolutional neural network.


We note the featurization can be represented as


ﬁxed convolutional layer with 6 ﬁlter channels that


would beappropriately ﬂashed totheFPGA chip on


the detector. The wavelet approach demonstrates


our ability to compute relevant defect statistics.
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