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Materials at High-Energy-Density (HED)
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Understanding materials at HED

Room-temperature superconductivity

%j

How are planets form

Cheap energy created from fusion and delivered over superconducting wires "%\j ==\ g ))JE %

National Ignition Facility experiment puts researchers at threshold of fusion ignition Superfast quantum computers

IBM supercomputer

UNIVERSITY> s ROCHESTER



https://www.express.co.uk/news/science/667054/quantum-computer-ibm-ai-artificial-intelligence-IBM
https://www.theatlantic.com/photo/2014/01/the-national-ignition-facility/100659/
https://blog.planethunters.org/2014/01/14/what-do-we-really-understand-about-planetary-formation/
https://doi.org/10.1038/d41586-020-02895-0

HED capabilities in the U.S. and worldwide.

Facility/End Station Type of Machine Energy Delivered Peak Power Repetition Rate Maximum Key physics goals
Pressures
National Ignition Facility Laser 1.8-MJ UV photons 500 TW ~1 shot/ to 10 TPa New physics of H and simple elements to atomic
3h pressure
7 Pulsed power 3.5-MI current 350 TW/26 MA ~1 shot/ 0.5 TPa Elements and matter beyond Thomas—Fermi
day
OMEGA/ Lasers 30-kJ UV 30TW ~1 shot/ 1 TPa New techniques for dense H and matter beyond
OMEGA EP 3h Thomas—Fermi
Matter at Extreme End Station X-ray laser 1-mJ x rays + 50-J laser 10 GW 120 Hz 0.3 TPa Unwrapping complex structures and kinetic
(LCLS) pathways to complexity
Dynamic Compression Sector Laser, guns, 1-pJ x rays + 100-J laser 10 MW 120 Hz 0.3 TPa Unwrapping complex structures for mid-to-high Z
(APS) X ray
Laser Net Lasers to 20 kJ to 30 TW Several 1 TPa Develop structure and electronic property
techniques
Diamond-Anvil Cell Static compression NA NA Continuous 0.5 TPa Understand kinetic thresholds and constrain ground
x ray, THz states

Facilities (including APS and
BNL)

UNIVERSITYo s ROCHESTER




To explore the multiscale nature of matter from atomic to the macro-scale, connecting experimental
observations with atomistic simulations and deep learning computer vision techniques to answer key
question of how atomic rearrangement through defect motion enables the bulk phase transformations in
extreme solids

Outline

» Phase transformation of Aluminum at high pressure (XRD analysis)
» Phase identification of water at ambient temperature (Raman, IR, and XRD analysis)

= Developing Al-powered models for classification of large XRD data

UNIVERSITYo s ROCHESTER
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Crystal structure diagnostics
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https://sisu.ut.ee/heritage-analysis/book/export/html/19022
https://www.researchgate.net/publication/329119018_Potential_Valorization_of_By-product_Materials_from_Oil_Palm_A_review_of_Alternative_and_Sustainable_Carbon_Sources_for_Carbon-based_Nanomaterials_Synthesis
https://www.nature.com/articles/s41598-017-00226-4

Phase transformation of Aluminum- Ramp compression loading
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Cu XRS spectra
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Phase transformation of Aluminum- Experimental observations
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*Polsin. D. N. et al., Phys. Plasmas 25, 082709 (2018)

» Stress-density response follows Al isentrope

* In situ XRD show fcc-hep-bece phase transformation
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Phase transformation of Aluminum- Experimental observations

+ DAC fcc [2]
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. * Phase transformation is hypothesized to involve two steps:
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1000

~ Burgers OR for the hcp-bcc transition

$24556 " .

*Polsin. D. N. et al., Phys. Plasmas 25, 082709 (2018)

» Stress-density response follows Al isentrope

* In situ XRD show fcc-hep-bece phase transformation
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Phase transformation of Aluminum- MD simulations of ramp compression
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Phase transformation of Aluminum- MD simulations of ramp compression
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Phase transformation of Aluminum- MD simulations of ramp compression
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Phase transformation of Aluminum- MD simulations of ramp compression
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. Stacking faults (SFs) formation Phase transformation to bce
Elastic
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Micro fwin micro twins into SFs. between (-111) and (111) SFs.
formation on (111) FCC
(111) SFs matrix
thickening | RN | [
Undeformed == B EEEEEE /J | /\ mm—— |
perfect fcc Al

\ Phase transformation
completed, entire

structure bce Al.

\ Further plasticity in

bce Al.

OGPa 10GPa 14GPa 28GPa 42GPa 65GPa 76 GPa 113 GPa 399 GPa

Twinned
FCC Q ' B ' HCP
O “FCC cC ¢

| UNIVERSITY< ROCHESTER




Phase transtformation of Aluminum- Virtual XRD and SAED
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Phase transformation of Aluminum- Bain transformation

Ramp Loading
— G direction ~ 0GPa ) 113 GPa
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Phase transformation of Aluminum- comparison with experiments
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*Polsin. D. N. et al., Phys. Plasmas 25, 082709 (2018)
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Phase transformation of Aluminum- Texturized nanocrystalline (NC) sample
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Phase transformation of Aluminum- Texturized nanocrystalline (NC) sample
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Phase transformation of Aluminum- Dislocation assisted Bain Transformation

Experiment observation

e Norm to (200)ycp have angle of 45-50 degrees to the fiber axis
e Norm to (110)gcc have angle of ~50 degrees to the fiber axis
* The lattice constant of bcc 1s reported ~2.43 at 466 GPa

Simulation observation

* For stacking fault, basal plane (001)ycp//(111)gcc, therefore normal to the (002)ycp have
angle of 54.7 degree to the fiber axis.

* For bce in the structure, the Bain transformation predicts a 45 degree between the (110)
plane and the fiber axis.

 The lattice constant of BCC 1s 2.33 at 400 GPa.

UNIVERSITY+ ROCHESTER




Phase transformation of Aluminum- Dislocation assisted Bain Transformation

Experiment observation

e Norm to (200)ycp have angle of 45-50 degrees to the fiber axis

e Norm to (110)gcc have angle of ~50 degrees to the fiber axis
e The lattice constant of BCC is reported ~2.43 at 466 GPa

Simulation observation

* For stacking fault, basal plane (001)ycp//(111)gcc, therefore normal to the (002)ycp have
angle of 54.7 degree to the fiber axis.

hydrostatic pressure favors transformations that result in a negative

volumetric change and hinders those that result in a positive volumetric
change

SEHITOGLU et al., Metallurgical and Materials Transactions,1996
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Phase 1dentification of water at ambient temperature
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Phase 1dentification of water- Spectra comparison

( IR spectra )

( Raman spectra )

( XRD spectra )
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Phase 1dentification of water at ambient temperature
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Phase 1dentification of water at ambient temperature

Ice VI-HDA coexistent system where the dominance of HDA or
ice VI depends on phase fraction as well as interface !
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Phase 1dentification of water at ambient temperature

Ice VI b Ice VI(XRD)) HDA(Raman) : = Ice VI
0.75GPa B B 7 GPa

Ice VI grain size~2-3 pm Ice VI grain size~0.5-1 um

20, UNIVERSITY+ ROCHESTER 277




Phase 1dentification of water at ambient temperature

Ice VI b Ice VIYXRD)} HDA(Raman) : T jce VI

We hypothesize that XRD is only sensitive to the total volume fraction of
ice VI while Raman fails to capture ice VI if the grain size is small and

the interface area between ice VI and HDA is large

Ice VI grain size~2-3 pm Ice VI grain size~0.5-1 um

=
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Phase 1dentification of water at ambient temperature
( Effects of phase fraction ) ( Effects of interface )
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Phase 1dentification of water at ambient temperature

( Effects of phase fraction )
Nvi _1  Nwi _1 Ny _3 (M:l (M:l) (M:E)
Nypa 3 Ngpa 1 N 1
HD HDA Nupa 3 Nupa 1 Nupa 1
5 x10" . . 55 x 10’ s %10’
2t al
>2 > >
£ | £1.5¢ . £t . 1
Z VI present! g” VI dominant! §3 VI dominant!
Ch g 1Ir 1 E2f ,
T i MM\JL/\M
0 : : 0 : ‘ 0 ‘ '
5 10 15 20 5 10 15 20 5 10 15 20
260 (Degree) 260 (Degree) 260 (Degree)
(a) (b) (c)
55 x10'° . ' ' . x10" ' ' . 3 x10'° . '
A HDA dominant!| 1o} DA dominant! VI dominant!
: 215t 2 8 22f ]
g g 6 g
E 1 [ E 4 L E 1 L.
0.5 ol
3400 3500 3600 3700 3800 3900 3400 3500 3600 3700 3800 3900 3400 3500 3600 3700 3800 3900

Frequency(cm” I) Frequency(cm” : ) Frequency(cm” . )

(d) (e) ¢

UNIVERSITY ROCHESTER




Phase 1dentification of water at ambient temperature

" ( Effects of interface )
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Concluding marks from two studies:

= MD simulations captured the phase transformation mechanisms in Aluminum under high
pressures

= Phase transformation and plastic deformation mechanisms are deduced from time-resolved
synthetic XRD data

= Good agreement was observed between experimental and synthetic XRD analysis

= Raman and XRD diagnostics presented inconsistent understanding about the the phase of
water at high pressure

=  MD simulations showed that a water coexistent system explains the uncertainties within
experimental Raman and XRD diagnostics

UNIVERSITYo s ROCHESTER




3) Developing Al-powered models for classification of large XRD data

* Time-resolved XRD Images Synthetic Experiments

)

= Data intensive

* Include many uncertainties

Intensity (arb. unit)

¢ 108 GPa d 169 GPa

—76GPa

"= Analyze XRD

®* Human expert

Intensity (arb. unit)

= (Conventional indexing software are contentious

= Experimental XRD

= Expensive

[2]Coppari, F. et al., 2019. Optimized x-ray sources for x-ray diffraction measurements at the Omega Laser Facility. Review of Scientific Instruments 90, 125113
[3]Park, W.B. et al., 2017. Classification of crystal structure using a convolutional neural network. IUCrJ 4, 486-494.. doi:10.1107/5205225251700714x
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3) Developing Al-powered models for classification of large XRD data

Time-resolved XRD Images Synthetic Experiments

)

¢ 108 GPa d 169 GPa

= Data intensive

* Include many uncertainties

Intensity (arb. unit)

—76GPa

Analyze XRD

®* Human expert

Intensity (arb. unit)

= (Conventional indexing software are contentious

Develop automated deep learning computer vision techniques to mine such o
information-rich data to classify crystal structures and filter and detect lattice- | o7 -
level mechanisms responsible for phase transformation and plastic Moo
deformation under extreme conditions 'I?

Experimental XRD | . '
& <+ » 3 - -

[2]Coppari, F. et al., 2019. Optimized x-ray sources for x-ray diffraction measurements at the Omega Laser Facility. Review of Scientific Instruments 90, 125113
[3]Park, W.B. et al., 2017. Classification of crystal structure using a convolutional neural network. IUCrJ 4, 486-494.. doi:10.1107/5205225251700714x
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Developing Al-powered models for classification of large XRD data
= Time-resolved XRD Images

= Data intensive

* Include many uncertainties

= Generation of static and time-resolved synthetic 1D and 2D XRD images

= Analyze XRD

®= Human expert

= (Conventional indexing software are contentious
= Supervised deep learning for lattice structure classification and temporal lattice dynamics identification
= [Interpretation of deep learning models and predictions using explainable deep learning tools

= Experimental XRD

= Expensive

= Domain adaptation to scarce experimental data

[2]Coppar1 F. etal., 2019. Opt1mlzed x-ray sources for x-ray diffraction measurements at the Omega Laser Facility. Review of Scientific Instruments 90, 125113
Park. W.B_ et 3 0 % ation o e ysing a convolutional neural network 486-494,, doij:10 0 0 00714
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Abbreviation: Classification, Regression, Preprocess, Database, Augmentation, Function, True, False, Experimental, Simulated, I[CSD, Cambridge Crystallographic Data Centre,
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Xception
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ReLu
1012*72 Adam
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a-CNN
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Adam
10,517 CNN TensorFlow
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TRAINING TESTING ACCUR

SET

80% sim.

600,942+100,

000 sim.

58,292
(80% sim.)

all sim.+80%
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90% sim.

80% sim.

2/3 exp.
2/3 exp.

2/3 exp.

SET ACY MATERIAL
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20% sim. 94.36 Li-La-Zr-O
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20% sim.  0.004612 _ THELE

exp.  0.008260 P
100,000 sim. 100
— Sr-Li-Al-O
>0 exp. 98.67 uaterna
SO o ' cocin ositigr}llal
100,000 sim. 98 3
50 exp.
Li20... 86
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50000 91.2 Ta, Ti,
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14,572 (20% Unknow 1812 iz
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atomic num.
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Abbreviation: Classification, Regression, Preprocess, Database, Augmentation, Function, True, False, Experimental, Simulated, I[CSD, Cambridge Crystallographic Data Centre,

LITERATURE PREDICTION GOAL EXPERIMENTAL DATASET SIMULATED DATASET MODEL
VEA TRAINING TESTING ACCUR MATERIAL
TITLE R TYPE TYPE IN Data Generation Pipeline INC SET SET ACY
o)
T ATR—— C T T —— 4 peeesssesssesssesesesssssssasaessaesesssesasanas . 20 e/ :{;lm‘ gggg Li-La-Zr-O
: - H : % si : :
for phase identification. .. 2021 XRD R P | Idealized P Temporal ; B0%SIM. 5004 sim.  0.004612 coq;‘lat;;‘tlf‘gal
Fre | i XRD Data XRD Data exp.  0.008260 7
vereerenseressensnenesnns ; rueereseresrenenesernns v 100,000 sim. 100
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e : * eras defected mapped
P atomic num.
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sy 1NN 1+1 exp. 100
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Developing Al-powered models for classification of large XRD data

1D CNN/Attention 2D CNN/Attention
Encoder Decoder 2D
1D data E—— 71 !
G reconstruction
Cross Entropy? ..
If 2D available
e
Classification
2D data Zio s (y_pred)
2D ChN/Atenton Gross Enropy Static classification

Encoder
e.g., concat

1D CNN/Attention
Encoder

1Ddata |— iz

2D CNN/Atténtion Classification P T S : :
i If 2D lable
/‘35"‘"" e (y_pred) 2D not available vidao

Cross Entropy

2D . Z 2 e.g., concat
reconstruction =

2D CNN/Attention
Encoder

transcript
take bowl pour cereal pour milk
Temporal Classiﬁca‘[ion L Temporal Convolutional Feature Pyramid Network (TCFPN) L
- Iterative Soft Boundary Assignment (ISBA) /

[ iterate till meeting
————____ stopcriteria ———

prediction
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Current Progress / LW--/, Classification of 7 crystal systems

Total Data Availability: W =

— ) Acc
: tag: Test/Acc

COD: 476,830 crystal structures : -« tag: TrainAce

e . 100 n

ICSD: 250,343 crystal structures L . : f“ | [

60

For Dataset size of 47,049(COD) j - == 0
Shuffling the data | N - .
e dividing train/test sets randomly ” 0

200k 400k 600k 800k 1M 1.2M 0 200k 400k 600k 800k 1M  1.2M

.«*ﬁ; 0

Accuracy comparison between

* Logistic Regression

* Deep Neural Networks

* Convolutional Neural Network

For DNN:
While training acc. 1s 100%
Testing acc. reach 96.42%

Classification of 230 space groups

DNN Intermediary architecture

For DNN: Confusion matrix
diagonals shows validity

UNIVERSITYo s ROCHESTER

Confusion Matrix
Layer (type) Output Shape Param # 0 1 2 3 4 5 4
Convld-1 [-1, 16, 1800] 96 0691 24 2 0 0 0 O
BatchNorm1d-2 [-1, 16, 1800] 32 AC_C Acc
ReLU-3 [-1, 16, 1800] 0 1121126318 1 1 1 1 tag: Test/Acc tag: Train/Acc
MaxPool1d-4 [-1, 16, 900] 0
Conv1d-5 [-1, 32, 900] 2,592 ,211 38803 2 2 1 90 .
BatchNorm1d-6 [-1, 32, 900] 64 < ¥ A WM ok I
ReLU-7 [-1, 32, 900] 0 2311 3 5 387 3 1 1 85 oy 1
MaxPool1d-8 [-1, 32, 450] 0 & 80 / | ' 85 /
Flatten-9 [-1, 14400] 0 40 5 5 129 2 1 * | /
Linear-10 [-1,7] 100,807 75 1 /
s{0 2 1 3 3282 1 =5 | 75 [
Total params: 103,591 " f
Trainable params: 103,591 64 0 0 1 0 0 0 448 65 f !
Non-trainable params: 0 i . ; . ; I 65 |
Predictions ! l
0 50k 100k 150k 200k 250k 300k 0 50k 100k 150k 200k 250k 300k

Training acc. is ~91%
Testing acc. Reach ~88%




Developing Al-powered models for classification of large XRD data

Interpretation of deep learning models and predictions using explainable deep learning tools, Class Activation Maps
(CAMs)
>
v

Potential sources of misclassification

1) The mixture of phases in the sample

2) Lack of XRD patterns in the specific class of training data
3) Missing peaks, or too few peaks, present in the XRD pattern
4) The peak shifting, broadening, or splitting on time-resolved

XRD patterns may be due to various reasons (e.g. multiple Importance Curvature
. . . -0.200 -0.100 0.00 0.100 0.200 -0.100 -0.0500 0.00 0.0500 0.100
plastic deformation mechanisms) E— — — —
‘ CNN training |

Cross-section of random structure (a) Neuron map of the
Deep CNN l neuron 38. (b) Gaussian curvature map. Saddle-shaped

region 1s blue. Flat region is green

—>

‘ CNN interpretation ‘

Data
generator

‘ Data generation ‘

Mining structure-property linkage in nanoporous materials using an interpretative deep learning
approach, Materialia, 2022




Developing Al-powered models for classification of large XRD data

Domain adaptation to scarce experimental data

b)m) : C_)_ minc,bs,cs Lg(cs (Qbs(Xs))» Ys),
/" Va
- (:bT = c/‘l(f.bs; DT);
mincT[’T(CT ((.bT(XT))r Yr).

b) Simulated and (c) experimental film recordings of x-rays diffracted from shock compressed iron

As the NEMD simulations provide direct physical insight into the shock-deformation of materials at the lattice
level, and the experimental and simulated time and length scales are converging, it i1s appropriate to make direct

comparisons between the experimentally observed x-ray diffraction signals, and those predicted by the NEMD
simulations

G. Kimminau, et al, Simulating picosecond x-ray diffraction from shocked crystals using post-processing molecular dynamics calculations, J. Phys. Condens. Matter. 20 (2008).
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Next:

e Machine learning interatomic potentials for complex dynamic processes at high pressures.

e What materials? Na, Mg, Li, Fe

e DFT == MLIP ===» MD ==p XRD

Method Refs. Regressor Implementation
Artificial neural networks (Behler) [40] (2007) NN Standalone (“RuNNer”); LAMMPS interfacel®’]
Gaussian approximation potentials (Bart6k and Csényi) [68] (2010) GPR GAP code (custom); LAMMPS interface
Spectral neighbor analysis potential (SNAP) (Thompson) [55,69] (2015) Linear fit LAMMPS interface
Adaptive, generalizable, and neighborhood informed (AGNI) [70-72] (2015) KRR LAMMPS interface
force fields (Ramprasad)
aenet (Artrith) 73] (2016) NN Standalone (“aenet”)
Amp (Korshidi and Peterson) [74] (2016) NN Standalone (“amp”); LAMMPS interface
Moment tensor potentials (Shapeev) [54,75] (2016) Linear fit LAMMPS interface
DeePMD (E) [76] (2018) NN Standalone (“DeePMD-kit"); LAMMPS interface
TS
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Richard J. Nelmes,* Mohamed Mezouar? S |5 @Melting Data [Lundegaard]
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Ref: Transforming simple metals to topological insulators: Sodium to 18 Mbars
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Texturized nanocrystalline (NC) Al ramp loading

* The interatomic potential we used (developed by Winey et al.*) has also been tested
and compared with experiment in terms of Hugoniot curve P, Gruneisen coefficient y
and melting temperature T, at high pressure by Yang et al.** Specifically, they found
the linear relation and the Hugoniot curve are almost identical for SC and NC Al and

attributed it to because the fact that the grain size cannot nearly affect the dynamic
properties of Al at high pressure.

20 140

- Solid Hugoniot curve O Mitchell et al.[36] [ == Fitting curve of NC Al
18| Liquid Hugoniot curve 120 b O Nellis et al.[37] 14l Fitting curve of SC Al
_ler MD 1 results[15] Wang et al.[38] 0O GS 6nm
N 14| MD 2 results[15] 100 Juetal[15] 13k © GS60nm
oL 12l ¥ Experimental data[39) b —SC Al o 7
Bl e S & 80} NC Al R
210F & NC O =
& el = 60 2
g_ = = 1r
g o , N 4 s
L 4} 10
= o &v;ob 20+ '
&« - 9L
ol ooV ol a :
L L 1 i L 1 ) . ‘_' o= A . . 3 SR P SR TP TP TP TP TP T
0 50 100 150 200 250 300 D56 011000 oD Ton e ahS, st s O el s cnlel 25 30 35 40 45 50 55 60 65 7.0
Pressure(GPa) Viv, u,(km/s)

* ). M. Winey. et al., Model. Simul. Mater. Sci. Eng 17, 055004 (2009)
**X. Yang et al., AIP Advances 8, 105212 (2018
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