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& 3 Laser Shock Experiments
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[Righi et al., Acta Mater (2021)] [D. D. Mallick et al. Exp. Mech. (2019)] [Chen, et al., JAP (2006)] [Righi et al., Acta Mater (2021)]

B Rear surface velocity: spall strength, strain rate, Hugoniot elastic limit, phase transformation behavior
B Strain Rates > 107 s'1. ; Small samples (< few hundred microns)

B Challenge: Predicting the plasticity contributions in BCC metal microstructures



o Insitu Characterization of Dynamic Deformation Behavior of BCC Metals
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Shock Recovery Experiments: Plasticity Contributions

MG /
[Murr and Esquivel, J. Mater. Sci. (2004)] [Want et al., Sci. Rep. (2013)]

B BCC Metals: Dislocation twins and dislocation density in Shock-recovered BCC metals

— Correlations between shock stress or strain rate and twinnability - critical twinning stress




F In Situ Diffraction Experiments at DCS
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Interpretation of diffraction patterns is difficult if mixed stress states (partial compressed/release)




¥ Laser-Driven Micro-Flyers
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@3 A Virtual Framework ....
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m XRD patterns to characterize twinning, phase
transformation

e m Characterize microstructure evolution to quantify
0.5um to Microstructure . ) -
100 um TARGET (EBSD) twins and phase-transformed fractions
&° B Modeling the shock response at length scales and

Rear Surface Velocity

time scales of experiments

— Sample thickness: 0.5um to 50 pm

— Shock pulse: up to 10 ns

TARGET Microstructure B Modeling the laser-metal interaction to capture
(EBSD) ablation/melting/shock generation
\Y .
Rear Surface Velocity "o ? B XRD patterns under laser shock conditions

B Mesoscale modeling of laser shock experiments



(@) Our Approach
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In Situ Diffraction Experiments (DCYS) I
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Atomic scale: Molecular dynamics (shock/spall)

m Virtual Diffraction (LAMMPS)

B Shock compression and release
— BCC (Fe)
B Texture Analysis

— Phase/Twin Variant Selections
B Mesoscale: Quasi-Coarse-grained dynamics

—  Shock compression and release (BCC Fe)

Laser-Driven Flyers (JHU) I

LASER

=)

B Atomistic-Continuum method: Molecular
dynamics + two-temperature method (MD-TTM)

m Spall Failure
— FCC (Al), BCC (Ta)
m Virtual Diffraction (LAMMPS)

B Mesoscale: Quasi-Coarse-grained dynamics

— Laser shock compression/spall failure
— Laser-driven Flyers
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Q\ MD: Spall Failure of Fe (110)
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B Microstructure: Single-crystal Fe (110)

m Impact velocity: 1 km/s

B Interatomic potential: EAM [Gunkelmann, PRB (2012)]

B Shock pressure: ~ 85 GPa

B Virtual XRD characterization using LAMMPS

[Mishra et al., Sci. Rep. (2021)]
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Virtual XRD: Shock Compression - Fe (110)
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[Mishra et al., Sci. Rep. (2021)]

Virtual XRD: Shock Release and Spall Failure - Fe (110)

Shock release: 71% BCC (46% twins), 4% HCP, and 1% FCC

Intensity (a.u.)
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Spall Failure: 64% BCC (46% twins), 1% HCP, and 3% FCC

Intensity (a.u.)
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26 (°)
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Q\ Virtual Texture Analysis (VirTex): Virtual EBSD
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m Atool for texture analysis of atomistic microstructures to identify phase and twin variants

Polyhedral Template Matching Quaternions: (qx gy 4z qw)
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[Mishra et. al, J. Mater. Sci. (2022)]

Angle/axis pair




Virtual Texture Analysis (VirTex)
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A unique set of angle/axis pairs is determined to identify grain, phase, twins, and their variants

r, I, r,
b b b
r, | r, | r,
r1 r2 r3
r,CI EE s
r, Es Fe
Rotation vectors Rotation vectors

B Automatic peak identification from histograms and determination of unique set of angle/axis pairs

[Mishra et. al, J. Mater. Sci. (2022)]



Variant Selections during Compression in Ta
I

m VIrTEX: Characterize

e
.t twin/phase  variants in
- deformed microstructures
oo g_eneratgd using MD
e simulations.
o
i 55
— s
: ' 20 30 40 50 60 70 80 90 W?Tex
@BCC OFCC @HCP 3 O [ Ofiariaion i et

© Disorder € Twin boundary Orientation (°)

(f)

Volume 57 » Number 29
August 2022

Journal of Materials Science

®BCC OFCC @OHCP S5H Wl 65

SHEN 65

O Disorder © Twin boundary Orientation (°) Orientation (°)

\l Springer

[Mishra et. al, J. Mater. Sci. (2022)]



1e4

1od

: -=s 00 I
1 1
086 10 0-10 - 06 10 0-10 06 -02 02 06 1
i i i —eme 090 4 = J i e 01
i H 6 090 i - 04
g3 l H3 ; €4 Ea i
AN #ooN
1 : - 055 i : 1 i g
- 055 ! i §
0-10 06 02 02 .06 1.0 c-10 06 -02 02 06 1.0 10 06 -02 '02 06 1.0|
. ded : GI34 G‘M
4 H : 3 5
g3 4 £4 2!
3. 33 33
2 2
; 1 o0 1
0-'10 06 -0’2” 02 06 10 0-10 0.6 (;; 0.2 06 1.0 0-10 -06
Full microstructure HCP atoms BCC atoms
1e7 1e6 le7
121 | =BCC ! e 55 ! : SRR | 1.21 ' ———- 45°
1 - 1 5 | 1 1 = 1 RO °
1.0] 1 7HCP : 45 H : 45 1.0 : 56
i ; s P | : ~——- 56° i
- 084 | i o 48] | i 5108 H
c i i = i i c H
8 0.6- 1 i 8 1 I 8 0.6- H
801 | a SR i She a
04{ | i iHa 0.4- E
1 1 0.51 I 1
0.2- : Ho ‘H4 0.21 '
i 2 i
0.0 v . . + o v v . 0.0- . - . 0.01— v - . ’ —r - . .
0O 10 20 30 40 50 80 70 80 90 0O 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90

Orientation (6°) Orientation (6°)

Orientation (6°)

@ BCC
@ FCC
@ HCP
© Disorder

@ H, variant
@ H, variant
H, variant
® H, variant
@ Not HCP

[Mishra et. al, J. Mater. Sci. (2022)]



Variant Selections during € — a Phase Transformation in [110] Fe
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(@) a - £ - a Phase Transformation in Fe
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Shear and Shuffle
(b)

HCP
d : Phase
‘ | /‘ ‘ 2 Q' [01-10

[1oo] p \‘/ P /\:
I T BCC “ HCP  10.10

— ‘
Shuffel
7

0{. e
.. |
[01-10] l g I
r /‘

[10-10]
Twin (T.)

T Original BCC

HCP

a — & - a follows the Burgers pathway model: The orientation relationships allow 12 different HCP variants
from a single BCC phase orientation. The symmetries in the HCP phase allow six BCC variants upon reverse
phase transformation, two of which are twinning variants.




G MD Simulations: Time and Length Scale Challenges
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B Mechanisms of nucleation and evolution of defects/damage is a

In situ diffraction
challenge

B MD Simulations limited to small system sizes (100s of nm) and short
simulation times (up to a few tens of ps) for shock loading

B Big-data Challenge: post-processing of very large data sets (TBS)
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B In situ diffraction experiments have samples with dimensions ranging «
from 1-50 microns and wave propagation times of up to 10 ns [Wang et al., Rev. Sci. Instrum. (2019)]

‘ Mesoscale models to replicate length/time scales of in situ shock experiments I




Mesoscale Modeling: Quasi-Coarse-Grained Dynamics

i

m Coarse graining the structure using representative atoms (R-atoms) and
retain the crystal structure orientation relationships and symmetry

B MD Energy of each R-atom retained by scaling bond lengths in the

interatomic potential

J# cg

JZ# 'Ziqg

B The energy of each R-atom is scaled
to account for missing atoms

— L2: 2x2x2 unit cells 2> 1 CG cell;
Aiy=2; Ny, =8

— L4: 4x4x4 unit cells > 1 CG cell;
Ay =4, N, =64

Distance scaling: A,

No. of Atoms scaling: N,
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[A. M. Dongare, Phil. Mag. 94, 3877 (2014)]



_@'} Single Crystal Al (001) Spall Failure: MD vs L2-QCGD
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_@'} Single Crystal Al (001) Spall Failure: MD vs L2-QCGD
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[Agarwal and Dongare, 1JP (2020)]
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[Agarwal and Dongare, 1JP (2020)]



< Single Crystal Fe (001) Spall Failure: MD vs L2-QCGD
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t=0ps Z coordinate, (A) L-2 QCGD L2: ~ 5M R-atoms

[Ma and Dongare, J. Mater. Sci. (in preparation)]
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Q\ Fe [110] Shock Compression/Release: MD vs. QCGD
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[Mishra et. al, J. Mater. Sci. 57, 12782 (2022)]
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< a — &£ - a Phase Transformation in Polycrystalline Fe

GMMG o

QCGD (8 pm x 8 pm x 25 pm): ~ 400M atoms

HCP BCC FCC OTHER

m Polycrystalline Fe shocked to « — € — a Phase Transformation during shock compression and release



.@D a — &€ = a Phase Transformation in Polycrystalline Fe
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QCGD (8 pm x 8 pm x 25 pm): ~ 400M atoms

B Polycrystalline Fe shocked to ¢« — € — a Phase Transformation during shock compression and release

() " 5 OQOrientation



a — & - a Shock-Recovered Polycrystalline Fe Microstructure
T

G1

Orientation
1] . Ol 65

Twin structures during shock release are determined by loading orientations

Dougherty, et al., Scripta Mater. (2009)]



(Q\ Variant Selections in Individual Grains: G3
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Initiates at grain boundaries
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B Reverse € - a transformation initiates at the boundaries
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2 Twin variants
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(@) Replicating in situ Diffraction Experiments using QCGD
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B Microstructure:

- Uncompressed BCC Fe

> - Phase-transformed HCP Fe
i‘;; \ \ - Relaxed BCC Fe
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© | 26 (°)
= . HCP(101)
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C Modeling Laser-Metal Interactions: A Hybrid Atomistic-Continuum Method

GMMG T

Electrons I 1k ) ¥ = e KAL) i T, |[-G(T,-T,)+S(zt)
ot 0z 0z

: ' 0T s
Lattice CI(TI)EI — G(Te —_ Tl) Tlcell = m i (v'll' )2 /(31( BN cell )
i=1

e: electron C: heat capacity G: electron-phonon coupling factor

[: lattice K: thermal conductivity S: Source term for laser energy deposition

B Continuum TTM describes laser energy absorption/dissipation and electron temperature evolution.

B Classical MD provides the description of lattice superheating and atomic movements during simulation.



(Q\‘ Laser Shock Compression and Spall Failure: Al

o .

CMMG =

EXperiment al details: Ablation Iti Spail Pl . .
ISpallation " | P Density Function Theory (DFT):

1= = I

— 500 nm Al foil temperature-dependence of

— Electron thermal conductivity (Ks0td, k14¥i4)
— Electron-phonon coupling factor (G)
— Electron heat capacity (C,)

— Fluence =13 KJ/m?

— Laser:t, =150 fs

[S. I. Ashitkov et al. JETP Letters. (2010)]
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[Galitskiy et al., JAP (2018)] FCC Liquid Surface @~ HCP Disordered BCC
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(@) Laser Shock Compression and Spall Failure: Al
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Experiment al details: Ablation  meltin il Plane _ _
P _ /Spagfafion if_g Spall By Density Function Theory (DFT):
— 500 nm Al foil T temperature-dependence of

Tt I

¢ | |

— Electron thermal conductivity (Ks0td, k14¥i4)
— Electron-phonon coupling factor (G)
— Electron heat capacity (C,)

— Fluence =13 KJ/m?

— Laser:t, =150 fs

[S. I. Ashitkov et al. JETP Letters. (2010)]
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[Galitskiy et al., JAP (2018)] FCC Liquid Surface @~ HCP Disordered BCC



(@) Laser Shock Compression and Spall Failure: Al
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FCC Liquid  Surface HCP Disordered BCC

Laser fluence of 13 KJ/m? with a pulse duration () of 150 fs.
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[Chen et al., JAP (in review)]



(@ Laser Shock Compression and Spall Failure: Ta
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[Chen et al., JAP (in review)]



CJ In Situ Diffraction Laser Shock Compression and Spall Failure: Cu
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[Echeverria et al., Comp. Mater. Sci (2021)]




Maser-Metal Interactions at the Mesoscales: QCGD/TTM

e
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L@ QCGD-TTM Scaling: Higher Levels of Coarsening
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(@) Laser-Shock Loading at Experimental Scales
CMMG e
Laser fluence: 13 KJ/m? ________________ o 10000
Pulse duration (z): 150 fs. - 4@ = . e '
Polycr-Al: d=500nm |} | | s000 T
................................... | %
; 0
5000 @
5000 ’
t =000 ps Depth (A) 10000 10000

" Liquid ® Surface ® Disordered @ FCC



@) Laser-Shock Loading at Experimental Scales
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@-} Laser-Shock Loading at Experimental Scales
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é Summary
CMMG [T/

m MD simulations using virtual diffraction enable the characterization of plasticity contributions during
shock compression in polycrystalline BCC microstructures (Ta and Fe)

B A new virtual texture (VirTex) analysis approach to characterize phase transformation w T
and twinning variants in deformed microstructures generated using MD simulations. ¢ ex
UCONN
B A hybrid atomistic-continuum method (MD-TTM) enables the modeling of laser material interactions
providing an accurate description of ablation, melting, and shock phenomena at the atomic scales

B Quasi-coarse-grained dynamics is a low-fidelity model that enables
the scaling of MD simulations to the mesoscales and retains the MD- (c) A M°'“m
predicted plasticity contributions from dislocation slip, phase v —
transformation, and twinning in metals and allows in situ diffraction -
at experimental scales

Fidelity

m Current focus: Building digital twins of laser shock experiments to
build a database of virtual diffractograms [Mishra et al., J. mater. Sci. (2022)]
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