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””Ec@ Computational Research in Energetics -‘

Virtual Design

* New Energetic Materials
* Energetic Formulations

ot o MUItiSCale M&S In Energetic Systems Design
@?“ _ « development of meso-scale models of heterogeneous EM
Q@ v - » Development of models relating hot spot dynamics to microstructure
o B « Bottom-up meso-particle dynamics models

* Virtual testing of EM in munitions

Exploring Novel energy releasing concepts using
M&S

* QM characterization
* Release of stored energy in ND
» Dynamic response of shocked poly-N
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,_ Virtual Design of New Energetic Materials 4

CL20 Mapping out e- Density Heats of Formation

* Using quantum mechanics,

we have derived S =% (G
correlations to solid phase o’ﬁf‘. N\
heats of formation and g7 g
crystalline densities for

both neutral and ionic Electrostatic Potential
energetlc materials

«Neutral materials
srms < 6 kcal/

» Correlations require
calculations only on single
molecule (not bulk material)
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Crystal Densities

“ Neutral materials sl lonic materials
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Reaction path mapping: AI_Iows fqr explorgtlon of Neutral molecules refit to improve
synthesis steps, identification of intermediates the RMS error to 2.9%!

E. F. C. Byrd and B. M. Rice, “Improved Prediction of Heats of Formation of Energetic Materials Using Quantum Mechanical Calculations”, Journal of Physical Chemistry A (2006) 110,

1005-1013; ibid (2009) 113, 5813.
B. M. Rice and E. F. C. Byrd, “Accurate predictions of crystal densities using quantum mechanical molecular volumes”, Journal of Physical Chemistry A (2007) 111(42), 10874-1087
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Predictions of Sensitivity

Previously developed tools capable of qualitative _ L
sensitivity predictive capability for neutral species. ~ Microstructure has significant

influence on EM response
I

Molecules Crystals
Weight ] ¢ —— WOy g .‘ s
Drop Weight Impact Test

| 47cm | 141 cm | 320cm | 490 cm
hg, value quantifies sensitivity

Explosive
Sample

Charge Rich — Charge Poor

Attempts at generating a quantitative
correlation of electron density topologies
(formally assessed through Bader’s Atoms-

In-Molecules [AIM]) to impact sensitivity has
proven to be unsuccessful.

. S
&
. &
O \o & B. M. Rice and J. J. Hare, “A Quantum Mechanical Investigation of the Relation between
&0 Sy Impact Sensitivity and the Charge Distribution in Energetic Molecules”, the Journal of
., ‘.: s Physical Chemistry A (2002, 106, 1770-1783.

Anthony D. Yau, Edward F. C. Byrd and Betsy M. Rice, “An Investigation of KS-DFT
Electron Densities used in Atoms-in-Molecules Studies of Energetic Molecules”, The
Journal of Physical Chemistry A 2009, 113 (21), 6166-6171
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Virtual Design of Explosive Formulations

RDECOM

Energetic material development requires significant INGREDIENTS | PROSETS N SRRPRERTIES | PERFORMANCE
HE Melt Cast. ""~'*-=T-p Brisance
laboratory investment and breadth of knowledge/tralnlng o Cosure DAKOTA ——
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Module Module » Module
ies etanation
MCFEMX Army IM Vent LAMMPS
OTI*HULL Code [
(o} | LRI Solid State Phases
Surfac -ants Morphology
rs Suryivability: Partlcle Size in
. HE *Unique AF miss .
Formulation « Least maturd¥§ Sla?.ﬂEal Strength Drop Weigh
Lzt - Required foyln@HacgAdhegiomns Friction
CHEETAH Chemical Compatibilit Performance
] ] ] Thermal Stability Module
Vlrtual DeS|qn StUle Charge Qua"ty Blast/ Frag
. . % . Hydrocode, Mott, Gurney
(software architecture: physics Voids/Cracks |

models + data-library)

* M&S formulation guidance

» Rapid design capability, from
requirements to production

* Improved reliability/survivability

of explosive fills Survivability Producibility ~ Life Cycle Costs:
* Reduced learning curve Surety
J Performance Reliability
(Blast, Fragmentation) LAP
Saf,;;y Shelf-Life
DeMil

Formulation

=V INIE AN K AR 2 W N DAL NN A= AN AV N N N



http://en.wikipedia.org/wiki/File:Air_Force_Research_Laboratory.png

RDEC. @

UNCLASSIFIED//DISTRIBUTION UNLIMITED

aF-ramework for Relationship Between

e Examine how meso-structure/wave strength affect ignition probability.

1,

2. Temperature Fields
(Meso-Scale Simulations)

* Composition.
* Particle size/shape distributions.

* Dependence on meso-structure.

1. Material Meso-Structure
* Density.
* Dependence on wave strength

3. Characterization of Hot-Spots
« Size/mass (ignition).
« Intensity/temperature (ignition).
* Number/proximity
(growth/coalescence.

Theoretical and
Computational Modeling

5. Ignition Probability/Kinetics 4. Ignited Hot-Spots
* Activation energies (Critical Hot-Spots)
* Frequencies. * Mass.
+ Thresholds. Terao | Time distributions.
(2007)

e Analogous to statistical failure theory (Hahn and Shapiro, 1967).

- Time to failure depends on distribution of activated defects/flaws.
- Time to ignition depends on distribution of ignited hot-spots.

Tarver, et al. (1996)
Henson, et al. (2001)

40
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Ignition Performance Map for a given mesostructure
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B”EGQM Complementary Modeling initiatives in realistic

explosive formulations

Predictive
Design Tools
Enabling IM
Compliance g

‘.“ @lf Mesoscale }
4 iy (grain level)
(subgranular) —_— e
Millions of Munitions

Atomistic/Molecular Produced Yearly

|l i
hl a ‘ n i li i U Atomistic  Subgrain Single Polycrystal Continuum
ﬁ i Chem.ical Meso—paﬂicle Crystal Dire_ct numerical Impact test
B*ﬁa & ‘ ‘L"i'—" |1 1 reaction dynamics Plasticity simulation

Multiscale Response of Energetic Materials
(core program, ARL)

Develop a science-based multiscale capability to simulate
energetic material (EMs) response to insults through

Software Application Institute for adequately capturing the effects that microstructural
heterogeneities impose on macroscopic events.

¥ @-u AR -

Not IM Compliant

Multiscale Reactlve Modeling of IM

<+ Development of theories, methods, models at spatial
and temporal scales ranging from atomistic up to
continuum for multiscale coupling

< Develop a science-based predictive capability to
simulate munition response to insults.

<+ Implement a completely-coupled multi-scale M&S
toolset used to

* Develop and optimize new IM

* Improve existing munitions to enable IM compliance.

< Advanced experimentation for verification and
validation.
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BDEG@ .... Inputs to PBRB Model Derived from DPD-E

,"i . . 245 _ . g
o (Sunil Dwivedi*, UF-REEF & Yuki Horie, AFRL)

*Currently at School of Materials Science and Engineering, Georgia Institute of Technology

&
VO

* Focuses on hot spot formation and growth in inhomogeneous HE composites “#***

* Hot spot formation and resulting localized heating is the core mechanism modeled in the
PBRB model for reaction initiation

* Model uses procedure of aggregating hot spots within hydrocell, then simplifying to a “super
hot spot model”

Hot Spots

=

Aggregation Hot Spot Distribution is one of the
Hot Spot Key Inputs to the PBRB Model
solid temperature drives . b F, = X (hot spot surfaces)
the solid-to-gas mass : Noomalization
transport through surface = J .
sublimation S

dynamics simulations

325 <
400 —
475 550 ..~

625

2/4 62 3 km/sec 2/4 .
1.5 km/sec 5 km/sec, 16 nm void
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US ARMY

¥ RDECOM

Exploring Structural Bond Energy Release (SBER) in

Nano-Diamonds using Quantum Molecular Dynamics

SBER: The release of energy stored in structures through
mechanical action.

Effects of High Shearing Stress
Combined with Hydrostatic Pressure

P

First Observed by

Bridgeman as Explosion of o]
Common Substances
Subjected to Pressure and L]

Shear [
Physical Review, 48 (1935) 825-47

Extensive Russian efforts exploring this phenomena:
These focus on mechanically stressed solids producing
autowave behavior such as
*Self-sustained failure waves (e.g. Prince Rupert’s drops)
*Cold Detonation
*Rheological Explosion

Testing the Hypothesis: Hypervelocity Collisions of ND

Perpendicular to Axis §
of Collision

0.08 ps 0.15 ps

Along Axis of Collision§

QM Diamond Surface Reconstruction with Buckyball Features

* Quantum simulations of smaller ND clusters show surface
reconstruction to fullerene arrangement, core maintains
diamond structure

« Calculations show tensile stress on the surface. Our
calculations suggest core pressure in excess of 50GPa.

Sudden Disruption of ND
Surface will Release Energy

e Stored in the Compressed Core
Hypothesis ~
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Polymeric Nitrogen
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 Early Experiments show highly sensitive
amorphous polymeric nitrogen.

 Simulation show initiation starts with
unpassivated nitrogen atoms.

 Simulation with hydrogen passivated
nitrogen atoms are more stable.
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RDEC @ Nitrogen/Hydrogen Mixtures —

Novel Precursors to Polynitrogen?
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Lipp et al., Phys. Rev. B : o
76, 014113 (2007). 11
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) Concluding remarks ‘

Thanks for your attention! Questions?

il

THE AIR FORCE RESEARCH LABORATORY
LEAD | DISCOVER | DEVELOP | DELIVER

Betsy Rice Sergey lzvekov
Yasuyuki Horie, RW Edward F. C. Byrd  Sasha Batyrev
Michael Denigan, RWMW William D. Mattson  Carlos Taylor
Michael Nixon, RWPC John Brennan  Scott Weingarten

Keith Gonthier George Butler, CTR

Z9>) UNIVERSITY OF
/14

Michael Gunger

Sunil Dwivedi Min Zhou
Ananda Barua
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