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2 | Energetic Materials: A Modeling Challenge
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3 ‘ The Case for Meshfree Methods

Numerical Method Should Accurately Predict: |  Problem: poorly resolved strain fields and
. Capture transition from solid to rubble interface physics, averaging in mixed material

« Deformation-induced heating, chemistry cells \
Example: Impact Test, Hydrocode Methods
Marcia Cooper —

Meshfree Methods

Mesh-based Methods (FEA) Show promise in overcoming these
problems at both meso and macro scales
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4 ‘ Overall Multiscale Approach
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Meshfree Mesoscale Models

Give insight to mechanical deformation and damage mechanisms under
many different stress states



6 ‘ Bonded Particle Models (BPMs)

» BPMs are minimalistic particle-based models for fragmentation —
ideal for studying trends/testing theories

> Very efficient, can simulate large systems, ~ 103 grains, at high
resolutions, ~ 10* particles/grain

»In BPMs, grain = collection of repulsive particles connected by
network of (typically) pairwise bonds

» Bonds break under specific criteria — e.g. stretch threshold

» Functional form of bond controls material properties:
moduli, fracture toughness, plasticity, viscoelasticity, ...

» Open-sourced models available in recently released LAMMPS
package




7 I Mesoscale Models of Energetic Composites

BPMs can be easily generalized to support new physics
by changing bond construction (~10 new lines of code)

Using Zener bonds gives viscoelasticity

Can generalize to Prony series (Kaiske 1997)
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Model plasticity with perfectly-plastic bonds
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s | ldentifying vield surface shape to inform continuum models

» Many possible loading paths, all
have unique failure stress. TXC Radial distance
Map out yield surfaces, often Jl stress
assumed to have simple shape (e.g. 7
Drucker-Prager)

> Testing how changes in binder’s
material properties impact yield
surface
» Dbetter understanding of
inelastic yielding for continuum
models

Earlier onset

E.p Strain e Straine. ©f plasticity TXE




9

Extending framework to capture damage and crack percolation

Simulations allow us to identify yield while simultaneously
tracking crack growth in binder & quantifying damage

Complete spatial-temporal history of damage provides a new
perspective on complex mechanical problems

See emergence of damaged modulus by
varying loading geometry

0.10f

Final percolating crack
in binder in pure shear

0.00

0.00 0.01 0.02 0.03 | )
Strain .y
LORD




0 | Statistical Descriptors of Mesoscale Response
E PURDUE

UNIVERSITY.

» Working hypothesis: Hot spots are rare events function of
distribution tails of mesoscopic statistical descriptors (e.g.,
inter-particle velocity, contact pressure)

> Particle-based numerical method that includes binder " .
article-binder-particle contact laws

behavior in particle contact laws Fn(7,-) M, (A8, -
Ft(s, ) Mb(ABb, .

-—
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Translational
(relative) motions

Rotational
(relative) motions

Binder and particles
share the compressive
load

Binder alone
supports tension

Binder rupture

OR

Binder debonding
(depending on
properties,

initial debonding, and
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Transition from
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to particle-particle

Binder failure
in compression. Hertz
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11 | Statistical Descriptors of Mesoscale Response
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> Interparticle Contact Pressure—indicator for particle fracture Stiff binder (200m/s) ‘
> Relative velocity between particles—indicator for

debonding/binder failure

(=
o

» Explore probability distributions/likelihood of different failure
mechanisms to inform failure modes in macroscale model

5
Probability

Interparticle Relative Velocity [m/s]
=

—_
(e
[+
[y
(=]
[=]
-
=

107 10° 10* 10° 10°

OOA%A ) Interparticle Contact Pressure [MPa]
. 00 A L 10"QQQ%% ] Soft binder (200m/s)
< 10 0O A 1 = ) Strain = 0.061 )
L AA ®) 8 % ) 10°%
2 P & = ERLS Rassann | .
£10° ra = AN AN <
8 2z AL A £
o r 8 jpot pALD A g
z A A 2" 0 A g .
2 e ;0 A
3 A 210%} A : :
R PN A 200m/s & | A 200m/s A : w § I
] A AN 51 | £
O 20m/s T O 20m/s A
-8 A . . . 6 \ \ A E L
hat! 102 102 10° o0 10’ 102 10° i
Interparticle Contact Pressures [MPa] Relative Velocity between Particles [m/s] e 1 o 10° - I
Interparticle Contact Pressure [MPa]

forD |



12

Macroscale Multiphysics Model

Predict coupled mechanical-thermal-chemistry events
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3 1 Meshfree Conforming Reproducing Kernel Method m

Reproducing Kernel Particle Method

» Galerkin-based variational method using the
reproducing kernel discretization

» Shape functions are the product of a
window/kernel function and correction function

NP
u" (x) = Zw.'df; Yy = Clx;x — x7)alx — x7)
=1

. . J. Koester, J.S. Chen, Comput. Methods Appl. Mech.
Conforming Reproducing Kernel Engrg. 347 (2019) 588-621

» Graph distance informed window/kernels replace
traditional Euclidian kernels to provide improved
accuracy and robustness for nonconvex
geometries and essential boundary conditions
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I
Thermo-mechanical-chemical coupling in CRK Multiphysics m

14
CRK—Thermal implemented to Siﬁlllltﬁﬁ@OllSly SOIV@ momentum Average Temperature vs Time with initial Temperature = 472K
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> Viscoplastic-ViscoSCRAM constitutive model » Chemical hgatlng from exothermic
: . decomposition
> Viscoelasticity > Currently restricted to Arrhenius rate
» Cracking damage (Statistical Crack Mechanics) y

> Pressure-dependent viscoplasticity with > More sophisticated models in progress |

Drucker-Prager yield surface

LAME Team, Library of Advanced Materials for Engineering (LAME) 5.4, Sandia Report P
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15 I Model Validation: Split Hopkinson Pressure Bar
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s 1 Thermal Runaway in Taylor Bar Impact: 450 m/s

» Energy dissipated due to plastic deformation raises temperature enough to start

Time =

runaway chemistry
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» Multifaceted effort to understand and model mechanically induced reaction in
energetic materials

> Meshfree numerical methods (continuum and mesoscale)

» Understanding damage and heat generation mechanisms

» Upscaling to macroscale constitutive models (yield surface, damage, statistical signatures)
» Macroscale, Multiphysics predictions of impact-induced runaway temperatures

» Next Steps:
» Linking additional damage mechanisms to heat generation
» Best methods for representing localized hot spots in macroscale model?
» Complex ignition test geometries (Stevens test, Spigot test, etc.)

I
17 I Conclusions & Ongoing Work m
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Thermo-chemical coupling in CRK

Arrhenius equation-based chemical heat generation
Q = pAHZe Ea/RT

Two verification tests based on Frank-Kamenetskii equation

« Temporal verifi%ation test a7
_AVZT _|_ pca — pAHZe—Ea/RT —pca — pAHZe—Ea/RT
Uniform temperature
change (temporal variation
only)

dT
—AVZT _I_pCE — pAHZe—Ea/RT ——AVZT _ pAHZe_Ea/RT

« Verification test based on critical temperature g
Steady-state solution % _ p ln(

rszHZEa>

(spatial variation T, TZASR
only)
Critical ambient
temperature (T,) before
'Cooper, Paul W.. Explosives Engineering, John Wiley & Sons, Incorporated, 1996. runaway reaction’
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