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Simulation Methods: NAQMD, RMD and MD

Molecular Dynamics (MD)

Reactive MD (RMD)

Nonadiabatic quantum MD
(NAQMD)

First principles-based reactive force-fields

* Reactive bond order {BO,}
— Bond breakage & formation
e Charge equilibration (QEq) {g;}
— Charge transfer
Tersoff, Brenner, Sinnott et al.; Streitz & Mintmire et al.;
van Duin & Goddard (ReaxFF)



Molecular Dynamics Method

Newton’s second law of motion:

{r®),..m®}  m, djtr;(t) =—§—r\i/

Interatomic potential for SiO, & Si;N,:
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> Two-body: (1) steric repulsion 4_6-)@_.

(2) Coulomb ; (3) charge-dipole ; (4) induced dipole-dipole

O O—O

> Three-body: covalent bond bending & stretching
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MD Simulation:
Numerical Algorithm

* Equations of motion: 2nd order, non-linear,
coupled ODE— Finite-difference equations:

[Ti(),p;(t)] — [F;(t+At),p;(t+A1)]
* |[nitial conditions:
lattice positions, random velocities

* Boundary conditions:
periodic boundary conditions (PBC)

* Integration algorithms:
Gear, Beeman, Verlet @Y= lHIVACEY, etc,



Periodic Boundary Conditions
(PBC)

 simulation box is
taken as basic unit

* the whole space is
(X, y) x+L,y) filled by periodically
repeating the basic

| L | unit




Velocity-Verlet Algorithm

Stage 1 7,(t+At) = ,(t) + AtV,(0) + AL%E,(t)

V(I AL) = V(1) + T ALE (1)

Stage 2 |<<<< Force evaluation >>>>

Stage 3 V.(t + At) = V:(t + %At) + %Atﬁi(t + At)




Link-Cell-List Scheme:
ON?) — O(N)

* particles are divided
into cells of size r,

 particles are linked in
each cell into link-lists

* particles in neighbor
cells are grouped into
neighbor-lists




Domain Decomposition Scheme

* system is divided into
node 1 node 2 SUbsyStemS
node 3

* subsystems are
\ geometrically
matched onto nodes

* interaction between
\ neighbor nodes are
calculated through

message-passing

node 4




Reactive Force Field (ReaxFF) MD

First principles-based reactive force-field [van Duin, Goddard, Caltech]

* Reactive bond order: Ego((r;,r;,rr},{BO;})

— Bond breakage & formation [Tersoff, ‘85; Brenner, ‘90]
e Charge equilibration (QEq): {q;} = argmin Es({r;}.{q;})

— Charge transfer [Goddard & Rappe, ‘91; Streitz & Mintmire, ‘94]
Significantly less computing time than the density functional theory (DFT)
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Oxidation of an Al Nanoparticle (n-Al)

w
(@)

« Electrostatic Forces

N
(@]

—_
(@]

Oxide Thickness (A)

)

100 200

. Non-electrostatic Forces
Time (ps)

-1 0 1
Pressure (GPa)

« Oxide thickness saturates at 40 A after 0.5 ns, in agreement with experiments
 Oxide region/metal core is under negative/positive pressure
e Attractive Al-O Coulomb forces contribute large negative pressure in the oxide




Structure of Oxide Scale

Snapshot at 466 ps

Oxide scale is
amorphous

Oxide thickness is 40 A,
in agreement with
experiment

Average density of oxide
is 2.9 g/cm3;
75% of alumina







Nanoparticle with

Alumina Nanoshell




Nanoparticle Explosion
Tcore = 9000K, D=48nm, S =4nm




Jetting out of Al Core Atoms
Tcore = 9000K, t = 72ps

* More Al core atoms jet out from the weak areas of the shell



Jetting out of Al Core Atoms
Tcore = 9000K, 4 nm Shell

* More Al core atoms jet out from the weak areas of the shell




Structural Characterization of Nanoshell
S =4nm, Tcore = 9000K

* Density: # of atoms / nm? o Stress: GPa




Nanoparticles with

Alumina Shell




Amorphous and Crystalline Shells
Explosion: Tcore = 9000K




Nanoparticle with

Amorphous
Alumina Shell




Jetting out of Al Core Atoms
Tcore = 9000K, t = 60ps, Amorphous Shell

Density Color Bar Core Al atoms

High

Al core atoms jet out homogeneously from the shell



Jetting out of Al Core Atoms
Tcore = 9000K, Amorphous Shell

Al core atoms jet out homogeneously from the shell



Structural Characterization of Nanoshell
Crystalline Shell, Tcore = 9000K

* Density: # of atoms / nm? o Stress: GPa




Structural Characterization of Nanoshell
Amorphous Shell, Tcore = 9000K

* Density: # of atoms / nm? o Stress: GPa




Three 46 nm Nanoparticles:
Burning of the Center Nanoparticle

Heated Heated
T=1200K Not heated T=1200K

< >

4.11 Million atoms 4.11 Million atoms



Oxidation of the Center Nanoparticle

Oxidation reaction (Al core is not shown)



Oxidation of the Center Nanoparticle
Aluminum Ejections

Aluminum ejections: core (white) and shell (red)



Graphitic metamaterial from high temperature
oxidation of silicon carbide.




Oxidation of SiC Nanoparticle

e Reactive molecular dynamics (RMD) simulations: Diameter = 10 nm (100K
atoms), 46 nm (10M atoms) & 100 nm (112M atoms) on 786,432-processor
IBM Blue Gene/Q

S, C, 0
T=2,800K

 Formation of nanocarbon, embedded within SiO, shell



Nanocarbon Production

e Much more Si-O bonds are formed compared with C-O
e C-C bonds are predominantly sp?

O-Si

Number of bonds

C-C ¢

C-O

e Silica shell acts as a nanoreactor by transporting O reactants &
protecting C products from harsh oxidizing environment



Mechanical Metamaterial?

A simple synthetic pathway to high surface-area, low-density
nanocarbon with numerous energy & mechanical-metamaterial
applications, including the reinforcement of self-healing composites

MetaCarbon
Under Shock Impact

MetaCarbon
Under Compression



Molecular Mechanism of MoS, Exfoliation

» Shear stresses on MoS, surfaces initiate exfoliation
» Shock waves reflected from MoS, surfaces enhance exfoliation






Deformation of Cellular Architecture
Pankaj Rajak, 2:15PM, Today, Constitution B

Basic building block of cellular architecture
Kagome lattice Octen truss

Deformation behavior of these structures at atomic level is not clean

To answer this question we have studied uniaxial compression of
Nickel Kagome lattice using molecular dynamics simulation



Molecular Dynamics Simulation Setup

» Uniaxial Compression of Single Kagome structure is studied using flat
punch compression

Flat Punch
» Kagome structure
made from
hollow/solid Ni
nanorod
»> System

size:550A*350A*0A,
Ni nanorod diameter
10nm & thickness

Fixed Substrate 2nm
» Total number of
atoms: 1 million to 2.5
million
» Flat Punch is moved at a speed of 2m/sec and after each
compression of 0.5%, system is relaxed for 400ps



vV VvV

Conclusion

Mechanical Collapse of single nanorod/nanotube happens at after 3.5% strain
Yielding in solid kagome lattice happens at 2.5% strain while for hollow
lattice after 3.9% strain

All 8 beams in solid kagome lattice shows deformation after yield point which
results in the formation of several slipped and twin region in the system
Deformation happens near the node in hollow kagome lattice up to 11% strain
and after that bending of the lattice is observed



Si;N,-Matrix SiC-Fiber Nanocomposite

1.5-billion-atom MD on IBM SP3

Color code: Si5Ny; : Si

0.3 um

Fracture surfaces in ceramic-fiber
nanocomposites: Toughening mechanisms?




Nanoindentation on RDX Crystal

e Localized melting under a diamond AFM tip
e RDX molecules climb on the indenter surface

O

RDX molecule
C3N;OgH;g






Damage from “Hard Impactor” in AIN Ceramic



Damage Viewed from Behind the Impactor



Damage from Real Impactor in AIN Ceramic




Summary of Shock Damage in AIN



One Billion Atom Reactive Simulation of
Shock-induced Nanobubble Collapse (Empty)




One Billion Atom Reactive Simulation of
Shock-induced Nanobubble Collapse (Gas Filled)




H, Production from Water Using LiAl Particles

16,661-atom QMD simulation of LiyyAlyy; in water on 786,432 IBM BlueGene/Q cores
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