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l. Introduction



Quasi-Static
years Engineering Simulations
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10°15 10-12 109 106 102 1 10
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http://www.lbl.gov/CS/html/exascale4energy/nuclearhtm!



http://www.lbl.gov/CS/html/exascale4energy/nuclear.html

What is molecular dynamics!?

A computational microscope

An experiment on a computer

ENelintlation of the classical
mechanics of atoms

http://www.ks.uiuc.edu http://www. |2 3rf.com



http://www.ks.uiuc.edu/Publications/Stories/tcbg_ytt/images/computational-microscope.jpg
http://www.123rf.com/

Why is it useful?

By simulating atomic and molecular motions, we can gain
atomistic insight into molecular structure and kinetics

Powerful experimental techniques (X-ray diffraction, NMR)
can resolve atomic structure, but not dynamics

We can predict and understand molecular behavior and
compare / interpret experimental observations

Total control of molecular forces, structure, and conditions

In principle, it can furnish all classical thermodynamics
about any molecular system™®

* subject to available force fields and sufficient computational power! 5



What is it used for?

Materials property prediction
- bulk modulus, surface tension, shear viscosity,
thermal conductivity, flow, gelation

Blomolecular modeling
- protein folding, viral capsids,
cell membranes, ion transport

Ligand and drug design
- docking, interaction, sterics

igh-throughput molecular screening
- drugs, surfactants, self-assembling materials

ng http//www.irologywisc.edu/virusworld/viruslist.php?virus=hpb  http://www.ph.biu.ac.il/~rapaport/visint/05_examp_grandyn.html 6



http://cssb.biology.gatech.edu/sites/default/files/flhm1.png
http://www.virology.wisc.edu/virusworld/viruslist.php?virus=hpb
http://www.ph.biu.ac.il/~rapaport/visint/05_examp_grandyn.html

Is it used in industry?
YES!

Computer power (just) continues to follow Moore's Law,
computation gets cheaper every year

Reliable and validated computational exploration and
testing I1s much cheaper and quicker than an R&D [ab!

INDUSTRIAL

MD is now a standard tool in pharma, nuclear, [ESER=ERIE

pakTy of
—— MOLECULAR

chemical, oll, aerospace, electronics, and plastics [T

MD Is maturing into an “oft-the-shelf" tool
Elsliaste the emergence of CFD In the 90's




Scopus abstract/title/keyword search “molecular dynamics™
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http://www.scopus.com

II. History



First MD simulation

Alder & Wainwright (1957) invent molecular dynamics and
perform first simulations of the hard sphere fluid

solid phase liquid phase liquid-vapour-phase

Bernl Alder recelves Boltzmann

Vedal (2001) and National Medal
SiEclence (2007) for this work

@RErEntly Professor Emeritus at UC Davis

Alder, B. |. and Wainwright, T. E. |. Chem. Phys. 27, 1208 (1957) 10



Milestones in MD

1960
Gibson et al.

Simulation of Cu
radiation damage

J
1974

Rahman & Stillinger

First simulation of
liquid water

1994
York et al.

BPTI hydrated xtal
[Ins]

York, D.M., Wlodawer; A., Pedersen,

2010
Shaw et al.

BPTI in water
[ Ims]

Shaw, D.E. et al. Science 330

Gibson, J.B., Goland, AN., Milgram, M., and Stillinger, EH. and Rahman, AJ. Chem. Phys.
Vineyard, GH. Phys. Rev. 120 1229 (1960) 60 1545 (1974) gﬁ-Sa?fggjgde”'TA- ENA S RS S S ol

e e

o0 6 BT 1998
Alder & Wainwright Rahman McCammon et al. Duan & Kollman

First MD simulation
of hard sphere fluid

Alder, B.J. and Wainwright, T..E. ]. Chem. Phys.
27 1208 (1957)

First simulation of
liquid Ar using
realistic potential
Rahman, A. Phys. Rev. A136 405 (1964)

First protein simulation Villin headpiece In
(BRI ]

McCammon, J.A, Gelin, B.R, and Karplus, M.
Nature 267 585 (1977)

water [ | 4s]

Duan,Y,, and Kollman, PA. Science 282
5389 740 (1998)

solid phase liquid-vapour-phase

liquid phase




[ll. Basic Principles



The fundamental idea

MD simulates atomic motions using classical mechanics
Running a simulation s like cooking - just follow the recipel

= —NRcredients:

|. An Inrtial system configuration [7(t = 0 al=sul

3. A way to Integrate F=ma



The fundamental idea

Laplace’'s Demon /" The Clockwork Universe”™

"Given for one instant an intelligence which could
and the respective

positions of the beings which compose it, if moreover this
intelligence were vast enough to submit these data to analysis, it
would embrace in the same formula both the movements of the

largest bodies in the universe and those of the lightest atom; to
it nothing would be uncertain, and the future as the past
would be present to its eyes.”

- Pierre Simon de Laplace (1749-1827)

This is basically molecular dynamics!



But what about quantum effects?

Classical MD treats atoms™* as point particles that move
deterministically via Newton's equations of motion

|s this a valid description of atomic dynamics! YES.

(1) Born- O:)penhemer allows us to treat electrons implicitly.
Their effect Is “baked in" to nuclear interaction potential.

TeIeCN | O_ 18 S
Thuc™ | O_|5 S

Separation of time scales argues for pseudo-equilibrium of
electrons with respect to nuclel

* or coarse-grained groups of atoms called “united atoms” 5



But what about quantum effects?

(2) The Schrédinger equation for nuclel replaced by F=ma

de Broglie wavelength: AC A, Ac~ 03A
Slidl@cteristic atomic separation: d — 1A

For all but lightest atoms d >> A allowing us to treat
atoms as point particles and use classical mechanics™

*The quantum behavior of light elements (e.g, H, He, Ne) requires special
treatment by fixing bond lengths or lumping light atoms into united atoms



Ingredient |: Initial configuration

Specification of initial atomic A T
' i URICENRY: - oo o
coordinates and velocrties A

Classical mechanics is deterministic: | €& S8
initial state and interaction rules . ‘S
fully specify the system’s future™

Theoretical and Computational Biophysics Group

Wind up Laplace’'s clockwork
Unive r‘se aqd o L= in pr‘inCiple TS o, a University ofBTl(l:i':\rziasnaltniltrllg::\:-Champaign
“vast Intelligence” could compute the future of the system

Our Intelligence Is insufficiently vast — the equations are
IRl and thus

* neglecting numerical integration errors and finite precision (i.e., uncertainty) www.ks.uiuc.edu |17



http://www.ks.uiuc.edu

Initializing coordinates

Protein in water

A 2626
Inrtial conf |gu rations can be e o 1 et 2519 B2 Baisl e B
1ACE HH3L 2 ©.748 2.548 ©.554 0.2235 0.8524 -0.1715
1ACE  HH32 3 9.685 2.433 ©.538 3.1239 -1.7508 0.2784
ge qer‘a‘tec D>/ hand Or‘ Shor‘t 1ACE  HH33 4 ©.684 2.482 9.394 0.2995 1.4351 -B.5063
1ACE C 5 B8.553 2.633 0.451 -9.9173 -0.1643 -0.2114
. . 1ACE 0 & B.445 2.613 0.535 -0.9062 -B.0674 -0.1518
.fT | + 2ALA N 7 ®8.582 2.739 ©.485 ©.1733 ©8.1955 0.3558
SCrlptS Or S mp e S>/S _ems ZALA H & ©.518 2.886 ©.379 2.0591 1.7509 -1.1449
2ALA CA 9 ©.785 2.781 ©0.341 -8.1656 -0.5238 -8.7526
' ' 2ALA HA 18 ©.741 2.780 ©.278 -1.5876 -1.1917 -0.7488
e || U|d AI" bUlk A 2ALA CB 11 9.674 2.911 0.267 0.4673 -0.0071 -0.1476
"O") ) 2ALA HBL 12 @.611 2.896 0.179 -2.0184 -0.1132 1.5667
2aLA HB2 13 B8.628 2.977 0.348 ©.9533 -0.2065 0.3439
2aLA  HB3 14 B.763 2.957 ©.225 0.9167 -8.2257 0.5469
2ALA C 15 ©.813 2.805 0.445 -0.7286 -8.5024 -0.1928
2ALA 0 16 ©.783 2.866 ©.547 0.1974 -8.4451 0.8528
SO]CtWElre ‘tools fOr‘ Complex 3NAC N 17 8.941 2.777 0.419 -9.5125 0.1136 8.1784
INAC H 18 1.888 2.799 0.497 ©.1647 -1.3605 8.1187
. SNAC  CH3 19  1.881 2.723 ©.293 -8.7672 -0.2750 ©.2229
SNAC  HH3L 20 1.892 2.669 0.324 0.3722 1.1812 -0.5828
systems (e.g., proteins, M Wz 2 oo cek s Lamn oo doms
SNAC  HH33 22 1.838  2.81@  8.238 -2.1192 -8.7269 -1.1621
450L oW 23 B8.784¢ 1.392 ©.792 8.1855 -9.2071 0.1377
COmpleX defe(:'t S'tr‘UC'tu r“eS> 450L  HWL 24 ©.735 1.315 0.761 -1.9746 1.1185 -1.3153
450L  HW2 25 8.719 1.445 ©.839 1.3389 -8.5385 2.3128
530L oW 26 ©.428 ©.23¢ 2.285 1.2957 -0.4545 -0.0720
5S0L HWi 27 ©.411 ©.178  2.219 -8.2175 0.3118 -0.4516
: 5S0L  HW2 28 ©.488 ©.297 2.247 3.8259 -1.7375 0.3978
PRODRG (httpi//daVaPC | -bIOCh-duﬂdee-aC-u|</pl”0dl”g/) 650L  OW 29 B.166 B.681 2.571 -0.1148 0.6829 -B.6515
AR e Bieist : 4 i 6S0L  HWi 30 9.212 ©.681 2.595 -8.5922 B©.6213 0.5481
( D.//COMPDIO.DIOSCIL.UG.€AU.dU/d ) 650L  HW2 31 B.228 @.552 2.517 1.4295 0.3667 1.2935
750L oW 32 2.575 ©9.438 1.311 ©.4391 9.2071 0.3894
F))/rv1(:>| (thtF)://\A/\A/VNﬂF)>/rT1(3|-C)r§§/> 750L  HWL 33 2.581 8.469 1.721 -1.3349 8.1731 0.1541
o bt/ | € e il / 750L HW2 34 2.481 ©.429 1.828 0.6643 1.2137 2.4877
imera (http://www.cgl.ucsf.edu/chimera/) 850 OW 35 8.492 2.063 2.222 -.4334 .0059 .1953
850L HWi 36 ©.578 2.835 2.269 -8.2720 -1.2784 -1.1564
850L  HW2 37 ©8.458 2.127 2.279 ©.5359 -8.3976 ©.9797
950L oW 38 2.657 ©.259 0.784 0.3737 -0.2806 0.0046
' 950L  HWL 39 2.659 ©.233 08.692 -1.4133 0.9624 -0.4269
COmmon pr‘ote|n S‘tr‘UC“u r‘eS 950L HW2 48 2.714 9.335 0.789 1.6804 -1.2583 0.2641
= 1850L oW 41 -§.AA9  1.8682 ©.218 B.2163 0.5744 -8.2151
. i 1650L  HWL 42 -8.846 1.724 0.251 -8.3127 1.2546 0.9424
P -t D -t B 19S0L  HWZ 43  0.888  1.807 0.244 0.7693 -0.4235 -1.3548
Eﬂ.r~653 | r-] r~<:) CEEI f’] EEl EEl EElI’] ‘<l 1150L O 44 ©.693 2.684 2.223 -0.3870 -0.4375 0.1438
1150L  HWL 45 @.641 2.585 2.302 -B.5618 -3.2331 -0.1923
PDB (WWV\/.I”CSb.OI”Q/Ddb) 1150 HW2 46 8.772 2.647 2.256 -0.6655 -1.7422 1.4208
S 1250L O 47 2.608 2.648 2.637 0.3128 -9.3491 0.5421
1250L  HWL 48 2.615 2.621 2.547 -8.1552 -1.3876 0.7622


http://davapc1.bioch.dundee.ac.uk/prodrg/
http://compbio.biosci.uq.edu.au/atb/
http://www.pymol.org/
http://www.cgl.ucsf.edu/chimera/
http://www.rcsb.org/pdb

Initializing velocities

Bad idea to start atoms from rest (absolute zero = 0 K)
due to thermal shock upon starting simulation

Standard approach Is to draw velocities randomly from a
Maxwell-Boltzmann distribution at the temperature, [

http://ibchem.com/IB/ibfiles/states/sta_img/MB2.gif

m\3/2 { m(v2 + v5 + v2)]
fe

fV(U:Bﬂv'y-’v°) % (Q?Tk-T 2kT

100K

300K

number of particles

0 1000 2000

molecular speed / m$-1


http://ibchem.com/IB/ibfiles/states/sta_img/MB2.gif

Ingredient 2: Interaction potentials

The net force acting on each atom In the system is a result
of Its Interactions with all other atoms

iES=cNliieraction amount to a set of rules knewrEace!
force field or interaction potential

Accurate, robust, and transferable force fields are critical to
perform physically realistic molecular simulations

Force field development Is an academic industry

metals: EAM (Daw & Baskes), MEAM (Baskes)

biomolecules:  Amber (Kollman, UCSF), GROMOS (U. Groningen), CHARMM (Karplus, Harvard),
OPLS (Jorgensen, Yale), MARTINI [coarse grained] (Marrink, U. Groningen)

n-alkanes: TraPPE (Siepmann, U. Minnesota), MM2 (Allinger, UGA)

water: SPC (Berendsen), SPC/E (Berendsen), TIPnP(Jorgensen), ST2 (Stillinger & Rahman)

general: DREIDING (Mayo et al.), DISCOVER(Rappe et al.), UFF (Hagler et al.) 7



T

Energy, force, and acceleration

fL

ne potential energy of t

ne system Is a complicated

nction of atomic coord

inates (this Is why we have to

simulate numerically rather than calculate analytically)

JiEERREOrce on atom |1 Is the negative gradicneRttE
potential energy wrt the atomic coordinates

The potential energy Is typically broken into four parts:

I = ==V
il

a; — —
%

[V(’/’l, s ooos TN)]

V(F) = ‘/bonded + Vnon—bonded Sz Vrest’r‘aints i Vfield

2|



Bonded

bond angle 200
(i)
150_
§ (K s
| £ 100
dihedral improper dihedral =
() angle angle

o)
o

Lik

Vo (145) = kb i =)

V (ezjk) kzgk(eijk ezﬂc)

Vio(@ijrt) = Z Chn(cos(v

Vz‘d(ﬁijkl)=§k5(fz‘jkz—fo) o e

http//www.mbnexplorercom/users_guide/users_guide/43x.png Hess et al. GROMACS Manual v. 4.5.4 (2010) 28



http://www.mbnexplorer.com/users_guide/users_guide743x.png

Approximate ful
for simplicrity anc

Non-bonded

vamn der VVaals

Lennard Jones

strong repulsive ) :
forces Interatomic Potential
@0 . (0¥ ot
separation at U =a¢l| o\ [o\ )
e energy minimum U= t‘.\\ﬁ /' ) ‘~.\ﬁ ) /
<o ) Co
= (- \' -'/ \l
| : \ \
2 —
S R=1.120 ‘
1
-
z ! o
5 I
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§ 0 T T } T T T T T T ‘\
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= : force
5 | @ -0
repulsion attraction '
- 1,/__Vf\.’ . | e \‘ N\ | R=20
P, : " =

VLJ(T/L‘J‘) — 46

http://atomsinmotion.com/book/chapter5/md

Coulomb

A
Electrostatic
attraction: l
PE o ——
r
0 -
,

VCoul(Tij) o

47’(‘60 T34

n-body interactions as pairwise additive
computational efficiency (cf. (M)EAM)

Y

1

Electrostatic
repulsion: I

PE & —

2

q:4;

e


http://atomsinmotion.com/book/chapter5/md
http://guweb2.gonzaga.edu/faculty/cronk/chemistry/images/graph-electrostatic-PE-alt.gif

Fields

Flelds are commonly used to model:

| external potentia

2. continuum solvat

s (e.g, electric, magnetic, flow)
on (no explicit solvent molecules)

water
Continuum solvent model

Hydrophobic effect is roughly
proportional to surface area

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

Distance bond length or 3-atom angle

A


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

EAM / MEAM

Multi-body potential widely used for metallic solids

FAM - Embedded Atom Model
MEAM - Modified Embedded Atom Model

Inherently many-body = slower than pairwise additive FF
(2x - EAM, 3-5x - MEAM)

T2 & -
L] T l T
pairwise potential I I local e density

interatomic separation embedding function
A
Electron gas
Daw & Baskes PRB 29 12 6443 (1984) Baskes PRL 59 2666 (1987) http://potfit.sourceforge.net/wiki/doku.php http.//www.ide titech.ac.jp/~takahak/pub/ ORAN/EAMIecture.pdf 015



http://potfit.sourceforge.net/wiki/doku.php
http://www.ide.titech.ac.jp/~takahak/pub/ORAN/EAMlecture.pdf

EAM / MEAM

L ocal e density functions

EAM

n; = ij(rij)
J#i

MEAM

N 1 N
n = Epj (r,]) + ) Zf;l (r,,)f,k (rik) &; (COS gjik)

3-body radial 3-body angular

body term in MEAM improves agreement for directional bonding (bcc, hcp, diamond)

IST Intera:

‘omic Potentials Repository

http://www.ctcms.nist.gov/potentials/

-
w

Alloys, Compounds, and Mixtures
GIWMDVMGMMO’MMSNWMMWWO(W.

13
Binacies [two slements)
s 6 7 8 9 10 1 12 M A-Co Ag-Cu NGy A-Fo AH Al-Mg
23 24 25 26 27 28 29 30 31 N AP LTI C-Fo CH Cu-Ag
V C Mn Fe Co Ni Cu 2Zn Ga Cu-Al Co-Al Co-Ni Cr-Feo Cr-Ni Cu-Fe
Cu~Ni Cu-Pb Cu-Ta Cu-2r Fo-A Fe-C
41 42 43 44 45 46 47 48 49 Fo-Cr Fe-Cu Fe-Ni Fo-P Fo-V Mg Al
Nb Mo T Ru Rh Pd Ag Cd In Ni-A) Ni-Co Ni-Cr Ni-Cy Ni-Fe Ni-Zr
73 74 75 76 77 78 7% 80 81 P-Fe Po-Al Pt-Cu Pg-H By 0 TA
Ta w Re Os Ir Pt Au Hg T uo; (U Pu,Np)O; V-Fe Zr-Cu Zr-N
Ternanes (Shees elements)
105 106 107 108 109 110 111 112 - .
AgTa0y A-Mn-Pd
Db Sg Bh Hs Mt Ds Rg Cn o e
Fe-NI-Cr Ni-Al-Co
. 57 58 59 60 61 62 63 64 65 66 Ni-Al-H Pd-Ag-H
la Ce Pr Nd Pm Sm E Gd To Dy U-Mo-Xe
H r {
- T o =
Zn-Cd-Hg-S-S [V semicond mMpounds)

26



Ingredient 3: Integrators

linrtial atomic coordinates and velocrties| + [force field]
= entire future (and past!) modeled by F=ma

Analytical solutions for the dynamical evolution cannot be
computed for all but the simplest systems (>2 body)

Solve Newton'’s equations by numerical integration
= computers Ideally surted to rapid, repetitive calculations

Solving by hand would require
thousands of years!

244



Verlet algorithm

Many possible integration algorithms exist

(e.g., explicit/implicit Euler, Gear predictor-corrector, nt" order Runge-Kutta, Beeman, Newmark-beta)

The method of choice is the Verlet algorithm

fast

simple

low-memory

stable

time-reversible

symplectic (phase space volume & E conserving)

X 4N

poor accuracy for large time steps (At must be small)

Ml BEecorded Use by Delambre in | 771
Popularized in MD by Loup Verlet in 1967

28



Verlet algorithm

Derived from laylor series:

r(t 4+ 0t) =r(t) + r(t)ot + %fi“'(t)&fZ + ...

=r(t) + v(t)dt + %a(t)&Q =

ﬂ
~~
8
|
%
~~
—
|

r(t) — ()5t + %f(t)dtQ S

=r(t) — v(t)dt + %a(t)&z S

r(t+0t) = 2r(t) — r(t — 6t) + a(t)dt* + O (6t*)

b r(t + 5t)2;t7“(t — 0t) L0 (582) s

29



Time-reversibility

igher order Integration algorit
accuracy, enabling longer time s

NmMs have higher per step
'eps and faster simulations

(e.g., Runge-Kutta, Gear predictor-corrector)

But, do not respect time reversibility of Newton's
equations causing energy drift and error accumulation

Leapfrog :
0.0
M | | Y ‘ (
error f
| |
AT )
-2.0-10" | fﬁ n RK-4 ?
N I
ﬂ Ny 5
N .
itnress
-4.0,107 i s
Mid—peoint 113
T Uty A E T w e W] TR AN Geoe i W [ SR T 2 5
0 z0 40 &0 &0 100
http://einstein.drexel.edu/courses/Comp_Phys/Integrators/leapfrog/errors.gif time 30



http://einstein.drexel.edu/courses/Comp_Phys/Integrators/leapfrog/errors.gif

Simulation Overview

uoJ}puOY uopeuIuLIa] (|1

START

'

Initialize Positions
and Velocities

v

Calculate forces for all
molecules using Potential

v

Apply Thermostat and
Volume Changes

!

Update Position and
Velocities

Analyze the Data

31



3/

Every atom has a unique
position and velocity.
velocity

Vil \'y.l,
atom 1 4

velocity
Vicaly < Vy iy

Simulation Overview

atom 2

atomS5s
velocny
vXI‘, Vy«
velocity ¥
Vl~.|' nyA,l‘
atom 3
Calculate the interatomic

forces involving atom 1.

velocity
atom 1

l EF'I 5
F1 2'
Fsa

velocity

velocity
atom 3
Compute the net
force on atom 1.
velocity
atom 1
f ) *

\_'.. File

velocity

velocity

atom S5

velocity

velocity
o Vaaly Vil

atom 2

velocity

F‘.] -

atom 2

atom S5

velocity

atom 4

atom 4

Compute the interatomic
forces for every atom.
Ve [v':)f ity __atom 2
atoy. velocity g
- - g
\ F ... als [} ']
\__'.. File & o
Fslt apin
\ tom 5 b ‘\’(& \
velocity F3l, {- D }a om \
/*‘ \./ Tatom 4
{1
{ %)‘ ocCity
“Tatom 3
Update the velocity .
of every atom. velocity
ry Vi, ar Voo an atom 2
atom 1, ‘: /

velocity
{ } Virkioar Voleear )

\\ 2P
velocity
vear Yl ar

/(‘_\ atom 5 ) \.’\-‘

' Tatom 4
velocity
Visleyar v""h.\!

velocity
Vielpy an - Virsles an

Vil

atom 3
Update the position
locit
of every atom. velocity
ry vl.‘!'.A“ VY.‘(.,\: L atom 2
atom 1 '

../.\/vclocily \*/

| [ VohoacWhoae T velocity

Vicely s ar Viyah o
velocity * \ / e W

Viley g Vlpaar ™

(===}
alom 5 '/
" atom
J& velocity
Vsl s ar Vsl an

atom 3

Repeat the computations .
usingtheupdated | velocity
. Xlteat YAt atom 2
velocities and positions.

atom 1

. .vclocnty £

: Viorkoar Yoilesar v lvelo\:’ltyl‘
i : Pbens T U AL T
velocity . A e At

Viley s Vlear

atom>5s

m velocity
\[l

d Vsl
atom3 AL et

http://atomsinmotion.com/book/chapter5/md

S


http://atomsinmotion.com/book/chapter5/md

Simulation Overview

http://www.youtube.com/watch?v=IL FEgK|3sm4


http://www.youtube.com/watch?v=lLFEqKl3sm4

V. Advanced Topics

SR



Ensembles

Naturally MD ensemble 1s microcanonical (NVE):
N - fixed # atoms

V - fixed volume
E - fixed energy

What It we want to simulate in other thermodynamic
ensembles that are closer to experimental systems?

Canonical (isothermal-isochoric) - NVT
sothermal-isobaric - NPT
senthalpic-isobaric - NPH

MD is typically restricted to fixed N

35



Thermostats

The temperature of a classical system Is defined by the
average molecular velocrity

it |
Egin = 9 mei §NdfkT = Fin
i=1

All thermostats are based on rescaling molecular velocities:

Berendsen - weak first-order coupling of vito target T
- does not yield canonical ensemble

Nose-Hoover - weak coupling of vito target T via fictitious oscillators
- correct coord & velocity canonical dist” and fluctuations™

* for N-H chains, single N-H thermostat non-ergodic in certain systems 36



Barostats

Pressure I1s computed from the virial equation

) £ R
P:V(Ekzn—:a) ::—52’)“2']'@}7@'3'

Barostats control pressure by scaling the box volume:

Parrinello-Rahman - weak coupling of V to target P via fictitious oscillators
- similar to Nose-Hoover I coupling scheme
- correct coord & velocity isobaric dist" and fluctuations

Sy



Periodic boundary conditions

Can only simulate small

“Irick™ the system into

with periodic replicas of

Molecules exiting one wall re-enter through the opposite!

(nanoscopic)

thinking It Is Infi

Brlien] ©i ©

inite by ti

DiElCic

INg space

fundamenital simliatichtes

.QC

¢+ &
QO
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http://isaacs.sourceforge.net/phys/images/these-seb/pbc-seb.png

Minimum image convention

Under PBC, inter-particle distances are measured using the
minimum image convention

We must ensure ratoff < L/2 so particles do not interact

with multiple images of neighbors

- - -0
T ¢

- Fo -0
i ?

- B L o
Y T

http//www.northeastern.edu/afeiguin/p4840/p | 3 | spring04/node4 | .html

Azxpr = Ax — L, int (
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http://www.northeastern.edu/afeiguin/p4840/p131spring04/node41.html

Ensemble and time averages

P ume av crage

Experiment <

Ensemble average

- Average over all possible system configurations

- Naturally attained in experiments containing Nay
number of particles

-Very hard integral to perform numerically!

o / / drVapV A (Y, pN) p (rV, ™)

p (¥, p) = Geap [<8H (")

B / / dr dp" eap [-BH (rV, p™)]

http://www.stanford.edu/~rsasaki/EEAP248/slide |

http://cssb.biology.gatech.edu/cell_simulation

Simulation
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http://cssb.biology.gatech.edu/cell_simulation
http://www.stanford.edu/~rsasaki/EEAP248/slide1

Ergodic hypothesis

The ergodic hypothesis states that for 7 — +o0

(A) = A

S0 we can compute thermodynamic averages from

M

D trajectories

Inturtion Is that long simulations explore all of the important (low energy)
terms In the ensemble average

How long Is long enough Is often unknown a priori and we rely on internal
checks that observables reach steady state

For

,we may need accelerated sampling
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Accelerated sampling

ardware limits the attainable MD time scales to O(us),
making 1t hard to study processes with >ps relaxations

-nergetically, the system can be trapped behind large
parriers, with the transition an exceedingly rare event

Accelerated sampling techniques use artificial biases to
speed up sampling of conformational space:

replica exchange - use | swaps to accelerate system dynamics at hi T
hyperdynamics - modify H with boost potential to enhance sampling

parallel replica - simulate multiple system copies to accelerate escape

g
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Specialized MD variants

nibitively ex

ReaxFF

= reactive M

jilifeM D (no FF rga!)
ear forces from solution of the electronic problem

D force fielc

bensive and slow for big systems

- enables classical modeling of chemical reactions

- massive speedups on commaodity graphics cards

Implicit field models
- trades accuracy for time scale

Car, R and Parrinello, M. PRL 55 22 2471 (1985)  Nielson, K.D. et al. The Journal of Physical Chemistry A 109 3 493 (2005) 43



Limitations and Caveats

No electrons and so no chemical reactions (but ReaxFF)
No quantum effects (but QM/MM)

Avallabllity, transferability, and quality of force fields

Time and length scale limrtations

Statistical significance of single trajectories

Equilibrated?
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Common mistakes

Simulation too short (#| problem!)

- answers are not meaningfu

- out of thermodynamic equilibrium

Inadequate forcefield
- GIGO

- £ not conserved, unstable trajectory
System too small

finrte size effects

SEdiie model low conc. In small box

- e.g,, salt, surface, impurity
Cut-offs too short
- Improper treatment of long-range interactions
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V. Molecular Dynamics Packages
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GROMACS!ii=
N CHARM N?.

AMBER
NAMD

ScalableMolecular Dynamics

Desmond

D E Shaw Research

HOOUID
bl

=@ Folding@home

_~

= (hstnbutcd computing

MD software

U. Groningen FREE
WWW.Sromacs.org

Harvard $600

www.charmm.org

Rutgers et al. $400
www.ambermd.org

UIUC FREE
WWW.Ks.uluc.edu

D.E. Shaw Research FREE
www.deshawresearch.com

Sandia National Lab FREE
http://lammps.sandia.gov

U. Michigan FREE
http://codeblue.umich.edu/hoomd-blue/

Folding@home FREE
http://folding.stanford.edu
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http://www.gromacs.org
http://www.charmm.org/
http://www.ambermd.org
http://www.ks.uiuc.edu/Research/namd/
http://www.deshawresearch.com/resources_desmond.html
http://lammps.sandia.gov/
http://codeblue.umich.edu/hoomd-blue/
http://folding.stanford.edu/

VI. Applications

48



Fracture mechanics
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Crack propagat
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http://www.sfb716.uni-stuttgart.de/en/research/subprojects/research-area-b/b2.html

http://www.ele.uva.es/~simulacion/MD.htm

Phase transitions

Silicon crystallization
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http://www.ele.uva.es/~simulacion/MD.htm

Protein folding

Datm Vo p, and Pande.
"Molecular Simulation of ab | | | fsra millisecond folder
NTL9(1-39)," ~ JAES Eowp ications 12010}
Data from Folding@home GPU SlMl;'a _JQMIdmg.stanford.edu)

Pande Lab, Stanfg niversity

https://www.youtube.com/watch?v=gFc


https://www.youtube.com/watch?v=gFcp2Xpd29I

VIl. LAMMPS
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LAMMPS

http://lammps.sandia.gov

Large-scale Atomic/Molecular Massively Parallel Simulator

LAMMPS Molecular Dynamics Simulator

lamp: a device that generates light, heat, or therapeutic radiation; something that illumines the mind or soul -- www.dictionary.com

-------------------------------
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

-------------------------------
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

physical analog (start at 3:25) & explanation

[ Big Picture [ Code [ Documentation \ Results Related Tools [ Context [ User Support

[ Features [ Download [ Manual \ Publications Pre/Post Processing [ Authors [ Mail list
[I\'on-fca(ums"[ SourceForge [ Developer Guide \ Pictures Pizza py Toolkit [ History [ Workshops |
| FAQ | Latest Featres & Bug Fixes | Tutorials | Movies || Offsite LAMMPS packages & tols | Funding | User Scripts and HowTos |
| Wish list || Unfixed bugs | MD to LAMMPS glossary | Benchmarks || Visualization | Open source | Contribute to LAMMPS |
| Il | Commands | Citing LAMMPS || Related Modeling codes | . I

LAMMPS is a classical molecular dynamics code, and an acronym for Large-scale Atomic/Molecular Massively Parallel Simulator.

LAMMPS has potentials for solid-state materials (metals, semiconductors) and soft matter (biomolecules, polymers) and coarse-grained or mesoscopic systems. It can be used to model atoms or, more generically, as a
parallel particle simulator at the atomic, meso, or continuum scale.

LAMMPS runs on single processors or in parallel using message-passing techniques and a spatial-decomposition of the simulation domain. The code is designed to be easy to modify or extend with new functionality.

LAMMPS is distributed as an open source code under the terms of the GPL. The current version can be downloaded here. Links are also included to older FOO/F77 versions. Periodic releases are also available on
SourceForge.

LAMMPS is distributed by Sandia National Laboratories, a US Department of Energy laboratory. The main authors of LAMMPS are listed on this page along with contact info and other contributors. Funding for
LAMMPS development has come primarily from DOE (OASCR, OBER, ASCI, LDRD, Genomes-to-Life) and is acknowledged here.

The LAMMPS WWW site is hosted by Sandia, which has this Privacy and Security statement.
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http://lammps.sandia.gov

History

Born mid-90's In cooperation between Sandia, LLNL, Cray,

Bristol Meyers Squibb, and Dupont — now developed at
Sandia under DOE funding

Current release Iin C VMR

Platforms: Linux, Mac, WWindows

Format: exe, RPM, PPA, SVN, Git,
Homebrew, tarball
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Usability

Run Inrtialization ana
control via input script

IR e command line as
./1lmp linux < 1in.comp

No GUI, but some python

tools available

(http://lammps.sandia.gov/doc/
Section_python.html)

Al _fcc.in
# —————————— Initialize Simulation -———————————————————m
units metal
dimension 3
boundary p p p
atom_style atomic
# ——————— Create Atoms ————————————————————
lattice fcc 4
region box block 8 1 8 1 ® 1 units lattice
create_box 1 box

lattice fcc 4 orient x 1 ® @ orient y 8 1 @ orient z 2 0 1
create_atoms 1 box
replicate 2 2 2

¢ — Define Interatomic Potential ---———————--ne—

pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al
neighbor 2.0 bin

neigh_modify delay 10 check yes

¢ — Define Settings —mmm™mm™m@
compute eng all pe/atom
compute eatoms all reduce sum c_eng

F mm——— Dump Options ————————————
dump 1 all atom 1 dump.relax
$ —————— Run Minimization -———————————————————m

reset_timestep 0

fix 1 all box/relax iso 0.0 vmax 0.001

thermo 10

thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms
min_style cg

minimize le-25 le-25 5000 10000

variable natoms equal "count(all)"
variable teng equal "c_eatoms"
variable a equal "1x/2"

variable ecoh equal "v_teng/v_natoms"

print "Total energy (eV) = ${teng};"
print "Number of atoms = ${natoms};"
print "Lattice constant (Angstoms) = ${a};"
print "Cohesive energy (eV/atom) = ${ecoh};"

print "All done!"
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http://lammps.sandia.gov/doc/Section_python.html

Excellent manual

Documentation

1. Introduction

(http://lammps.sandia.gov/doc/Manual.html)

1.1 What is LAMMPS

1.2 LAMMPS features

1.3 LAMMPS non-features

1.4 Open source distribution

1.5 Acknowledgments and citations

2. Getting started

Introductory lutorials and How los

(http://lammps.sandia.gov/howto.html)

Big Picture | Code Documentation J User Support J
Features ] Download Manual ] Mail list }
Non-features J SourceForge Developer Guide J Workshops J
FAQ ] Latest Features & Bug Fixes Tutorials ] User Scripts and HowTos ]
Wish list | Unfixed bugs MD to LAMMPS glossary || Contribute to LAMMPS |

Friendly user base and mailing list
(http://lammps.sandia.gov/mall.html)

2.1 What's in the LAMMPS distribution

2.2 Making LAMMPS

2.3 Making LAMMPS with optional packages
2.4 Building LAMMPS via the Make.py script
2.5 Building LAMMPS as a library

2.6 Running L AMMPS

2.7 Command-line options

2.8 Screen output

2.9 Tips for users of previous versions

3. Commands

3.1 LAMMPS input script
3.2 Parsing rules

3.3 Input script structure
3.4 Commands listed by category

3.5 Commands listed alphabetically

4. Packages
4.1 Standard packages
4.2 User packages

Excellent third-party tutorials hosted by CAVS @ MSU
(https://icme.hpc.msstate.edu/mediawiki/index.php/L AMMPS _tutorials)



http://lammps.sandia.gov/doc/Manual.html
http://lammps.sandia.gov/howto.html
http://lammps.sandia.gov/mail.html
https://icme.hpc.msstate.edu/mediawiki/index.php/LAMMPS_tutorials

Visualization
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http://www.ovito.org

Running a simulation

Input files

calc_fcc.pbs

calc_fcc.in Al99.eam.alloy

Windows

\Imp

N7 \/

Executables

Linux;

win_no-mpi.exe < calc_fcc.in /
qsub calc_fcc.pbs /

VAN

\

Imp_4Jul10 < calc_fcc.in //
L

\_ <3~

S
BQ
ggg \oviTo / \ VMD / \ MATLAB /

https://icme.hpc.msstate.edu/mediawiki/index.php/LAMMPS_Help
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VIIl. Hands-on with LAMMPS

Adapted from materials developed by Mark A. Tschopp
(US ARL) and hosted at https://icme.hpc.msstate.edu
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Tutorial |: Al cohesive energy
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Tutorial |: Al cohesive energy

e liRtse L AMMPS to estimate the Allice comesivE
energy, Ecohe, and lattice parameter; a

0

Ecohe g Esolz'd ey E 185 olated
a S

Experimentally, Ecohe = -3.39 eV/atom* and a = 4.0495 A*

Strategy: VWe shall use a modern EAM potential for Al
and optimize Econe as a function of a

*Charles Kittel. Introduction to Solid State Physics, 8th edition. Hoboken, NJ: John Wiley & Sons, Inc, 2005.  *http://periodictable.com/Elements/0 | 3/data.html 6 |



http://periodictable.com/Elements/013/data.html

Tutorial |: Al cohesive energy

Download Al99.eam.alloy EAM potential from NIST
nteratomic Potentials Repository Project
(http://www.ctcms.nist.gov/potentials)

Elements

18

2
13 14 15 16 17 He
5 6 7 8 9 10
B C N O F  Ne
13 14 15 16 17 18
3 4 5 6 7 8 9 10 11 12 A S P § d Ar
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ti V C Mn Fe Co Ni Cu 2Zn Ga Ge As Se Br Kr

39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Y Zr Nb Mo Tc Ru Rh Pd Ag € In Sn Sb Te I Xe

72 73 74 75 76 77 78 79 80
Hf Ta W Re Os Ir Pt Au Hg

»
« 104 105 106 107 108 109 110 111 112
RF Db Sg Bh Hs Mt Ds Rg OCn
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Pr Nd Pm Sm Eu oErTmYbLu

*
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http://www.ctcms.nist.gov/potentials

otain

LBHE

Tutorial |: Al cohesive energy
LAMMPS input file Al_fec.in from

rguson.matse.illinois.edu/download/Al.zip

)

SIRie@RErA Do camiallc AR e
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Tutorial |: Al cohesive energy

For style metal, these are the units:

Alifcc.in

# —————————— Initialize Simulation —-————————————————————
units metal \ mass = grams/mole
dimension 3 distance = Angstroms
boundary p p p J time = picoseconds
atom_style atomic

energy =eV
*{ B Cre:te ﬁtoms --------------------- velocity = Angstroms/picosecond
attice cc _
region box block 8 1 8 1 ® 1 units lattice forcc-cV/Angstrom
create_box 1 box torque = eV

temperature = Kelvin

pressure = bars

dynamic viscosity = Poise

charge = multiple of electron charge (1.0 is a proton)
dipole = charge* Angstroms

electric field = volts/Angstrom

density = gram/cmAdim

lattice fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1
create_atoms 1 box
replicate 2 2 2

$ ———— Define Interatomic Potential --—————————————mmeu—-
pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al

neighbor 2.0 bin

neigh_modify delay 10 check yes

$ ———— Define Settings ——m—mmm——————mm
compute eng all pe/atom
compute eatoms all reduce sum c_eng

* # specifies a comment

# ———————— Dump Options —————————————————————

dump 1 all atom 1 dump.relax

# ————— Run Minimization ————————————————————e

reset_timestep 0 -t d' b d °

fix 1 all box/relax iso 0.0 vmax 0.001 * X,¥,Z perioaic boundaries
thermo 10

thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms
min_style cg
minimize le-25 le-25 5000 10000

variable natoms equal "count(all)"
variable teng equal "c_eatoms"
variable a equal "1lx/2"

variable ecoh equal "v_teng/v_natoms"

print "Total energy (eV) = ${teng};"
print "Number of atoms = ${natoms};"
print "Lattice constant (Angstoms) = ${a};"
print "Cohesive energy (eV/atom) = ${ecoh};"

print "All done!"
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Tutorial |: Al cohesive energy

Al _fcc.in

5 ————— Initiatize simotation ———m4™—mvrne——
units metal

dimension 3

boundary p p p

atom_style atomic

— —————————— \ » Specify fcc lattice with a=4 A

lattice fcc 4
region box block 8 1 8 1 ® 1 units lattice
create_box 1 box )

[ ]
lattice fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1 [ ) D 'F b d I bl k
create_atoms 1 box e lne Cu OI a' OC
replicate 2 2 2 | t) | (j t) r} |<j.

# —————————— Define Interatomic Potential -—————————————————a-= a e e OX O Ing one
pair_style eam/alloy °

pair_coeff * * Al99.eam.alloy Al Iattlce Ce"

neighbor 2.0 bin
neigh_modify delay 10 check yes

$ ———— Define Settings ——m—mmm——————mm
compute eng all pe/atom

compute eatoms all reduce sum c_eng = Crea-te box Wlth I atOm type

¥ ——— Dump Options —m™——mm—mmmm—m—m——
dump 1 all atom 1 dump.relax
$ —————— Run Minimization --—————————————eeee—o

reset_timestep 0

fix 1 all box/relax iso 0.0 vmax 0.001

thermo 10

thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms
min_style cg

minimize le-25 le-25 5000 10000

variable natoms equal "count(all)"
variable teng equal "c_eatoms"
variable a equal "1lx/2"

variable ecoh equal "v_teng/v_natoms"

print "Total energy (eV) = ${teng};"
print "Number of atoms = ${natoms};"
print "Lattice constant (Angstoms) = ${a};"
print "Cohesive energy (eV/atom) = ${ecoh};"

print "All done!"
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Tutorial |: Al cohesive energy

Al fcc.in

# ——————— Initialize Simulation -———————————————————-
units metal
dimension 3
boundary p p p
atom_style atomic : i A A
P Crente Atoms o * Specify fcc lattice orientation
lattice fcc 4
region box block 8 1 8 1 ® 1 units lattice
create_box 1 box
lattice fcc 4 orient x 1 ® @ orient y @ 1 @ orient 2z 2 0 1 ﬂ\ [ (:: f- I
lattice foc 4 orie reate atoms ot type | on
replicate 2 2 2 ) . - - b
- — . . lattice sites within box

---------- efine Interatomic Potential -—————————————--—

pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al
neighbor 2.0 bin

neigh_modify delay 10 check yes

* Replicate domain by 2x2x2

$ ———— Define Settings ——m—mmm——————mm

compute eng all pe/atom '

compute eatoms all reduce sum c_eng |r] ><,>62Z

# o Dump Options ———————————————m——— 1 - |C|
dump 1 all atom 1 dump.relax I:r‘ep 1cate 1 1 1 WOU

$ —————— Run Minimization --—————————————eeee—o ; : .
reset_tinestep o be more parsimonious for this
fix 1 all box/relax iso 0.0 vmax 0.001

thermo 10 g K . 4

thermo_style custom step pe lx ly lz press pxx pyy pzz c_eatoms tFIVIa”)/ pGFIOdlC SYStem]

min_style cg
minimize le-25 le-25 5000 10000

variable natoms equal "count(all)"
variable teng equal "c_eatoms"
variable a equal "1lx/2"

variable ecoh equal "v_teng/v_natoms"

print "Total energy (eV) = ${teng};"
print "Number of atoms = ${natoms};"
print "Lattice constant (Angstoms) = ${a};"
print "Cohesive energy (eV/atom) = ${ecoh};"

print "All done!"



Tutorial |: Al cohesive energy

Al _fcc.in
# ——————— Initialize Simulation -———————————————————-
units metal
dimension 3
boundary p p p
atom_style atomic
$ ———— Create Atoms ——m—m—mm——————e—
lattice fcc 4
region box block 8 1 8 1 ® 1 units lattice
create_box 1 box

lattice fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1
create_atoms 1 box
replicate 2 2 2

$ ———— Define Interatomic Potential --—————————————mmeu—-
pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al

neighbor 2.0 bin

neigh_modify delay 10 check yes

$ ———— Define Settings ——m—mmm——————mm
compute eng all pe/atom
compute eatoms all reduce sum c_eng

¥ ——— Dump Options —m™——mm—mmmm—m—m——
dump 1 all atom 1 dump.relax
$ —————— Run Minimization --—————————————eeee—o

reset_timestep 0

fix 1 all box/relax iso 0.0 vmax 0.001

thermo 10

thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms
min_style cg

minimize le-25 le-25 5000 10000

variable natoms equal "count(all)"
variable teng equal "c_eatoms"
variable a equal "1lx/2"

variable ecoh equal "v_teng/v_natoms"

print "Total energy (eV) = ${teng};"
print "Number of atoms = ${natoms};"
print "Lattice constant (Angstoms) = ${a};"
print "Cohesive energy (eV/atom) = ${ecoh};"

print "All done!"

* Define form of pairwise
interaction potential as eam/
alloy
[misnomer, EAM Is n-body]

* Use Al block of
Al99.eam.alloy - specifies

cutoff, F, p,and ® - for all pairs
[for one atom type, 1 1 fine]

e 2 A skin thickness for
neighbor list binning

* Build neighbor list every 10
steps, but check atom moved
more than half skin thickness
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Tutorial |: Al cohesive energy

Al _fcc.in
—————— Initiatize simotation ———m4™—mvrne——

units metal

dimens
bounda
atom_s

lattic
region
create

lattic
create
replic

pair_s
pair_c
neighb

ion 3
ry ppp
tyle atomic

—————— Create Atoms ——————————————
e fcc 4
box block # 1 8 1 ® 1 units lattice

_box 1 box

e fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1

_atoms 1 box

ate 2 2 2

------ Define Interatomic Potential --—————————————mmeu—-
tyle eam/alloy

oeff * * Al89.eam.alloy Al

or 2.0 bin

neigh_modify delay 10 check yes

# ———
comput
comput

------ Define Settings ——m—mmm——————mm
e eng all pe/atom

e eatoms all reduce sum c_eng

\——/

reset_

fix 1
thermo
thermo
min_st
minimi

variab
variab
variab
variab

print
print
print
print

print

—————— Dump Options —m™——mm—mmmm—m—m——
1 all atom 1 dump.relax

------ Run Minimization --—————————————eeee—o
timestep O
all box/relax iso 0.0 vmax 0.001

10

_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms

yle cg
ze le-25 1le-25 5000 10000

le natoms equal "count(all)"

le teng equal "c_eatoms"

le a equal "1x/2"

le ecoh equal "v_teng/v_natoms"

“"Total energy (eV) = ${teng};"
"Number of atoms = ${natoms};"
"Lattice constant (Angstoms) = ${a};"
"Cohesive energy (eV/atom) = ${ecoh};"

"All done!"

* Define computes - quantities
recalculated every time step
[cf. variables, which evaluate a
formula when called]

e Reference computes as
c_ <name>

* c_eng defined over all atoms
to compute potential energy
per atom

e c_eatoms performs sum
reduce of c_eng vector over
all atoms
lalternatively: compute

eatoms all pe]
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Tutorial |: Al cohesive energy

Al _fcc.in

# ——————— Initialize Simulation -———————————————————-
units metal

dimension 3

boundary p p p

atom_style atomic

$ ———— Create Atoms ——m—m—mm——————e—

lattice fcc 4

region box block 8 1 8 1 ® 1 units lattice

create_box 1 box

lattice fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1
create_atoms 1 box

replicate 2 2 2

# —————— Define Interatomic Potential -—————————————————a-=
pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al

neighbor 2.0 bin

neigh_modify delay 10 check yes

# —————— Define Settings -———————————————————

compute eng all pe/atom

compute eatoms all reduce sum c_eng

—————— Dump Options —m™——mm—mmmm—m—m——
1 all atom 1 dump.relax

\—/

reset_

fix 1
thermo
thermo
min_st

------ Run Minimization --—————————————eeee—o
timestep O
all box/relax iso 0.0 vmax 0.001

10

_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms

yle cg

minimize 1le-25 1le-25 5000 10000

variab
variab
variab
variab

print
print
print
print

print

le natoms equal "count(all)"

le teng equal "c_eatoms"

le a equal "1x/2"

le ecoh equal "v_teng/v_natoms"

“"Total energy (eV) = ${teng};"
"Number of atoms = ${natoms};"
"Lattice constant (Angstoms) = ${a};"
"Cohesive energy (eV/atom) = ${ecoh};"

"All done!"

* A dump specifies how to
write output data

* Jag dump with id | to write to
dump.relax every | steps the
coords of all of the atoms

* Dump format:

IREMANMESIRER

0

ITEM: NUMBER OF ATOMS
£y)

ITEM: BOX BOUNDS pp pp pp
08

08

08

ITEM: ATOMS id type Xs ys zs
S OEERE

LA SREPORE

SRR OIS0 S

e ORI
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units

dimens
bounda
atom_s

lattic
region
create

lattic
create
replic

pair_s
pair_c
neighb

neigh_

comput
comput

Tutorial |: Al cohesive energy

Al _fcc.in
—————— Initiatize simotation ———m4™—mvrne——
metal
ion 3
ry ppp

tyle atomic

—————— Create Atoms ——————————————
e fcc 4
box block # 1 8 1 ® 1 units lattice

_box 1 box

e fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1

_atoms 1 box

ate 2 2 2

------ Define Interatomic Potential --—————————————mmeu—-
tyle eam/alloy

oeff * * Al89.eam.alloy Al

or 2.0 bin

modify delay 10 check yes

------ Define Settings ——m—mmm——————mm
e eng all pe/atom
e eatoms all reduce sum c_eng

—————— Dump Options —m™——mm—mmmm—m—m——
1 all atom 1 dump.relax

fix 1

reset_

------ Run Minimization --—————————————eeee—o
timestep O
all box/relax iso 0.0 vmax 0.001

\—/

ermo
thermo
min_st
minimi

variab
variab
variab
variab

print
print
print
print

print

10
_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms
yle cg

ze le-25 1le-25 5000 10000

le natoms equal "count(all)"

le teng equal "c_eatoms"

le a equal "1x/2"

le ecoh equal "v_teng/v_natoms"

"Total energy (eV) = ${teng};"
"Number of atoms = ${natoms};"
"Lattice constant (Angstoms) = ${a};"
"Cohesive energy (eV/atom) = ${ecoh};"

"All done!"

* Reset time steps to 0

* A fix Is an operation applied
at every time step

* Define fix | operating on all
atoms relaxes box to an
external isotropic pressure
of 0.0 bar with a 0.1%
maximum fractional
volume change per step

/0
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Al _fcc.in
., [htialize Slalation ———————— . Output thermodynamlc info
dimension 3
boandary p R P Lo SCrEEAREY=IaT |10 SEEBE
T Create Atoms —-—--=-—=--—-m-m-— [use fix / dump for file Write]
2?2;22 bgzx bloc? goi ® 10 1 units lattice

lattice fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1

create atons 1 box * Customize thermo output

replicate 2 2 2

$ ———— Define Interatomic Potential --—————————————mmeu—-

pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al F) r~f AL a .
neighbor 2.0 bin * Fertorm energy minimization
neigh_modify delay 10 check yes s E

R befine Settings ——mmeemememmmmmeev by conjugate gradient

compute eng all pe/atom
compute eatoms all reduce sum c_eng

¥ ——— Dump Options —m™——mm—mmmm—m—m——

dump 1 all atom 1 dump.relax [ Minimize E =T EFF —|— EﬂX Wl'th
$ —————— Run Minimization --—————————————eeee—o ! :
reset_timestep 0 AE: | 0-25 <|e, | par-t |n | 025)

fix 1 all box/relax iso 0.0 vmax 0.001

thermo 10 .
thermo_style custom step pe lx ly lz press pxx pyy pzz c_eatoms \ d Af: | O-25 d

min_style cg Eirw y Eirw El rT161><|rT1LJrTW
minimize le-25 1le-25 5000 10000 4}

variable natoms equal "count(all)"

of 5000 rterations and 0000
variable teng equal "c_eatoms" .
variable a equal "1x/2" energy evalua'tIOﬂS

variable ecoh equal "v_teng/v_natoms"

print "Total energy (eV) = ${teng};"

print "Number of atoms = ${natoms};"

print "Lattice constant (Angstoms) = ${a};"
print "Cohesive energy (eV/atom) = ${ecoh};"

print "All done!"

Z
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Al _fcc.in
Initialize Simulation

units metal
dimension 3
boundary p p p

atom_style atomic

B mem——— Create Atoms ——————————————
lattice fcc 4

region box block 8 1 8 1 ® 1 units lattice
create_box 1 box

lattice fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1
create_atoms 1 box

replicate 2 2 2

Define Interatomic Potential -—————————————————a-=
pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al

neighbor 2.0 bin

neigh_modify delay 10 check yes

Define Settings -———————————————————
compute eng all pe/atom

compute eatoms all reduce sum c_eng

¥ ——— Dump Options —m™——mm—mmmm—m—m——
dump 1 all atom 1 dump.relax
$ —————— Run Minimization --—————————————eeee—o

reset_timestep 0

fix 1 all box/relax iso 0.0 vmax 0.001

thermo 10

thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms
min_style cg

minimize le-25 le-25 5000 10000

* Define variables as formulas
evaluated when called
[cf. computes, simulation
values recomputed each step]

e Reference variables as
v_<name~>

* natoms = # atoms
teng = total PE (c_eatoms)
a = lattice parameter

natoms equal "count(all)"
teng equal "c_eatoms"

a equal "1x/2"

ecoh equal "v_teng/v_natoms"

variable
variable
variable
variable

(box side In x divided by
# x replicas = 2)

Nzt

print "Total energy (eV) = ${teng};"

print "Number of atoms = ${natoms};"

print "Lattice constant (Angstoms) = ${a};"
print "Cohesive energy (eV/atom) = ${ecoh};"
print "All done!"

ecoh = cohesive energy /atom

Vb
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Al _fcc.in
—————— Initiatize simotation ———m4™—mvrne——

units metal

dimens
bounda
atom_s

lattic
region
create

lattic
create
replic

pair_s
pair_c
neighb

ion 3
ry ppp
tyle atomic

—————— Create Atoms ——————————————
e fcc 4
box block # 1 8 1 ® 1 units lattice

_box 1 box

e fcc 4 orient x 1 @ @ orient y 8 1 @ orient z 8 0 1

_atoms 1 box

ate 2 2 2

------ Define Interatomic Potential --—————————————mmeu—-
tyle eam/alloy

oeff * * Al89.eam.alloy Al

or 2.0 bin

neigh_modify delay 10 check yes

comput
comput

reset_

fix 1
thermo
thermo
min_st
minimi

variab
variab
variab
variab

------ Define Settings ——m—mmm——————mm
e eng all pe/atom
e eatoms all reduce sum c_eng

—————— Dump Options —m™——mm—mmmm—m—m——
1 all atom 1 dump.relax

------ Run Minimization --—————————————eeee—o
timestep O
all box/relax iso 0.0 vmax 0.001

10

_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms

yle cg
ze le-25 1le-25 5000 10000

le natoms equal "count(all)"

le teng equal "c_eatoms"

le a equal "1x/2"

le ecoh equal "v_teng/v_natoms"

(print
print
print
print

kprint

"Total energy (eV) = ${teng};"
"Number of atoms = ${natoms};"
"Lattice constant (Angstoms) = ${a};"
"Cohesive energy (eV/atom) = ${ecoh};"

"All done!"

* Print terminal output to
screen

78



Tutorial |: Al cohesive energy
3. Let's run! ./Imp_mac < Al_fcc.1n

tuckernuck:1_Al_cochesive_energy alf$ ./Ilmp_mac < Al_fcc.in
LAMMPS (1 Feb 2014)
Lattice spacing in x,y,z =4 4 4
Created orthogonal box = (8 @ @) to (4 4 4)
1 by 1 by 1 MPI processor grid
Lattice spacing in x,y,z =4 4 4
Created 4 atoms
Replicating atoms ...
orthogonal box = (@ @ 8) to (8 8 8)
1 by 1 by 1 MPI processor grid
32 atoms
WARNING: Resetting reneighboring criteria during minimization (../min.cpp:173)
Memory usage per processor = 3.39898 Mbytes
Step PotEng Lx Ly Lz Press Pxx Pyy Pzz eatoms
"] -107.3423 8 8 8 20590.11 20590.11
10 -107.51283 8.e8 8.e8 8.e8 5853.9553 5853.9553
14 -107.52 8.1 8.1 8.1 2.726913 2.726913
Loop time of ©.02931406 on 1 procs for 14 steps with 32 atoms

Minimization stats:
Stopping criterion = linesearch alpha is zero
Energy initial, next-to-last, final =
-107.342208373 ~107.51990062 -~107.51990062
Force two-norm initial, final = 28.3679 0.008268005
Force max component initial, final = 28.3679 0.008268005
Final line search alpha, max atom move = 0.00145753 3.90625e-86
Iterations, force evaluations = 14 23

Pair time (%) = 0.00601649 (64.5958)
Neigh time (%) = @ (@)

Comn time (%) = 0.00095582 (10.2621)
Outpt time (%) = 0.008850677 (9.13326)
Other time (%) = 0.00149107 (16.0888)

Nlocal: 32 ave 32 max 32 min
Histogram: 106000000080
Nghost: 1067 ave 1067 max 1067 min
Histogram: 106000000080
Neighs: 2240 ave 2240 max 2240 min
Histogram: 106000000080

Total # of neighbors = 2248

Ave neighs/atom = 70

Neighbor list builds = @

Dangerous builds = @

Total energy (eV) = -107.51999962032;
Number of atoms = 32;

Lattice constant (Angstoms) = 4.05;
Cohesive energy (eV/atom) = -3.350000088135;
All done!

building system

serial run

20590.11 -107.3423

5853.9553 -107.51283 4— thermo

2.726913 -107.52

minimization stopping
criteria

CPU accounting

atom accounting

neighbor accounting
(dangerous builds)

terminal print
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4. Analysis

LAMMPS Expt.
Lattice constant / A 4.05 4.0495*
Cohesive energy / eV/atom -3.36 -3.39("

VWWe should be shocked 1

AN ER

Q. What a
WIth ex

' these quantities did not agree —

barametrized w

b S ERIATET

2l @zl

bout If we were studying a new material
berimentally unknown Econe and al

*Charles Kittel. Introduction to Solid State Physics, 8th edition. Hoboken, NJ: John Wiley & Sons, Inc, 2005.  *http://periodictable.com/Elements/0 | 3/data.html 7S



http://periodictable.com/Elements/013/data.html
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o |

Reinforced Titanium Armor Composite

; Bridge 11 = FEA

Bridge 9 =Weld
) \ pass/Pass
interactions
Bridge 8= Micro-mechanics
Damage ABAQUS
(ISV + FEA)

GT* Bridge 7= ~ Bridge 4 = RVE limits for
ulf Grain volume fraction TiB
Interactions (ISV + FEA)
Bridge 6 »

Bridge 3 = Particle/Matrix

>
------

High Rate " Interactions
Mechanisms 100’s Nm Crystal Plasticity
RN R (1SV + FEA)
Bridge 51| Fetatar i : ——— Bridge 2 = Deformation Mechanisms
tic ‘ : Atomistics \

A uli
.
A

(MEAM,MD) N\

. v-; - "
© N ﬂe“mu Bridge 1 = Interfacial Energy, Elasticity |

C ‘m Principles (DFT)

»&

- ?— — —_— ,4_,—7,75» G 5

https://icme.hpc.msstate.edu/mediawiki/index.php?title=File: Titanium_armor_length scale Bridging plot.png&limit=20
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Fclialization In OVITO

File

® QuickTime Player
- '

Edit View Window. Help

FAVORITES * [ 1_Al_cohesive_energy

All My Files (] Tutorials
*s ICME_Works... 140723 key
AirDrop

« agenda.pdf
veskiop « webpage.pdf

alf
Applications

ﬁ] Documents
$7 Dropbox
O Downloads
] programs
. Google Drive
. Box Sync

DEVICES

() Remote Disc

SHARED

& brw008092b...

S items, 8.53 GB available

share vb A MSMBuil
der_...807

MSMBulld" capDewet = manual-<4. PLUMED
er data..eton 62.pdf  man...pdf

—_—
=

® b G WEB O ¢ = 95% (Sl Tuejul15 15:31 Q =

IMAGS459.
P9

E

IMAGS419)

P9
Al99.eam.alloy

dump.relax
log.lammps
M Imp_mac

rachael modes= ! Rachael . w
over...pdf orks....pdf

raékael_pa DMDC_fina "Quote_684
per_“”.\\.p.txt Lpdf 211...html

\
\'
\\
\
I\

Purchasin
g ~...7.pdf

Ashwathi

WYSE phot

oS

Harpers W' Drive’Slo = How the 140617 M pX.txt
hiteCity w.pdf skys....pdf WTCC_key
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Tutorial |l: Young’s modulus of Al
OK, but weren't we meant to do MD/?

Right! Now that we can generate an equilibrated Al fcc
attice, let's use LAMMPS to estimate Young's modulus, E
Stress

Yield/Breaking Point

Stress | Stiff E=Stress/Strain ~ [7€%PH _ g 3Pa "
o Mater; ¢ Al
Ductile Matenqal
v Strain

Strain =¢

Strategy: Apply an artificial extensional force to a fcc Al
xtal and measure stress/strain relationship

*http//www.enginee

ringtoolbox.com/young-modul

us-d 417.html  http://www.mbari.org/staff/conn/botany/methods/methods/mmaterial.htm
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Download Al99.eam.alloy EAM potential from NIST
nteratomic Potentials Repository Project
(http://www.ctcms.nist.gov/potentials)

Elements
18
2
13 14 15 16 17 He

5 6 7 8 9 10
B Lo} N (o] F Ne

-

N

13 14 15 16 17 18
3 4 5 6 7 8 9 10 11 12 A si P S§ C Ar

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ti V C Mn Fe C Ni Cu 2Zn Ga Ge As Se Br Kr

39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Y Zr Nb Mo Tc Ru Rh Pd Ag € In Sn Sb Te I Xe

72 73 74 75 76 77 78 79 80
Hf Ta W Re Os Ir Pt Au Hg

»
« 104 105 106 107 108 109 110 111 112
RF Db Sg Bh Hs Mt Ds Rg OCn

57 58 59 60 61 62 63 65 66 67 69 70 71
Pr Nd Pm Sm Eu HoErTmYbLu

*

w

wn

(o))

H

@ wn w N bor
§8 28 98 98 EN s N

~


http://www.ctcms.nist.gov/potentials
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2. Obtain LAMMPS input files Al_tensile.in, Al_eq.m, anad

Al deform.m from
http://ferguson.matse.lllinois.edu/download/Al.zip

\
— — — — o

Al_tensile.in Al sain Al_deform.m Al99.eam.alloy Imp_mac
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] Al_tensile.in

e ettt INITIALIZATION === e e
units metal

dimension 3

boundary p p p

atom_style atomic

variable latparam equal 4.05

# ATOM DEFINITION —————————mmm e
lattice fcc ${latparam}

region whole block © 10 © 10 © 10

create_box 1 whole

lattice fcc ${latparam} orient x 1 @ @ orient y @ 1 ©@ orient z 0 0 1
create_atoms 1 region whole

replicate 111

I FORCE FIELDS -—————————mmmm e
pair_style eam/alloy

pair_coeff * * Al99.eam.alloy Al

neighbor 2.0 bin

neigh_modify delay 0@ every 10 check yes

# ommmmm e SETTINGS —-—---——mmmmm e
compute csym all centro/atom fcc

compute eng all pe/atom

e Set lattice parameter variable to a = aeq = 4.05 A

* Specify two computes to calculate pe/fatom and
centrosymmetry parameter

N/2 Bulk lattice = 0

) > 2 Dislocation core ~ 1.0
CS = Z |R; + Ritny2l
i=1

Stacking faults ~ 5.0
Free surface ~ 23.0

http://lammps.sandia.gov/doc/compute _centro_atom.html#Kelchner
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RARRAR AR AR R AR AR R AR AR R AR AR R AR ARRBRARRS
# EQUILIBRATION

# reset timer
reset_timestep 0

# 2 fs time step
timestep 0.002

# initial velocities
velocity all create 300 12345 mom yes rot no

# thermostat + barostat
fix 1 all npt temp 300 300 1 iso © ® 1 drag 1.0

# instrumentation and output
variable s1 equal "time"
variable s2 equal "1x"
variable s3 equal "1ly"
variable s4 equal "1z"
variable s5 equal "vol"
variable s6 equal "press"
variable s7 equal "pe"
variable s8 equal "ke"
variable s9 equal "etotal"
variable s10 equal "temp"
fix writer all print 250 "${s1} ${s2} ${s3} ${s4} ${s5} ${s6} ${s7} ${s8} ${s9} ${s10}" file Al_eq.txt screen no

# thermo
thermo 500
thermo_style custom step time cpu cpuremain 1lx ly 1z press pe temp

# dumping trajectory

dump 1 all atom 250 dump.eq.lammpstrj
# 24 ps MD simulation (assuming 2 fs time step)
run 12000

# clearing fixes and dumps

unfix 1

undump 1

# saving equilibrium length for strain calculation
variable tmp equal "1x"

variable L@ equal ${tmp}

print "Initial Length, L®: ${L@O}"

* [nstrumentation, perform MD integration with Verlet (default)
algorithm, and record terminal relaxed box size
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RARARAR AR AR RRR AR ARAR AR AR AR AR AR AR ARARAR
# DEFORMATION

# reset timer
reset_timestep 0O

# 2 fs time step
timestep 0.002

# thermostat + barostat
fix 1 all npt temp 300 300 1 vy 2 2 1 2z 0 0 1 drag 1.0

# nonequilibrium straining in x-direction at strain rate = 1x10710 / s = 1x10”%-2 / ps in units metal
variable srate equal 1.0el0

variable sratel equal "v_srate / 1.0e12"

fix 2 all deform 1 x erate ${sratel} units box remap x

# instrumentation and output

# for units metal, pressure is in [bars] = 100 [kPa] = 1/10000 [GPa] => p2, p3, p4 are in GPa
variable strain equal "(1x - v_L@)/v_L0O"

variable pl equal "v_strain"

variable p2 equal "-pxx/10000"

variable p3 equal "-pyy/10000"

variable p4 equal "-pzz/10000"

fix writer all print 125 "${p1l} ${p2} ${p3} ${pd}" file Al_deform.txt screen no

# thermo
thermo 500
thermo_style custom step cpuremain v_strain v_p2 v_p3 v_p4 press pe temp

# dumping standard atom trajectories

dump 1 all atom 125 dump.deform. lammpstrj

# dumping custom cfg files containing coords + ancillary variables

dump 2 all cfg 125 dump.deform_x.cfg mass type xs ys zs c_csym c_eng fx fy fz
dump_modify 2 element Al

# 20 ps MD simulation (assuming 2 fs time step)

run 10000

= g}earing fixesland dumps . . o
ont 2 * Nonequilibrium straining,
undunp ; instrumentation, and

BRER AR AR AR RRARRAABRARRRRRRRRARRRRRRA Cfg traj ecto I”y d um p

# SIMULATION DONE
print "All done!"
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./Imp_mac < Al_tensile.1n

Ll 2_Al_Youngs_modulus — bash — 133x27 12

tuckernuck:2_Al_Youngs_modulus alf$ ./lmp_mac < Al_tensile.in
LAMMPS (1 Feb 2014)

3. Let’s runl

Lattice spacing in x,y,z = 4.05 4.05 4.05
(0 @ 0) to (40.5 40.5 40.5)
1 by 1 by 1 MPI processor grid
Lattice spacing in x,y,z = 4.05 4.05 4.05
Created 4000 atoms
Replicating atoms ...
= (0 0 @) to (40.5 40.5 40.5)
1 by 1 by 1 MPI processor grid

Created orthogonal box

orthogonal box

4000 atoms

Setting up run ...
Memory usage per processor = 4.96236 Mbytes

Step Time CPU CPULeft Lx Ly

0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000

LCoOoNOOTUBBWNRES®

0
12.365961
24.741789
39.549843
54.536895
70.367178
83.555789
96.427479
110.11764
122.99169
135.84727
148.63189
161.44717

284.
272.
276.
272.
267.
250.
.18102
220.
204.
190.
175.
161.

234

Lz Press PotEng Temp

0
41713
15969
84891
68448
39528
66737

23529
98615
18618
65587
44717

40.5
40.557806
40.573622

40.58055
40.588269
40.591944
40.595807
40.603551
40.611179

40.61865
40.625915
40.629588
40.631803

40.5
40.557806
40.573622

40.58055
40.588269
40.591944
40.595807
40.603551
40.611179

40.61865
40.625915
40.629588
40.631803

40.5
40.557806
40.573622

40.58055
40.588269
40.591944
40.595807
40.603551
40.611179

40.61865
40.625915
40.629588
40.631803

2496.1233
781.69582
85.733564
222.05046
28.687955
191.32817
324.09009
330.98508
106.05206
21.917251
14.611906

30.56594
2.7573596

-13440
-13362.995
-13355.919
-13346.458
-13340.533
-13335.453
-13329.002
-13320.563
-13316.256

-13313.98
-13307.48
-13302.925
-13301.413

300
169.08671
178.0143
182.72414
194.24556
207.18274
216.94285
222.10308
234.27863
249.16077
254.46631
261.97643
273.69236

N.B. This could take 8-10 minutes if your machine is old and slow (like mine)
Speed things up by reducing system size by factor of 23 in Al_tensile.in:

whole block © 5 8 5 0 5

region
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4. Analyze approach to equilibration using Al_eq.m

| . New Variable 7 Analyze Code oE
Lo S8 T Qendres O e ™ - =)
Ll Open Variable ~ iy’ Run and Time _
New New Open ... Compare Import Save Simulink
Script v v Data  Workspace (') Clear Workspace v Clear Commands v  Library
VARIARLF CODE SIMULINK

FILE
41 54 L0/ » Users » alf » Desktop » 140723_ICME » Tutorials » 2_Al_Youngs_modulus

<L D
Current Folder o Command Window
B Name 4 fi >> Al_eq

Al99.eam.alloy
#] Al_deform.fig
<] Al_deform.m
« Al_deform.tif

Details

Select a file to view details

3

(O) Preferences
(> Set Path

Wil parallel
ENVIRONMENT

\2

4§ Community
= Request Support

L Add-Ons ~
RESOURCES

PP E0) D -

o Workspace
Name A

Value

Min
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40.66

40.64

box side / Angstroms

N EN N
o o » o
n wn o o))
» ® o ~

40.54
0

350

300}
< 250/
'.—

2007

150

* Equilibrium attained in ~24 ps
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4 8 12
time/ps

16

20

24

4 8 12
time/ps

16

20

24

1000

S00

-500+

pressure / bar

-1000+

-15001 |

-

2000, 4 8 12 16 20 24

time/ps

S000

——PE

-5000 | ——KE

energy / eV
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5. Analyze deformation and estimate E using Al_deform.m

| . New Variable 7 Analyze Code oE
Lo S8 T Qendres O e ™ - =)
Ll Open Variable ~ iy’ Run and Time _
New New Open ... Compare Import Save Simulink
Script v v Data  Workspace (') Clear Workspace v Clear Commands v  Library
VARIARLF CODE SIMULINK

FILE
< % 8 5 G 7 » Users » alf » Desktop » 140723_ICME » Tutorials » 2_Al_Youngs_modulus

Current Folder o Command Window
B Name 4 Jx >> Al_deform

Al99.eam.alloy
*) Al_deform.fig
<] Al_deform.m
« Al_deform.tif

Details

Select a file to view details

3

(O) Preferences
(> Set Path

Wil parallel
ENVIRONMENT

\2

4§ Community
= Request Support

L Add-Ons ~
RESOURCES

PP E0) D -

o Workspace
Name A

Value

Min
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8/ |
=
° ~Pyy
Y —~Pp
a Y4
G 4 +
7))
3 o E/GPa = 62.58
% (95% Cl: 61.88 - 63.28)
0
—2 : 1 | I
0 0.05 0.1 0.15 0.2

strain / -

* Onset of homogeneous dislocation nucleation and end of elastic
deformation at ~8 GPa

* E estimated by slope of linear fit over strain range [0-0.05]
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6. Visualization of deformation In O\/ITO

® Ovito File Edit Options Help M,
nr_- ™

& Ovito (Open Visualization Tool)

7

Add modification...

Sy

v Simulation cell
v Particles
v Color coding

1Pl
T) dump.deform_8625.cfg [CFG)

Simulation cell

Particle types

g ! 5N < = M 545 (=P WedJul 16 12:52 Q

Property
csym
Color gradient

Rainbow

End value: |12

Start value: 0

Adjust range

Reverse range

Color only selected particles
Keep selection

i Render color legend (experimental)
70 / 80 N

_—

4
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@G parison to experiment

LAMMPS Expt. A/%
Young's Modulus / GPa 62 69 |* 10.1
Yield Stress / MPa 8000 10 |* 79900

Young’s Modulus

* We did pretty well, E within £10%

* A rigorous study would check E convergence as a function of system size

Yield Stress

* Our estimate for yield stress is horrible! Off by ~3 orders of magnitude!

* Why did we do so badly! — We have a perfect crystal, homogeneous vs.
heterogeneous nucleation.

*http//www.engineeringtoolbox.com/young-modulus-d_417/.html *Polmear, I. . (1995). Light Alloys: Metallurgy of the Light Metals (3rd ed.). Butterworth-Heinemann 9]



http://www.engineeringtoolbox.com/young-modulus-d_417.html
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ICME — for an experimentally uncharacterized material
EaRbrcice Up MD E estimate to FEA moedel

Reinforced Titanium Armor Composite

; Bridge 11 = FEA

Bridge 9 -de
pass/Pass
interactions

Micro-mechanics
ABAQUS
(ISV + FEA)

~ Bridge 4 = RVE limits for

volume fraction TiB
Crystal Plasticity

(ISV + FEA)

ge 3= Partlcle/Matrlx

7 Interactic
Crystal Plasticity

(ISV + FEA)

Bridge 6 » """
High#ate
pechanisms

\\1

Bridge 5 = "~~~ Bridge 2 = Deformation Mechanism
Elastic Mgt eSS Atomistics 7
Modull | IUSEREECENSEE T (MEAM,MD)

A L | ge“ronkg Bndgol lntcrfacnal Emrgy, Elasumty
9_0 Princlples (DFT)

https://icme.hpc.msstate. edu/medlaW||<|/|nde><DhD?t|t|e File:Titanium_armor_length_scale Bridging plot.png&limit=20



https://icme.hpc.msstate.edu/mediawiki/index.php?title=File:Titanium_armor_length_scale_Bridging_plot.png&limit=20

Questions!
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