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LAMMPS + OVITO

SOFTWARE

We will be using LAMMPS to perform classical molecular
simulations to predict materials properties and behavior

LAMMPS s freely avallable from http://lammps.sandia.gov

We will be visualizing MD trajectories using the OVITO
visualization package

OVITO s freely available from www.ovito.org



http://lammps.sandia.gov
http://www.ovito.org

LAMMPS + OVITO

EWS PRE-INSTALLATION

ERillRmstallation of LAMMPS 29 Augl024 releasess

avallable on EWS Linux at:
/class/msed404pla/bin/1lmp serial

The LAMMPS documentation is available in online at
docs.lammps.org/Manual.ntml

ERln rllatien of OVITO 2.6.1 1s on EVVS Linusean

module load ovito

This may require you to correct your library path:
export LD _LIBRARY PATH=/1ib64/:$LD LIBRARY_ PATH

The Ovito documentation Is avallable in online at
http://www.ovito.org/manual/



https://docs.lammps.org/Manual.html
http://www.ovito.org/manual
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Tutorial 1: Al cohesive energy

We will use LAMMPS to estimate the Al fcc cohesive
energy, Ecohe, and lattice parameter; a

0

Ecohe s Esolz'd e E i olated a
a S

Experimentally, Econe = -3.39 eV/atom™ and @ = 4.0495
A%l%

Strategy: Ve shall use a modern EAM potential for Al
and optimize Ecohe 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



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

http://zo

Tutorial 1: Al cohesive energy

Be careful! In this first tutorial we are NOT performing
conventional molecular dynamics (l.e., integrating F=ma)

Rather we are performing a potential energy minimization,

to find the lowest potential energy crystal coordinates

VWe achieve this by performing
conjugate gradient (or steepest
descent) minimization of PE
wrt atomic coords

'\".,.\\\‘.\\\\\

;ﬁfﬂm

Accordingly, there are no atom N
velocities or temperaturel '

I: 'f

com/images/reference/en-XX/help/371361]-01/loc_fp_6cjgrcht.gif



http://zone.ni.com/images/reference/en-XX/help/371361J-01/loc_fp_6cjgrcht.gif

Tutorial 1: Al cohesive energy

Download Al99.eam.alloy EAM potential from NIST
nteratomic Potentials Repository Project
(http://www.ctcms.nist.gov/potentials)
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e oDy LAMMPS Input file
/class/mse404pla/LAMMPS /Al fcc.1in
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For style metal, these are the units:

Al _fcc.in

¥ —— Initialize Simvtation ————m4m}3ememm——m"ee
units metal ) mass = grams/mole
dimension 3 distance = Angstroms
boundary p p p J time = picoseconds
atom_style atomic

energy =eV
f S 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

B Dump Options -———————-----"-—-
dump 1 all atom 1 dump.relax
$ —————— Run Minimization --—————————————eeee—o

reset_timestep 0 C C C

fix 1 all box/relax iso 0.0 vmax 0.001 ¥ X,>/,Z perIOdlc boundal’les
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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Al _fcc.in

5 ————— Initiatize simotation ———m4™—mvrne——

units metal
dimension 3
boundary p p p
atom_style atomic

F - Create ALOMS —————————————————————
lattice fcc 4

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

oz

lattice fcc 4 orient x 1 ® @ orient y @ 1 @ orient 2z 2 0 1

create_atoms 1 box
replicate 2 2 2

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

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

B Dump Options -———————-----"-—-
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!"

* Specify fee lattice with a=4

A

* Define cuboidal block

labeled box holding one
lattice cell

* Create box with I atom type



Tutorial 1: Al cohesive energy

Al _fcc.in

5 ————— Initiatize simotation ———m4™—mvrne——

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 --—————————————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!"

* Specify fcc lattice
orientation

* Create atoms @lit/BeRINE
attice sites within box

* Replicate domain by
2X2X2 In X,Y,Z
[replicate 1 1 1 would

be more parsimonious for this
trivially periodic system]
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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]

. 2 A skin thickness for

neighbor list binning

* Bulld neighbor list every 10

steps, but check atom
moved more than half skin
thickness



Tutorial 1: 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 computes - quantities
recalculated every time step
[cf. variables, which evaluate a
formula when called]

* Reference computes as
c_<name>

* ¢_eng defined over all atoms
to compute potential
energy per atom

* ¢_eatoms performs sum
reduce of c_eng vector over
all atoms
[alternatively: compute

eatoms all pe]
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Al _fcc.in

p——— Initialize Simulation ———-———————m—-mmmmmmv o A dump SpeCiﬂeS hOW to

units metal
dimension 3

boundary P p write output data

atom_style atomic

B mem——— Create Atoms ——————————————
lattice fcc 4
region box block 8 1 8 1 ® 1 units lattice

create_box 1 box o Tag dump Wlth |d I -tO erte

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

create_atons 1 box to dump.relax every |

replicate 2 2 2

# ———————— Define Interatomic Potential -—————————————--— StepS the COOI"CIS Of a" Of the

pair_style eam/alloy

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

neigh_modify delay 10 check yes

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

compute eng all pe/atom

compute eatoms all reduce sum c_eng P Dump forma-t:

(# —————————— Dump Options —m™——mm—mmmm—m—m—— \

dump 1 all atom 1 dump.relax J |TEMT|MESTEP

$ —————— Run Minimization --—————————————eeee—o O

rgset_timestep ) .

Irl\:r:wa}; box/relax iso 0.0 vmax 0.001 |TEM NUMBER OF ATOMS

thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms 3:2

min_style cg

minimize 1e-25 le-25 5000 10000 ITEM: BO)( BOUNDS PP PP PP

variable natoms equal "count(all)" () 8

variable teng equal "c_eatoms"

variable a equal "1x/2" () 8

variable ecoh equal "v_teng/v_natoms" () 8

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

print "Number of atoms = ${natoms};" ITEM: ATOMS 1d type Xs ys zs

print "Lattice constant (Angstoms) = ${a};"

print "Cohesive energy (eV/atom) = ${ecoh};" | | O O O

print "All done!" 2 | 025 025 O
5025080

05 05 5
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Al_fcc.in )
# LoDy Initdatize Simulation -o-oomomooomoomooes  Reset time ST_GPS to 0
boundary  p p
atom_style atomic
# —ememmeee Create Atoms —-mememeoeoememee * A fix is an operation applied
region box block 8 1 8 1 ® 1 units lattice '
create_box 1 box a-t e\/ery -tlme S-tep

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 -———————————————--— e Deﬂﬂe ﬂX I Opera'tlﬂg Oﬂ a"

pair_style eam/alloy

P oTtor 2.0 hin | rene-atioy AL atoms relaxes box to an

neigh_modify delay 10 check yes

#$ ———— Define Settings ———m—m—m eXterﬂal iSOtI’OpiC

compute eng all pe/atom

compute eatoms all reduce sum c_eng pressure O'l: o.o bar W|th a

\——/

¥ ——— Dump Options —m™——mm—mmmm—m—m——
dump 1 all atom 1 dump.relax o I % maximum
[
# ———————— Run Minimization -———————————————————— o
reset_timestep 0 f I I
fix 1 all box/relax iso 0.0 vmax 0.001 raCtlona vo ume
10
thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms h
thermo_style change per step
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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Al _fcc.in

F ——— Initialize Simulation ——————————————————— ° Ou.tpu.t thel"mOdynamiC

units metal
dimension 3

boundary P p info to screen every 10 steps

atom_style atomic

P Create Atoms —————————————— I:Use fiX / dump for ﬂle

lattice fcc 4
region box block 8 1 8 1 ® 1 units lattice '
create_box 1 box erte]

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 -———————————————--— = CUSTOI’T)IZG thermO OUT_pUt

pair_style eam/alloy

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

neigh_modify delay 10 check yes

P peting Settimgs ——————— * Perform energy minimization

compute eng all pe/atom

compute eatoms all reduce sum c_eng b>/ conjugate gradient

¥ ——— Dump Options —m™——mm—mmmm—m—m——

dump 1 all atom 1 dump.relax

$ —————— Run Minimization --—————————————eeee—o ° ° ° '
reset_tinestep 0 * Minimize t = B + Eqx with

fix X/ r

e - ) AE=1025 (ie., | partin 1025
thermo_style custom step pe lx ly 1z press pxx pyy pzz c_eatoms Tra (I.EB., F)Elr“t |r] >

m;nTstyle cg o .
'::riable :at:sleq:lsfz:u:?:‘:l)" ) and Af: | 0_25’ and a maX|mum
varisble a equat lx/aT of 5000 rterations and 0000

variable ecoh equal "v_teng/v_natoms"

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

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

print "All done!"
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Al _fcc.in

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

dimension 3

boundary p p p

aton_style atomic * Define variables as formulas

B mem——— Create Atoms ——————————————

lattice fcc 4 | (j kw || (j
region box block 8 1 8 1 ® 1 units lattice eva Uate W eﬂ Ca. e
create_box 1 box

lattice fcc 4 orient x 1 @ @ orient y @ 1 @ orient 2z 2 0 1 I:C-F- comPUtes, SlmU|a—-tlon

create_atoms 1 box

replicate 2 2 2 values recomputed each step]

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

pair_coeff * * Al99.eam.alloy Al

neighbor 2.0 bin

neigh_modify delay 10 check yes . Refereﬂce Variables as

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

compute eng all pe/atom v <name>

compute eatoms all reduce sum c_eng

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

dump 1 all atom 1 dump.relax

F— Run Minimization ——————————— * natoms = # atoms
reset_timestep 0

fix 1 all box/relax iso 0.0 9.001 — | PE

ermo ag /retax 120 6.6 vmex teng = total PE (c_eatoms)
thermo_style custom step pe 1x ly 1z press pxx pyy pzz c_eatoms .

min_style cg s |

minimize le-25 1le-25 5000 10000 a attlce parameter

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

variable ecoh equal "v_teng/v_natoms"

(box side in x divided by

Nl

# x replicas = 2)
brint "Number of stoms = s{natons}" ecoh = cohesive energy /atom

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

print "All done!"
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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 -———————-----"-—-
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
SEiEl
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3. Let's runl Imp_serial < 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 = 3.33808 Mbytes

Step PotEng Lx Ly Lz Press Pxx Pyy Pzz eatoms
[’ -107.3423 8 8 8 20590.11
10 -107.51283 8.e8 8.e8 8.e8 5853.9553
14 -107.52 8.1 8.1 8.1 2.726913

Loop time of ©.00931486 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: 10600000008
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!

-107.51283

building system

serial run

<+— thermo

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|*

VWe should be shoc

e | FiF parame

<ed If these @

uantrties c

rized wrt ex

berimenta

id not agree
data

Q. What about It we were studying a new material
with experimentally unknown Ecohe and 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

2|
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5. Visualization in OVITO

® QuickTime Player File Edit View Window Help ® b O WEMN D + = E o5%EL Tueul15 15:31 Q =

IMAG5459.
ipg

(1 1_Al_cohesive_energy 1o : - 7
il m | [=~| | =2 || a® > | | an s oo

= o = IMAG54719)
FAVORITES (] LAMMPS "~ [] 1_Al_cohesive_energy = 7 Al_fecin , : . 7 - i A ipg

= Al My Files (] Tutorials P 1 Al99.eam.alloy
) #s |CME_Works..._140723.key - dump.relax
€ Airbrop « agenda.pdf ' log.lammps
roanoke [ ) DESKTOp « webpage.pdf M Imp_mac
z} alf
# Applications
@ Documents

:’: Dropbox . modes= : Rachael:w
€ Downloads \ over...pdf orks....pdf

(] programs \ : —
(L] Google Drive \ —N

nantucket El Box Sync rachael_pa DMDC_fina *Quote_684

per_\.\}n.txt l.pdf - 211... html

DEVICES

- () Remote Disc ‘
Ic1

SHARED

brw008092b... Purchasin
5 items, 8.53 GB available % , : g -...7.pdf

- — .x\i

MSM 144820139 : P00 s F~Ashwathi

golub share_.vb A _MSMBuil \ WYSE_phot
der_..:807 \ e oS

\ )

ews .MSMBuild" capDewet. - manual-4. PLUMED_ ‘ Harpers_ W' DriveZSlo How the 140617 M
er data..eton = 6.2.pdf  man...pdf ! hiteCity w.pdf skys....pdf WTCC_key
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Tutorial 1I: Al crack propagation

OK, now to the real MD simulations!
An Important mode of materials failure Is propagation of
exterior cracks

The stress field at the crack tip In an amorphous material
can be modeled by continuum equations or FEM

I my

artemishelsinki.com https://advanceseng.com/mechanical-engineering/dynamic-steady-state-analysis-of-crack-propagation-in-rubber-like-solids-using-an-extended-finite-element-method/ 24
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Tutorial 1I: Al crack propagation

Using M

the crack tip wr

U Sllagll

ation, we can visualize the stress field near

h atomistic resolution

Strategy: Construct an exterior crack in a semi-periodic
fcc Al xtal and measure atomic stress upon deformation

http://www.adglass.eu/at_mod _cohes

ion.htm|

25
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Download Al99.eam.alloy EAM potential from NIST
nteratomic Potentials Repository Project
(http://www.ctcms.nist.gov/potentials)

Elements
18

[y

13 14 15 16 17 He

2

4 5 6 7 8 9 10
Be B C N o] F Ne
12
M

N

LN

13 14 15 16 17 18
Mg 3 4 5 6 7 8 9 10 11 12 A sSi P S Cd A

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ca Sc Ti v €r Mn Fe Co Ni Cu 2Zn Ga Ge As Se Br Kr

38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

w

> S Y 2r Nb Mo Tc Ru Rh Pd Ag € In Sn Sb Te I Xe
6 56 * 72 73 74 75 76 77 78 79 80

Ba Hf Ta w Re Os Ir Pt Au Hg B| Po
7 88 ., 104 105 106 107 108 109 110 111 112

Ra Rf Db Sg Bh Hs Mt Ds Rg

* 61 67

e Pr Pm Sm Eu Ho Er Tm u

64
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2. Copy Al _crack.in, Al_eq.m,and Al_crack.m from
/class/mse404pla/LAMMPS/

27



Tutorial 1I: Al crack propagation

Al_crack.in
# ——— - - ———— INITIALIZATION - - - - --
units metal
dimension 3
boundary s p s
atom_style atomic
variable latparam equal 4.05
# e ATOM DEFINITION ——————————m e e
lattice fcc ${latparam}
region whole block © 40 © 4 9 40
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
# FORCE FIELDS
pair_style eam/alloy
pair_coeff * % Al99.eam.alloy Al
neighbor 2.0 bin

neigh_modify delay @ every 1 check yes

* Initializing system
* Bullding geometry
* Defining force field

28



Tutorial 1I: Al crack propagation

# —- ——————— GROUPS ——————oo —
variable DX equal ${latparam}=*(1/2+1/24)
variable DY equal ${latparam}*(1/2+1/24)
variable DZ equal ${latparam}*(1/2+1/24)

variable tmp equal "x1lo"
variable XLO equal ${tmp}
variable tmp equal "xhi"
variable XHI equal ${tmp}
variable tmp equal "ylo"
variable YLO equal ${tmp}
variable tmp equal "yhi"
variable YHI equal ${tmp}
variable tmp equal "zlo"
variable ZLO equal ${tmp}
variable tmp equal "zhi"
variable ZHI equal ${tmp}

variable maxX equal "v_XLO
variable minX equal "v_XHI
variable maxY equal "v_YLO
variable minY equal "v_YHI
variable maxZ equal "v_ZLO
variable minZ equal "v_ZHI

v_DX"
v_DX"
v_DY"
v_DY"
v_DzZ"
v_Dz"

I+ 1+ 1 +

region topWall block INF INF INF INF ${minZ} INF units box
region botWall block INF INF INF INF INF ${maxZ} units box
group topWall region topWall
group botWall region botWall

group boundary union topWall botWall
group mobile subtract all boundary

# o CRACK ===
variable ZHI_crack equal "0.5%(v_ZHI-v_ZLO0O) + v_ZLO + 0.75%v_latparam"
variable ZLO_crack equal "0.5%(v_ZHI-v_ZLO0) + v_ZLO0 - 0.25%v_latparam"
#variable XHI_crack equal "(1/16)*(v_XHI-v_XLO)"

variable XHI_crack equal "3x%v_latparam"

region void block INF ${XHI_crack} INF INF ${ZLO_crack} ${ZHI_crack} units box
delete_atoms region void

# SETTINGS

compute csym all centro/atom fcc

compute eng all pe/atom

compute atomStress all stress/atom virial

* Defining groups:  topWall, bottomWVall, and mobile
* Eliminating a notch of atoms to form the crack
* Specifying computes (incl. per atom stress tensor)
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Tutorial 1I: Al crack propagation

AR R R AR R R R R AR R AR R AR R AR R AR R AR RARRRBRRS
# EQUILIBRATION

# reset timer
reset_timestep 0

# 2 fs time step

timestep 0.002

# initial velocities

velocity mobile create 300 12345 mom yes rot yes
velocity boundary set 0.0 0.0 0.0

# thermostat + barostat
fix 1 mobile npt temp 300 300 1 y @ @ 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} ${s9} s${s10}" file Al_eq.txt

screen no

# thermo

thermo 500

thermo_style custom step time cpu cpuremain 1x ly 1z press pe temp

# dumping trajectory

dump 1 all atom 250 dump.eq.lammpstrj
# MD simulation

run 15000

# clearing fixes and dumps

unfix 1

undump 1

# saving equilibrium length for strain calculation
variable tmp equal "1z"
variable LZ® equal ${tmp}

NV T equilibration of mobile atoms, topWall & botWall frozen
nstrumentation, thermo, and output
MD simulation
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RARAR AR RR R AR AR AR AR RRRA R AR AR BRRARARARAR
# DEFORMATION

# reset timer

PO T e P

timestep. 0.002

# thermostat + barostat

fix 1 mobile npt temp 300 300 1 y @ @ 1 drag 1.0

variable VZ equal 1.0

fix 2 topWall move variable NULL NULL NULL NULL NULL v_VZ

# thermo

thermo 500

variable strain equal v_VZxelapsedxdt/v_LZ0

thermo_style custom step cpuremain v_strain pxx pyy pzz pXy. pXz pyz pe temp

# instrumentation and output

# for units metal, pressure is in [bars] = 100 [kPa] = 1/10000 [GPa] => p2-7 are in GPa
variable pl equal "v_strain"

variable p2 equal "pxx/10000"

variable p3 equal "pyy/10000"

variable p4 equal "pzz/10000"

variable p5 equal "pxy/10000"

variable p6 equal "pxz/10000"

variable p7 equal "pyz/10000"

fix writer all print 100 "${p1} ${p2} ${p3} ${p4} ${p5} ${p6} ${p7}" file Al_crack.txt screen no

# dumping trajectory

dump 1 all atom 500 dump.crack.lammpstri

dump 2 all cfg 500 dump.crack_x.cfg mass type xs ys zs fx fy fz c_csym c_eng c_atomStress(1]
c_atomStress[2] c_atomStress([3] c_atomStress[4] c_atomStress[5] c_atomStress[6]
dump_modify 2 element Al

# MD simulation

run 15000

# clearing fixes and dumps

unfix 1

unfix 2

undump, 1

undump, 2

NV T integration of mobile atoms, topVVall pulled up, * MD simulation
botWall frozen in place

nstrumentation, thermo, and output

(incl. custom strain calculation and atom stress cfg dump)
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3. Let’s runl Imp_serial < Al_crack.1in

C N alf — alf@alf-clustersrv:~/sandbox/Al_crack — ssh — 145x24 .

[alf@ealf-clustersrv Al_crack]$ mpirun -np 20 ./lmp_openmpi < Al_crack.in
LAMMPS (1 Feb 2014)
Lattice spacing in x,y,z = 4.05 4.05 4.05
Created orthogonal box = (@ @ @) to (121.5 16.2 121.5)
4 by 1 by 5 MPI processor grid
Lattice spacing in x,y,z = 4.05 4.05 4.05
Created 14884 atoms
Replicating atoms ...
orthogonal box = (-0.01215 @ -0.01215) to (121.512 16.2 121.512)
5 by 1 by 4 MPI processor grid
14884 atoms
488 atoms in group topWall
488 atoms in group botWall
976 atoms in group boundary
13908 atoms in group mobile
Deleted 56 atoms, new total = 14828
Setting up run ...
Memory usage per processor = 3.92064 Mbytes
Step Time CPU CPULeft Lx Ly Lz Press PotEng Temp

@
500
1000
1500
2000

@
4.8871951
7.711987
10.555279
13.429525

@
141.72869
107.96784
94.997528
87.291926

121.5243
121.5243
121.5243
121.5243
121.5243

16.2
16.206492
16.194636
16.208261
16.220723

121.5243
121.5243
121.5243
121.5243
121.5243

308.18371
193.47319
-390.07991
111.1091
694.09826

-49323.396
-49039.196
-49023.671
-49007.852
-48993.278

280.25224
146.87594
156.43672
166.23173
176.88401

T execution Is very slow on a serial machine, reduce system size:
region whole block © 15 @ 2 0 15
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4. Analyze approach to equilibrium using Al_eq.m

>> Al eq( ‘Al eqg.txt’)

MATLAB R2014a

(*3 Community

|2 R IREN CIN 2l Q Search Doc

—] [ New Variable > Analyze Code o]~ {0} Preferences (o)
Gl of 39 [ Find Files & 3 = L &8 | B \2)
7 B_-} Open Variable é} Run and Time . @ Set Path 3 Request Support
New New Open |iz) Compare Import Save - Simulink  Layout Help
Script ¥ v : Data Workspace (- Clear Workspace w | Clear Commands ~  Library v |lli parallel ~ v [ JAdd-Ons v
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES

<@ = E ¥ [/ » Users » alf » Desktop » LAMMPS_Tutorials » 4_Al_crack_propagation v R
Current Folder ® Command Window ® Workspace ®

& Name a >> Al_eq('Al_eq.txt') Name & Value Min

— Al99.eam.alloy fx >>

1 Al_crack.in v

) Al_crack.m

1 Al_crack.txt

v

Details

Select a file to view details

A
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Tutorial 1lI: Al crack propagation
>. Analyze crack formation using Al_crack.m

>> Al crack( ‘Al crack.txt’)
T BEL RSB

{0} Preferences w (% Community

=] | ] New Variable » Analyze Code o]~
ErH ED] J LcJ Find Files & H}ﬂ = L:( \m&)
7 hjz Open Variable » f;? Run and Time L ﬁ Set Path 2 Request Support
New New Open |iz) Compare Import Save Simulink  Layout Help
Script = v ' Data Workspace @Clear Workspace ¥ |“p Clear Commands ~  Library v ““ Parallel v E.[PAdd-Ons v
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES

<@ = & = [/ » Users » alf » Desktop » LAMMPS_Tutorials » 4_Al_crack_propagation P
Current Folder ® Command Window ® Workspace ®

I (Name 4 Jfx >> Al_crack('Al_crack.txt") Name 4 Value Min

7 Al99.eam.alloy

#) Al_crack.fig

7 Al_crack.in

) Al_crack.m
Details v

Select a file to view details
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Tutorial 1I: Al crack propagation
6. Visualization in OVITO

® Ovito File Edit Options Help : b @ W& Nb <€) = E g7x @ Satjul 19 19:44 Q
e 0o &% Ovito (Open Visualization Tool)

Add modification...
Display
v Simulation cell
v Particles
Modifications
v Color coding
input

) dump.crack_8500.cfg [CFG]

A s

Simulation cell

Particle types

®

Property:
atomStress_3

Color gradient:
Rainbow

End value: [2.06765e+06

4» 4»

4

Start value: |-2.04901e+06

Adjust range

Reverse range

Color only selected particles
Keep selection

Render color legend (experimental)
18 / 30 KX

K o> e Ve Q
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Extension |
+ Change crystal orientation to explore the effect of cracks In

difference crystallographic faces

Extension |1
+ {Reduce / remove / enlarge} inrtial crack to explore the

impact of the Iinitial imperfection size

Extension Il
+ Explore the effect of system size In X,y,z on atomic stresses

40



