Final Report: Appendix

Damiano Milani

In this appendix some of the scripts used in the Report are attached.

1 Shell script

This script, in the sh language, manages the instructions to launch the LAMMPS simula-
tions. It automatically loads the input files for each type of simulations and extract the
numerical data from the output.

#!/bin/bash

#

# FINAL REPORT - Nanomechanics
# Shell script

#

# Damiano Milani

#

#source files path
source_path="/home/dami/nanomechanics/final_report"

#LAMMPS path
lammps_path="/home/dami/.lammps/src/lmp_openmpi"

clear

echo -e "NANOMECHANICS - FINAL REPORT
Damiano Milani\n

Choose the script:

1) Cu Nanorod (1D)
2) Cu Film (2D)
3) Cu Bulk (3D)

4) Cu Indentation  (2D)
5) Elastic parameters
6) Exit\n"

read task;

echo -e "\nChoose the revision:"
read rev;

clear

case $task in
1)
## 1 NANOROD
echo -e "Task 1 - Cu 1D Nanorod\n"
# goto source file path
cd $source_path/Cu-1D/$rev/
step_e="101"
line_t="9,109p;132,932p;955,1055p"

3



2)

## 2 FILM

clear

echo -e "Task 2 - Cu 2D Film\n"

cd $source_path/Cu-2D/$rev/
step_e="101"
line_t="9,109p;132,932p;955,1055p"

3

3)

## 3 BULK

clear

echo -e "Task 3 - Cu 3D Bulk\n"

cd $source_path/Cu-3D/$rev/
step_e="201"
line_t="9,110p;133,934p;957,1058p"

3

4)

## 4 INDENTATION

clear

echo -e "Task 4 - Cu Indentation\n"

cd $source_path/Cu-indent/$rev/

echo "running indent..."

#mpirun -np 2 $lammps_path < in.indent > out.indent
grep "Loop time" out.indent | grep ’[0-9]°’
echo -e "indent completed!\n\n"

# data visualization

less out.indent

# data extraction

cat out.indent | sed -n -e "232,433p;456,506p;529,579p" > data.indent
read

exit

I

5)

##5 ELASTIC CONSTANTS

clear

echo "Task 5 - Elastic constants, fcc Ni"
echo "running..."

cd $source_path/elastic

mpirun -np 2 $lammps_path < in.elastic > out.elastic
less out.elastic

tail -n 21 out.elastic > data.elastic

echo "completed!"

read

exit

3

6) exit;;
esac;

#Ht MAIN

# run lammps

echo "running equil..."

mpirun -np 2 $lammps_path < in.equil > out.equil
grep "Loop time" out.equil | grep ’[0-9]°

echo -e "equil done!\n\n"

echo "running tension..."

mpirun -np 2 $lammps_path < in.tension > out.tension
grep "Loop time" out.tension | grep ’[0-9]°

echo -e "tension done!\n\ntask completed!"

# visual output
less out.equil
less out.tension



# extract data
grep —~A$step_e Step out.equil | grep >[0-9]° | tail --lines=$step_e > data.equil
cat out.tension | sed-n -e "$line_t" > data.tension

read



2 LAMMPS scripts

2.1 Equilibration script

In the following script the atom box is created (fcc copper), and then equilibrated mini-
mizing the energy at 300 K with NPT ensamble (note the EAM potential).

# in.equil

# REVISION 3

#

# Damiano Milani

#

# Cu nanorod equilibration
#

# eps=1.5 T=300

variable T equal 300.

# system set-up

log log.equil

units metal
dimension 3
boundary s s p
atom_style atomic
neighbor 0.3 bin
neigh_modify delay 5

# create geometry

lattice fcc 3.6145

region box block -3 3 -3 3 -10 10
create_box 1 box

create_atoms 1 box

# Cu EAM potential
pair_style eam
pair_coeff * * Cu_u6.eam

# minimize energy

thermo 100

thermo_style custom step temp etotal pe ke press pxx pyy pzz 1x ly 1z vol
dump 1 all atom 1000 dump.equil

fix min all box/relax z 1.

minimize 0. 0. 1000 10000

# dynamics setup
timestep 0.001
fix 1 all npt temp ${T} ${T} 0.200 z 1. 1. .6

# equilibrate the system at T = 300 K
variable T2 equal 2*${T}
velocity all create ${T2} 19529

run 500
minimize 0. 0. 1000 10000
velocity all create ${T2} 98235

run 500
minimize O. O. 1000 10000
velocity all create ${T2} 532518

run 500
minimize O. 0. 1000 10000
velocity all create ${T2} 251820



run 10000

write_restart restart.equil

2.2 Tension script

In this script the tensile stress is applied: the box is stretched until the maximum strain
set; then it is freely relaxed.

# in.tension

# REVISION 3

#

# Damiano Milani

#

# Cu nanorod tension
#

# eps=1.5 T=300

log log.nanorod

# final z-strain
variable max_strain equal 1.5

# temperature
variable T equal 300.

# system set-up

units metal
dimension 3
boundary s s p
atom_style atomic
neighbor 0.3 bin
neigh_modify delay 5

# read equilibrated structure
read_restart restart.equil

# Cu EAM potential
pair_style eam
pair_coeff * * Cu_u6.eam

# outputs

thermo 100

thermo_style custom step temp etotal pe ke press pxx pyy pzz lx ly 1z vol
dump 1 all atom 100 dump.tension

# equilibrate the system at the specified temperature
timestep 0.001

fix 1 all nvt temp ${T} ${T} .2

run 10000

# tension or compression test
fix 2 all deform 10 z scale ${max_strain}
run 80000

# release the load

unfix 1

unfix 2

fix 1 all npt temp ${T} ${T} .2 z 1. 1. .6
run 10000



2.3 Strain rate script

For changing the strain rate, the number of step and/or the lenght of the timesteps during
the deformation could be varied as shown below:

# in.tension

# REVISION 12

#

# Damiano Milani

#

# Cu nanorod tension
#

# eps=3 T=10 vel=1x

log log.nanorod

# final z-strain
variable max_strain equal 1.5

# temperature
variable T equal 300.

# system set-up

units metal
dimension 3
boundary s s p
atom_style atomic
neighbor 0.3 bin
neigh_modify delay 5

# read equilibrated structure
read_restart restart.equil

# Cu EAM potential
pair_style eam
pair_coeff * * Cu_u6.eam

# outputs

thermo 400

thermo_style custom step temp etotal pe ke press pxx pyy pzz lx ly 1z vol
dump 1 all atom 100 dump.tension

# equilibrate the system at the specified temperature
timestep 0.001

fix 1 all nvt temp ${T} ${T} .2

run 40000

# tension or compression test
fix 2 all deform 10 z scale ${max_strain}
run 320000

# release the load

unfix 1

unfix 2

fix 1 all npt temp ${T} ${T} .2 z 1. 1. .6
run 40000

2.4 Size script

For increasing the cross section of the nanorod, in the creation of the box the number of
cells is increased:
# in.equil

# REVISION 23
#



# Damiano Milani

#

# Cu nanorod equilibration
#

# eps=1.5 T=300 size=9a

variable T equal 300.

# system set-up

log log.equil

units metal
dimension 3
boundary s s p
atom_style atomic
neighbor 0.3 bin
neigh_modify delay 5

# create geometry

lattice fcc 3.6145

region box block -4.5 4.5 -4.5 4.5 -15 15
create_box 1 box

create_atoms 1 box

# Cu EAM potential
pair_style eam
pair_coeff * * Cu_u6.eam

# minimize energy

thermo 100

thermo_style custom step temp etotal pe ke press pxx pyy pzz 1x ly 1z vol
dump 1 all atom 1000 dump.equil

fix min all box/relax z 1.

minimize 0. 0. 1000 10000

# dynamics setup
timestep 0.001
fix 1 all npt temp ${T} ${T} 0.200 z 1. 1. .6

# equilibrate the system at T = 300 K
variable T2 equal 2*${T}
velocity all create ${T2} 19529

run 500
minimize O. 0. 1000 10000
velocity all create ${T2} 98235

run 500

minimize 0. 0. 1000 10000
velocity all create ${T2} 532518
run 500

minimize 0. 0. 1000 10000
velocity all create ${T2} 251820
run 10000

write_restart restart.equil



3 MATLAB scripts

3.1 Main script

This script provides a complete data processing, for each of the topic dealt in the Report:
the temperature, the strain rate and the size effect. It plots the analyzed curves, and it
makes the interpolations to determine the mechanical parameters.

At the end there is also a part for calculating elastic parameters of copper (Reuss, Voigt,
Kroner model), using the results from the ELASTIC package in LAMMPS.

%% Nanomechanics - FINAL REPORT %%
% Damiano Milani

close all
clear all
clc

global colore
global titolo
global Step
global Temp
global TotEng
global PotEng
global KinEng
global Press
global Pxx
global Pyy
global Pzz
global Lx
global Ly
global Lz
global Volume

global Step_t
global Temp_t
global TotEng_t
global PotEng_t
global KinEng_ t
global Press_t
global Pxx_t
global Pyy_t
global Pzz_t
global Lx_t
global Ly_t
global Lz_t
global Volume_t

% colorize vector
col=[’brgcmykbrgcmykbrgemykbbrgemykbrgemyk’] ;

task= 2 ;
switch task
%% Task 1 - Nanorod - Temp variation

case 1

E=[1;
s_y=[1;

temperatures=[10,100,200,300,400,500] ;
for i=[1:6]

load_data(l,i);



epszz=(Lz_t-Lz_t(1))/Lz_t(1);

figure(1)
plot(epszz,-Pzz_t,col(i),’linewidth’,1.5)

[yield n]=max(abs(Pzz_t(1:300)));

[cf stat]=polyfit(epszz(1l:n),-Pzz_t(1:n),1);
elastic=polyval(cf,epszz(1:n));

hold on
plot(epszz(1l:n),elastic,’k--’,’linewidth’,1)
plot(epszz(1:n),yield,’g-’,’linewidth’,2)
xlabel(’\epsilon’)

ylabel(’\sigma [MPa]’)

axis([0 0.51 -1000 +11000])

grid on

E=[E,cf(1)];
s_y=[s_y, yield];

figure(10)
hold on
plot(temperatures(i),E(i), [col(i) ’*’],’linewidth’,4)

figure(11)
hold on
plot(temperatures(i),s_y(i),[col(i) ’*’],’linewidth’,4)

end
E

5.y

figure(1)
legend(°T=10 K’,’T=100 K’,’T=200 K’,’T=300 K’,’T=400 K’,’T=500 K’)

figure(10)

plot ([10,100,200,300,400,500] ,E, ’r--*,’linewidth’,1)
x1label(°T [K]’)

ylabel ("E [MPa]’)

axis ([0 550 25000 +75000])

grid on

figure(11)
plot([10,100,200,300,400,500],s_y,’g--’,’linewidth’,1)
x1label(°T [K]’)

ylabel(’\sigma_y [MPa]’)

axis ([0 550 1000 +110001)

grid on

%% Task 2 - Nanorod - Strain rate
case 2
E=[1;
s_y=[1;
vel=[1el1,5e€10,2.5e€10,6.25e9];

for i=[10:13]
load_data(1,i);
epszz=(Lz_t-Lz_t(1))/Lz_t(1);
figure(2)
hold on
plot(Lz_t,col(i))

figure(1)
plot(epszz,-Pzz_t,col(i),’linewidth’,1)



[yield nl=max(abs(Pzz_t));

[cf stat]=polyfit(epszz(l:n),-Pzz_t(1:n),1);
elastic=polyval(cf,epszz(1:n));

hold on

%plot(epszz(1:n),elastic,’k’)

xlabel(’\epsilon’)

ylabel(’\sigma [MPal’)

grid on

axis([0 2.1 -1000 +16000])

legend(’lell s°-"1’,’6e10 s™-"17,72.5e10 s"-"1°,76.25e9 s™-"17);

E=[E,cf(1)];
s_y=[s_y, yield];

figure(10)
hold on
plot(vel(i-9),cf (1), [col(i) ’*’],’linewidth’,4)

figure(11)
hold on
plot(vel(i-9),s_y(i-9),[col(i) ’*’],’linewidth’,4)

figure(10)

hold on
semilogx(vel,E,’r--’,’linewidth’,1)
xlabel(’d\epsilon/dt [s°-"1]’)
ylabel(’\sigma [MPa]’)

axis([1e9 1.1ell 72e3 80e3])

grid on

figure(11)

hold on
semilogx(vel,s_y,’g--’,’linewidth’,1)
xlabel(’d\epsilon/dt [s"-"1]’)
ylabel(’\sigma_y [MPa]’)

axis([1e9 1.1ell .9e4 1.7e4])

grid on

%% Task 3 - Nanorod - Size effect
case 3

E=[];

s_y=[1;

side=[];

for i=[20:23]
load_data(1,i);

epszz=(Lz_t-Lz_t(1))/Lz_t(1);

figure(1)
plot(epszz,-Pzz_t,col(i-5),’linewidth’,1)

[yield nl=max(abs(Pzz_t));

[cf stat]l=polyfit(epszz(l:n),-Pzz_t(1:n),1);
elastic=polyval(cf,epszz(1:n));

hold on
%plot(epszz(1:n),elastic,’k’)



xlabel(’\epsilon’)

ylabel(’\sigma [MPal’)

grid on

axis([0 .51 -1000 +12000]1)
legend(’4ax4a’,’baxba’,’7ax7a’,’9ax9a’);
figure(20)

plot (epszz)

E=[E,cf(1)];
s_y=[s_y, yield];

side=[side Lx_t(1)]

figure(10)
hold on
plot(side(i-19),cf (1), [col(i-5) ’*’],’linewidth’,4)

figure(11)
hold on
plot(side(i-19),s_y(i-19),[col(i-5) ’*’],’linewidth’,4)

end
E

s_y

figure(10)

hold on
plot(side,E,’r--’,’linewidth’,1)
xlabel (’L_x [A]’)
ylabel(’\sigma [MPa]’)
%axis([1e9 1.1ell 72e3 80e3])
grid on

figure(11)

hold on
plot(side,s_y,’g--’,’linewidth’,1)
xlabel("L_x [A]’)
ylabel(’\sigma_y [MPal’)
%axis([1e9 1.1ell .9e4 1.7e4])
grid on

%% Elastic Parameters
case 6

% voigt

clear all

a=168;

b=123;

c=78;

E=((a - b + 3%c)*(a + 2%b))/(2%a + 3%b + c)
v=(a + 4%b - 2xc)/(2%(2xa + 3*b + c))

G=E/2/(1+v)
K=E/3/(1-2%v)

% kroner
clear all

a=168;
b=123;
c=78;

p=(atb)/(a-b)/(a+2*b) ;
q=-b/(a-b)/(a+2*b) ;
r=1/c;

mul=0.5%(a-b);
mu2=c;



K=(a+2%b) /3

g1=(9*K+4*mul) /8;
g2=-mu2* (3*K+12*mul)/8;
g3=-3*K*mul*mu2/4;

syms G;
f="G"3+f1*xG"2+f2*%G+£3’;
f=subs(f,’f1’,gl);
f=subs(f,’£2’,g2);
f=subs(f,’£3’,g3);

res=solve(f,G);
rel=eval(res(1))

E=(9*K#*rel)/(3*K+rel)
v=(3*K-2*rel) /2/(3*K+rel)

%reuss
clear all
a=168;
b=123;
c=78;

p=(atb)/(a-b)/(a+2*b) ;
q=-b/(a-b)/(a+2*b) ;
r=1/c;

for gamma=[0,1/4,1/3] 7100 110 111 directions
sO0=p-q-r/2;
E=1/(p-2*s0O*gamma)

end

end
%% finishing

tilefigs

3.2 Load script

The following is the custom function for loading data from output file of LAMMPS, and
to allow to use them in MATLAB as normal variables.

function load_data( choice, rev )

%LOAD_DATA load data from LAMMPS output file
% choice is the task folder

A rev is the revision subfolder

global colore
global titolo
global Step
global Temp
global TotEng
global PotEng
global KinEng
global Press
global Pxx
global Pyy
global Pzz
global Lx
global Ly
global Lz
global Volume

global Step_e



global Temp_e
global TotEng_e
global PotEng_e
global KinEng_e
global Press_e
global Pxx_e
global Pyy_e
global Pzz_e
global Lx_e
global Ly_e
global Lz_e
global Volume_e

global Step_t
global Temp_t
global TotEng_t
global PotEng_t
global KinEng_t
global Press_t
global Pxx_t
global Pyy_t
global Pzz_t
global Lx_t
global Ly_t
global Lz_t

global Volume_t

%task directory and labels
switch choice

case 1
cd Cu-1D
colore=’b’;
titolo=’Cu Nanorod’;
case 2
cd Cu-2D
colore=’c’;
titolo=’Cu Film’;
case 3
cd Cu-3D
colore=’g’;
titolo=’Cu Bulk’;
case 4

cd Cu-indent

colore=’r’;

titolo=’Cu indentation’;
end

%revision dir
rev=num2str(rev);
cd(rev)

% load data file
equil=load(’data.equil’);
tension=load(’data.tension’);

% DATA STRUCTURE:
% Step Temp TotEng PotEng KinEng Press Pxx Pyy Pzz Lx Ly Lz Volume

%equilibrium data

Step_e = equil(:,1);

Temp_e = equil(:,2); % kelvin
TotEng_e = equil(:,3); % eV
PotEng_e = equil(:,4);

KinEng e = equil(:,5);

Press_e = equil(:,6)/10; 7 bar->MPa
Pxx_e = equil(:,7)/10;

Pyy_e = equil(:,8)/10;

Pzz_e = equil(:,9)/10;



Lx_e = equil(:,10); 7% angstrom
Ly_e equil(:,11);

Lz_e = equil(:,12);

Volume_e = equil(:,13);

%tension data

Step_t = tension(:,1);
Temp_t = tension(:,2);
TotEng_t = tension(:,3);
PotEng_t = tension(:,4);
KinEng_t = tension(:,5);
Press_t = tension(:,6)/10;
Pxx_t = tension(:,7)/10;
Pyy_t = temnsion(:,8)/10;
Pzz_t = tension(:,9)/10;
Lx_t = tension(:,10);
Ly_t tension(:,11);
Lz_t = temsion(:,12);
Volume_t = tension(:,13);

%complete data

Step = [Step_e;Step_t];

Temp = [Temp_e;Temp_t];
TotEng = [TotEng_e;TotEng_t];
PotEng = [PotEng_e;PotEng_t];
KinEng [KinEng_e;KinEng_t];
Press = [Press_e;Press_t];
Pxx = [Pxx_e;Pxx_t];

Pyy = [Pyy_e;Pyy_tl;

Pzz = [Pzz_e;Pzz_t];

Lx = [Lx_e;Lx_t];
Ly = [Ly_e;Ly_t];
Lz = [Lz_e;Lz_t];

Volume = [Volume_e;Volume_t];

Jmain directory
cd ../..

end



