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SUMMARY
TO MASTER'S DISSERTATION
STUDENT FMF, 2 COURCE MASTER GR. OF71mn
Skliarov Yevhenii
Theme:¢Patterns of sintering of m
in the threedimensionalMonteCar | o model e

Scientific supervisor:d. phys. math. sci., prof. Gorshkof V. M.

In terms of the global tendency to electronic devices minztion various
technological issues occur. For example, nanoparticles refrigeration, production of
nanoparticles elements on the polyatomic molecules basis, and even the combinatic
of these elements in a holistic nanoscale electronic system, requirevantonal
approaches based on fundamental research. This Master's Dissertation raises one
the key problems in this brané¢hthe sintering of noble metal nanoparticles. The
absence of the direct contact between nanoparticles is a hallmark of the systems
researched. It occurs when nanopatrticles fill the polymer, which the leading paths ir
the nanoscale are laid by. The following warmup of these paths leads to the
polymer evaporation so the contacts between nanoclusters appear. The quality of tt
final state of the paths (conductivity and mechanical resistance) depends on th
heating mode: the heating and cooling time, the maximum heating temperature, th
distribution of nanoclusters by their size in the initial state.

In existing works of scholarghi the sintering issues are investigated for
nanoparticles layer. There is no possibility to investigate and optimize evolution of
the real threglimensional nanoclusters system morphology in this type of the
surface models. In this case the range of doestfor establishing contacts with the
corresponding costs of a significant mass for filling the intercluster space is
considerably expanded and the problem of preventing significant cavities in the
conductive path that reduces their mechanical stalsippears. That is the reason
why this Master's Dissertation investigates a process of sintering in- three
dimensional polymeric environments filled with metal nanoparticles.
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Abstract

Object of research:sintering of nanoclusters with fa@@ntered cubic lattice,
densely packed in a multilayered structure

Purpose:development osoftware for calculating the dynamics of sintering of
nanoclusters, obtaining results of calculation

Research methods:

theoretical:generalization of data on the topic of research on the basis of
scientific and methodological literature and official ediasltscientific sources

Practical:writing program code for the implementation of sintering processes
of nanoclusters with faeeentered cubic lattice, densely packed in a multilayer
structure

Objectives of the study:

AGet acquainted with the sintering process and its features for the fcc lattice.

A  Look at the numerical mod e | of tF

A Develop a computer program for c
nanoclusters with FCC lattice ammultilayer structure.

A Calcul ate the t esdustdr e\Wadl coafigusatod ion i r
verify the authenticity of the created physical model.

A Calculate the dynamics of sinter.i
packed multihyer structures for different selected sintering modes.

A Build graphs of the results.

Results and their novelty

A computer program was developed that describes the modeitefing of
nanoclusters with FCd@ttice in a multilayered structure. The dependence of the
quality of the formed material after sintering is obtained depending on the choser
heat recovery scenario.

Degree of implementation:work is a scientific basis for further research.

Recommendatiors on the use of the results of work and the scope of their
application: the results of work can be used in micamd nanoelectronics, where
the sintering of noble metal nanoparticles is used.

Value of work and conclusions©computer model of sintering aanoclusters
with a facecentered cubic lattice for different heating modes has been developed.

Keywords: sintering,FCClattice, numerical model, nanoclusters

The paper contains:used literature43, pages:116, drawings58.
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main (String[] args) {

Grid grid = Grid( )
GridHelper helper = GridHelper()
helper. = grid

helper. = 1/

helper. = 1/

helper.

InitialConditionProvider conditionProvider =
InitialConditionProvider( )
conditionProvider.setupEnvironment(grid)

MainWindow win = MainWindow()
win.setHelper(helper)
win.setVisible(

application

java.io.BufferedWriter
java.io.File
java.io.FileWriter
java.io.|OException
java.nio.file.Files
java.nio.file.Path
java.nio.file.Paths
java.text.SimpleDateFormat
java.util.ArrayList
java.util.Calendar
java.util.Date

engine.ClusterData
engine.IntegrityDataCollector.LayerDataHandler

Logger

Logger Logger()

String
String
format ( getTimestamp ()
String
String




String
String

String
String
String
String
String

BufferedWriter
BufferedWriter
BufferedWriter
BufferedWriter
BufferedWriter

Logger ()

{
initializeLoggingSession()
(IOException e) {
e.printStackTrace()

initializeLoggingSession 0 IOException {
File snapshotsFolder = File(String. format (

)

snapshotsFolder.mkdirs()
File voidsFolder = File(String. format (
)

voidsFolder.mkdirs()

BufferedWriter( FileWriter(

File(String. format (
)

BufferedWriter( FileWriter(
File(String. format (
)
BufferedWriter( FileWriter(
File(String. format (
)
BufferedWriter( FileWriter(
File(String. format (
) )
= BufferedW riter( FileWriter(
File(String. format (
) )
}

printin ~ (String s) {
String message = String. format (
getTimestamp () System. nanoTime () S)




System. .printin(message)
{
.write(message)
.newLine()
flush()
(Exception e) {
System. .printin(String. format (
(Object)e.getStackTrace() ))

String  getTimestamp () {
SimpleDateFormat sdfDate = SimpleDateFormat(
)
Date now = Date()
sdfDate.format(now)

logSnapshot (Writable loggedOject) {
Logger. .printin( )
{
BufferedWriter writer = BufferedWriter( FileWriter(
File(String. forma t (

loggedOject.getName()))

loggedOiject.write(writer)
writer.flush()
writer.close()

(Exception e) {
System. .printin(e.getMessage())

}
Logger. .printin(

lo glintegritySnapshot (Writable loggedOject) {
Logger. .printin( )

{
BufferedWriter writer = BufferedWriter( FileWriter(

File(String. format (

loggedOject.getName()))
loggedOiject.write(writer)
writer.flush()

writer.close()

(Exception e) {




System. .printin(e.getMessage())

}
Logger. .printin(

logStrength  ( step temp, ArrayList<ClusterData>
strengthData) {
StringBuilder builder = StringBuilder()

(ClusterData data : strengthData){
builder.append(String. format ( data.size()))

.write(String. fo rmat (
step , temp, builder.toString()))
flush()
} (IOException e) {
e.printStackTrace()

}

Logger. .printin(

logIntegrity ( step temp, ArrayList<ClusterData>
integrityData) {
StringBuilder builder = StringBuilder()

(ClusterData data : integrityData){
builder.append(String. format ( data.size())

.write(String. format (
step , temp, builder.toString()))
flush()
} (IOException e) {
e.printStackTrace()

}

Logger. .printin(

logTemperature  ( step value) {
.write(String. format (

flush()

(IOException e) {
e.printStackTrace()

{
Logger. .printin(String. format (




logEnergy ( step [] distribution) {

StringBuilder b = StringBuilder()
( i: distribution) {
b.append(i +

.write(String. format (
b.toString()))
flush()
} (IOException e) {
e.printStackTrace()
}

{
Logger. .printin(String. format (

b.toString()))
}
}

logDebug Snapshot (Writable loggedOject) {
Logger. .printin(

{
BufferedWriter writer = BufferedWriter( FileWriter(

File(loggedOject.getName())

loggedOject.write(writer

writer.flush()
writer.close()
} (Exception e) {
e.printStackTrace()

{
Logger. printin(

}

@Override
finalize () {

flush()
.close()

(Exception e) {

flush()
.close()




(Exception e) {

flush()
.close()

(Exception e) {

flush()
.close()

(Exception e) {

application

java.util. ArrayList
Helpers.DPoint
Helpers.Point
engine.Grid

InitialCon ditionProvider {

goa

InitialConditionProvider
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InitialConditionProvider radius distance) {

0

= radius
= distance

setupEnvironment  (Grid grid) {

DPoint center

dx, dy, dz
dx = grid. - *
dy = grid. - *
dz = grid. - *

ArrayList<DPoint> centers = ArrayList<DPoint>()

I < grid. i++) {
j < grid. ) {
= k < grid. / k++) {

10 % Ik% 4]
&& i*
&& j*
&& k*

(k % ==0 ){
centers.add( DPoint(
(i+ )*
g+ )*
(k+ )*




centers.add( DPoint(
(i+ )*
G+ )

(k + )

n<c enters.size() n++) {

( 1= )(centers.get(n). -
)(centers.get(n). 4 ); i) {
( j=( )(centers.get(n).
)(centers.get(n). 1 ) ) {
( k=( )(centers.get(n).
+

)(centers.get(n). ) k++){

center = centers.get(n)

(grid.isValid(i i, K
&& (center. - i)*(center.
J) + (center. - k)*(center.

){
grid.setPoint(i

application

java.awt.Graphics2D
java.awt.event.ActionEvent
java.awt.event.ActionListener
java.awt.event.KeyEvent
java.awt.event.KeyListener

javax.swing.*

i) + (center.




engine.GridHelper

MainWindow JFrame{
JMenuBar
JMenu
JMenultem

JLabel
Panel

GridHelper

ActionListener ActionListener() {
@Override
actionPerformed  (ActionEvent arg0) {
.startCalculation()

ActionListener ActionListener() {
@Override
acti onPerformed (ActionEvent arg0) {

ActionListener ActionListener() {
@Override
actionPerformed  (ActionEvent arg0) {
.stopCalculation()

ActionListener ActionListener() {
@Override
actionPerformed  (ActionEvent arg0) {
startUpdates()

ActionListener ActionListener() {
@Override

actionPerformed  (ActionEvent arg0) {
stopUpdates()

ActionListener ActionListener() {




@Override
actionPerformed

ActionListener
@Override
actionPerformed

{

(Exception e) {
e.printStackTrace()

ActionListener
@Override
actionPerformed
{
.exportForVMD()
(Exception e) {
e.printStackTrace()

MainWindow () {

0

initialize()
.addKeyListener(

@Override

(ActionEvent arg0) {

ActionListener() {

(ActionEvent arg0) {

ActionListener() {

(ActionEvent arg0) {

KeyListener() {

keyPr essed (KeyEvent e) {

(e.getKeyCode()) {

(38)
(




.setTemperature( .getTemperature() +

.setTem perature( .getTemperature()

}

}
setTitle( Integer. toString  (

.getTemperature())

}

@Override
keyReleased (KeyEvent arg0) {
TODO Auto - generated method stub

}

@Override
keyTyped (KeyEvent e) {

setHelper (GridHelper Helper) {
= Helper
.addPainter(Helper)

initialize 0{
setDefaultCloseOperation(
setSize( )
setLocationRelativeTo(
setE xtendedState(
setVisible( )
setLayout( )

= Panel()
.setBounds( .getBounds(). .getBounds().

add( )
= JMenuBar()

.setVisible( )
.setBounds( .getBounds().




= JMenultem(
.addActionListener(
.add( )

= JMenultem(
.addActionListener(
.ad d( )

= JMenultem(
.addActionListener(
.add( )

= JMenultem(
.addActionListener(
.add( )

= JMenultem(
.addActionListener(
.add( )

= JMenultem(
.addAction Listener(

)

= JMenultem(
.addActionListener(
.add( )

= JMenultem(
.addActionListener(
.add( )
JMenultem(

)

JMenultem(

)

JMenultem(

)




add( )
.updateUl()

startUpdates () {

Thread t = Thread() {

run () {
){

.repaint()

{
Thread. currentThread ().join( )

(InterruptedException e) {
TODO Auto - generated catch block
e.printStackTrace()

0

stopUpdates () {

application

java.awt.Color

java.awt.Graphics

java.awt.Graphics2D

java.util.ArrayList

javax.swing.JPanel

engine.l Paintable

Panel JPanel{
ArrayList<IPaintable>
Panel () {

setBackground(Color. )
= ArrayList<IPaintable>()

addPainter (IPaintable p) {
.add(p)




paint (Graphics g2) {
Graphics2D g = (Graphics2D) g2

g.setColor(Color. )
g.fillRect(

g.setColor(Color.

( = i<
.get(i).paint(g)

application
java.io.BufferedWriter
Writable {
write (BufferedWriter writer) Exception
String  getName ()
setName (String name)
engine
java.util.ArrayList
java.util. HashMap
java.util.List

Helpers.Point

ClusterData {
ArrayList<Point>

ClusterData ()

ArrayList<Point>()

ClusterData  (ArrayList<Point> particles)

= particles

engine

java.util.ArrayList
java.util. HashMap
java.util.LinkedList




java.util. Random

Helpers.Point
application.Logger

Grid {
(00
ArrayList<Point>

Random

IntegrityDataCollector

Grid () {
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IntegrityDataCollector(
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Random()

setAlpha ( value) {
= value
ep0 = Math. pow(Math.
= Math. pow( )

getAlpha () {

isValid  ( X z){

&& 'y >= && z >= && X < &&y <
[x% 2]y% 2]z% 2]

setPoint  (
(isValid(i i, Kk
&& [i]{](k] ==

[0k =
.add( Point(i




setPointUnchecked  (

(isValid(i i, K

[101K] =

getNeirbourghsCount (
count =

i= - i <= i++) {
( i= -1 j<= jt+){
( k= - k <= k++) {
(isvalid(x + i y+] z+Kk)
&& I(i == && j== && k == )

&& [x +illy +jliz + k] >
count++

)

hasBoundedNeirbourghs  (

i <= i++){
j<= ) {
k= - k <= k++) {
(isvalid(x + i y+] z+k)
&& (i == && | == && k == )

&& [x +i]ly +jliz + k] > )




ArrayList<PositionData> getBoundedPositionData (
ArrayLis t<PositionData> data = ArrayList<PositionData>()

i <= i++){
j<= 1 pr)d
k= - k <= k++) {

(isvalid(x + i Y+ z+Kk)
&& (i == && j== && k ==
&& X +illy +illz + K] ==
) {
data.add( PositionData(x + i y+] zZ+k
Math. exp ( * (getNeirbourghsCount(x

)

data.add( PositionData(x z, Math. exp (
(getNeirbourghsCount(x 24)))))

data

ArrayList<  PositionData> getFreePositionData ( X
ArrayList<PositionData> data = ArrayList<PositionData>()

( i= - i <= i++){
= -Lj<= 1 e
( k= - k <= k++) {

(isValid(x + | y+j , z+K)

&& [x +illy +jlz + k] ==
)

data.add( PositionData(x + i

)




data.add( PositionData(x

data

PositionData getNextPosition
ArrayList<PositionData> dat a

data = getBoundedPositionData(x

amplitude =

( = i < data.size()
amplitude += data.get(i).

point = amplitude * .nextDouble()
sum =

( i= i < data.size() i++) {
sum += data.get(i).
(sum >= point) {
data.get(i)

data.get(data.size()

move(Point p

[p. xIlp.- yllp. z]=

) (("hasBoundedNeirbourghs(i

jump (Point p) {
count = getNeirbourghsCount(p. p. p. )
(count < && .nextDouble() < Math. pow(
) {

PositionData data = getNextPosition(p.




[data. x][data. ][data.
move(p, data. data.

rearrange () {

X,y
Point temp
( = i <
X = .nextint(
y = .nextint(

temp = .get(x)

.set(x .get(y))
.set(y temp)

isTopRegion (

refillTopRegion ( probability) {

i= | < i++) {
j= j< ) {
( k= k < k++) {

(isvalid(i j, K)&&isTopRegion(i

.nextDouble() < probability) {
setPoint(i i, K

}

probab () {
count =
volume =

i++) {
A
k= k < k++) {
(isTopRegion(i I, K){
( [i01k] 1= ) {
count++

}
(isValid(i i, K




volume++

- count / volume
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ArrayList<ClusterData> data =
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LinkedList<Point> particles =

(00 volume =

k=
volume[i][jl[k] =

(Point p : particles)

volume[p. x]p. Vyllp. z]=
}

Point p

(

LinkedList<Point> q =

(Point pp : particles) {
(volume[pp. 1lpp.

g.add(pp)
volume[pp.  x][pp.

CollectClusterData 0{

ArrayList<ClusterData>()

LinkedL ist<Point>(

]
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(q.size() == )
( n= n < qg.size()
p = q.get(n)
(isValid(p.
i++){
j<= jt){
k= - k <= k++) {
(isValid(p. +i p.y +]j p.z +K)
&& volume[p. +i][p. + illp. + k] ==

Point p1 = Point(p. +i p.y +j p.

g.add(pl)

volume[pl. x][pl. vylpl. z]=

}

}
data.add( ClusterData( ArrayList<Point>(q)))

ArrayList<ClusterDat a> CollectinvertedClusterData 0{
ArrayList<ClusterData> data = ArrayList<ClusterData>()

( )

LinkedList<Point> particles = LinkedList<Point>(
(00 volume =

k= k <
(isValid(i j
volumel[i][jl[k] =

(Point p : particles)




{

Ilp. z]=

volume[p.

}

particles =
( i=
(

I < i++) {
| <
k= k <
(volume[i][j][K] ==
particles.add(

j:
(

LinkedList<Point> q =

(Point pp : particles) {
(volume[pp.  x][pp.

g.add(pp)

volume[pp. x][pp.

(9.size() == )

n= n < qg.size()

(

p = g.get(n)

(isvalid(p.

k =
(isvalid(p.

&& volume[p.

Point p1 =

g.add(p1)

LinkedList<Point>()

) {

k++) {

) {
Point(i

LinkedList<Point>()

n++)

i++){
j++){
k++) {

t]

k <=

i p.z +K)

+jllp.

p.

+ 1][p. + K] ==

Point(p. +i p.y +]j p.

volume[pl.




}

}
data.add( ClusterData( ArrayList<Point>(q)))

getAverageLinksCount
neirbourghs =
particlesCount =

tempNC =

(Point p : ) {
tempNC = getNeirbourghsCount(p. p.
(tempNC < 8){
neirbourghs = nei rbourghs + tempNC
particlesCount++

neirbourghs/particlesCount

[ getEnergyData (){
[l data = [ 14]
tempNC =

(Point p : ) {
tempNC = getNeirbourghsCount(p.
data[tempNC]++

}

data[
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java.awt.Graphics2D
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java.io.FileWriter
java.io.|OException
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application.Writable
engine.IntegrityDataCollector.Direction
engine.IntegrityDataCollector.LayerDataHandler

GridHelper IPaintable{

Grid

GridHelper () {

exportForVMD () IOException {
Logger. .logDebugSnapshot( Writable() {

String

@Override
write (BufferedWriter wr iter)
exportForVMD(writer)

}

@Override
String  getName () {

}

@Override
setName (String name) {
= name

exportForVMD (BufferedWriter writer)
( : ){

(Point p :
{
writer.write(
(form( *p. X)) + + (form( *p.
+ System. lineSeparator

}

IOException {

IOException {




String  form ( number) {
String s = Double. toString (number /

(s.indexOf( ) < ) {
s = +s

(s.length() <
S +=

startCalculation 0{

Thread t = Thread() {
run () {

.rearrange()

Size = : .Size()
Integer step =

Writable snapshot = Writable() {
String
@Override

write (BufferedWriter writer)
exportForVMD (writer)

}

@Override
String  getName () {

}
@Override

setName (String name) {
= name

}
Writable voidDataX = Writable() {
String

@Override
write (BufferedWriter writer)

Exception {

Exception {




IntegrityDataCollector collector =
IntegrityDataCollector( )

ArraylList<LayerDataHandler> data =
collector.CollectPerLayerlnvertedData(Direction. )
( i = i < data.size() i++) {

StringBuilder builder = StringBuilder()
( 1= | < data.get(i). .size() j++) {
builder.append(String. format (
data.get(i). .get(j).size()))
}

writer.write(builder.substring( builder.length()

}

@Override
String  getName () {

}

@Override
setName (String name) {
= name

}

Writable voidDataY = Writable() {
String

@Override
write (BufferedWriter writer) Exception {

IntegrityDataCollector collector =
IntegrityDataCollector( )

ArraylList<LayerDataHandler> data =
collector.CollectPerLayerlnvertedData(Direction. )
( i = i < data.size() i++) {

StringBuilder builder = StringBuilder()
( | = | < data.get(i). .size() ) {
builder.append(String. format (

data.get(i). . get(j).size()))
}

writer.write(builder.substring( builder.length()




}

@Override
String  getName () {

}

@Override
setName (String name) {
= name

}

Writable voidDataZ = Writable() {
String

@Override
write (BufferedWriter writer) Exception {

IntegrityDataCollector collector =
IntegrityDataCollector( )

ArrayList<LayerDataHandler> data =
collector.CollectPerLayerIinvertedData(Direction. )

( = I < data.size() i++) {

StringBuilder builder = StringBuilder()
( j= j < data.get(i). .size() j++) {
builder.append(String. format (

data.get(i). .get(j).size()))
}

writer.write(builder.substring( builder.length()

}

@Override
String  getName () {

}

@Override
setName (String name) {
= name




toString

t.start()

(size < . size() {
size = . .size()
Logger. .printIn(String. format (
step . .size()))

snapshot.setName(String. format (

(step)))
Logger. JlogSnapshot(snapshot)

Logger. JlogEnergy(step .getEnergyData())

)4
.Size() i++) {

)

.nextint( : size()))))

stopCalculation 01

rearrangeGridQueue () {




X,y
Point temp

.size() i++) {
.nextint( : size())
.nextint( : size())

.get(x)
set(x : .get(y))
.set(x temp)

getTemperature () {

setTemperature  (
.setAlpha(d)

getTemperature  ( step) {

value

(step < )
{

value = ! ((

@0Override
paint (Graphics2D g) {
g.setColor(Color. )
g.fillRect(

g.setColor(Color.

g.fillRect( (1) *
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java.util.ArrayList
java.util.LinkedList

Helpers.Point

IntegrityDataCollector {

iy
Grid

IntegrityDataCollector (Grid grid) {
= grid

ArrayList<LayerDataHandler> CollectPerLayerData (Direction normal) {

ArrayList<LayerDataHandler> data = ArrayList<LayerDataHandler>()
= copyGrid( . )

limit =
(normal) {
{

limit =

i < limit i++) {




data.add(GetLayerData(i normal))

ArrayList<LayerDataHandler> CollectPerLayerIn vertedData (Direction
normal) {

ArraylList<LayerDataHandler> data = ArrayList<LayerDataHandler>()
= copylnvertedGrid(

limit =
(normal) {
q{

limit =

( = i < limit i++) {
data.add(GetLayerData(i normal))

LayerDataHandler GetLayerData ( layer Direction normalDirection)

LayerDataHandler layerData = LayerDataHandler()
layerData. = layer
layerData. = normalDirection

ArrayList<Point> data
LinkedList<Point> queue
Point p

( i = normalDirection == Direction. ? layer : normalDirection
== Direction. ?i==layer:i< : i = normalDirection ==
Direction. ? . S+ ) {
( | = normalDirection == Direction. ? layer :

normalDirection == Direction. ?j==layer:j<
normalDirection == Direction. ? . D)+ ) {

( k = normalDirection == Direction. ? layer :
normalDirection == Direction. ? k==layer: k<




normalDirection == Direction. ? . tk+
(isvalid(i i, kK && [[ITK]
{
data = ArrayList<Point>()
queue = LinkedList<Point>()
queue.add( Point(i i, k)
[0G]k] =

(queue.size() > ) {
p = queue.removeFirst()

queue.addAll(GetLayerNeirbourghs(p.
normalDirection))

data.add(p)
}

layerData. .add( ClusterData(data))

layerData

LinkedList<Point> GetLayerNeirbourghs (
Direction normalDirection) {
LinkedList<Point> points = LinkedList<Point>()

( X = normalDirection == Direction. ? : normalDirection ==
Direction. ?X== DX <= X++) {
( y = normalDirection == Di rection. : : normalDirection
== Direction. 2hyi== [y <= y++) {
( z = normalDirection == Direction. ?
normalDirection == Direction. ?z== 1z <= z++) {

(M(x== && Yy == && 7z == )
&& isValid(i + x jty z + k)
&& [i+X][j +yl[z + K] !=

points.add( Point(i + x
[i + X][j + yl[z + K] =

points

isValid
.isValid(i




ArrayList<ClusterData> CollectinvertedClusterData 0{
ArrayList<Clu sterData> data = ArrayList<ClusterData>()
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res[iJ[i](k] =

Direction{

LayerDataHandler{

Direction
ArrayList<ClusterData>

LayerDataHandler () {

= Direction.
ArrayList<ClusterData>()
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