
 

 

MOLECULAR DYNAMICS SIMULATION OF NANOSINTERING 

PROCESSES 

 

 

A Thesis  

presented to the  

Faculty of the Graduate School  

University of Missouri – Columbia 

 

In Partial Fulfillment  

of the Requirement for the Degree of  

Master of Science  

 

By 

Lingqi Yang 

Dr. Yuwen Zhang, Thesis Supervisor  

Dr. Jinn-kuen Chen, Thesis Co-Supervisor 

May 2010 

 

 

 



 

The undersigned have examined the thesis entitled 

 

MOLECULAR DYNAMICS SIMULATION OF NANOSINTERING 

PROCESSES 

Presented by Lingqi Yang 

 

A candidate for the degree of Master of Science 

And hereby certify that in their opinion it is worthy of acceptance 

 

 

 

Yuwen Zhang 

 

 

Jinn-kuen Chen 

 

 

 

Carmen Chicone 

 

 



 

ii 

Acknowledgements 

 

I would like thank Dr. Yuwen Zhang and Dr. Jinn-kuen Chen for providing much 

needed guidance and assistance on this project  

Special thanks are to my parent. 

  Support for this work by the U.S. National Science Foundation under Grant No. 

CBET-0730143 is gratefully acknowledged. I also thank the University of Missouri 

Bioinformatics Consortium (UMBC) for providing supercomputing time.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS.......................................................................................... II 

LIST OF FIGURES ......................................................................................................V 

ABSTRACT............................................................................................................... VII 

NOMENCLATURE..................................................................................................VIII 

 

Chapter 

1.  Introduction.............................................................................................................1 

2.  Molecular dynamics simulation of neck growth in laser sintering of different-size 

gold nanoparticles under different heating rates ............................................................7 

2.1 Simulation procedure .......................................................................................7 

2.2 Results and discussions....................................................................................9 

2.2.1 Solid state sintering at room temperature.....................................................9 

2.2.2 Laser sintering ............................................................................................17 

2.3 Conclusion .....................................................................................................26 

3.  Deposition Of Nickel Nanocluster On Copper Surface Studied By Molecular 

Dynamics Simulation...................................................................................................29 

3.1 Simulation procedure .....................................................................................29 

3.2 Results and discussions..................................................................................31 

3.2.1 Thermal Equilibration ................................................................................31 



 

iv 

3.2.2 Burrowing Snapshots and Vector Plots ......................................................33 

3.2.3 Number of Atoms Implanted......................................................................41 

3.2.4 Mean Square Displacement........................................................................43 

3.3 Conclusion .....................................................................................................45 

4.  SUMMARY, CONCLUSION AND FUTURE WORK........................................47 

4.1 Summary and conclusion...............................................................................47 

4.2 Future work....................................................................................................49 

REFERENCES ............................................................................................................52 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

LIST OF FIGURES 

Figure                                                            Page 

 2.1.1  The physical model ..........................................................................................8 

 2.2.1  Sintering snapshots in the solid state sintering at rt (d2 = 8nm) ....................10 

 2.2.2  Sintering snapshots for high pressure boundary condition (t = 816 k) ..........11 

 2.2.3  Sintering snapshots in the solid state sintering at rt (d2 = 14 nm, 20 nm) .....12 

 2.2.4  Atoms vector plots in the solid state sintering at rt (d2 = 8 nm) ....................13 

 2.2.5  Comparison of neck width growth between two crystalline orientations (100) 

and (110) in the pair of particles d1 = 4 nm and d2 = 8 nm from the solid state 

sintering at room temperature ...............................................................................14 

 2.2.6  Normalized radius of gyration for the four pairs of nanoparticles in the solid 

state sintering at room temperature.......................................................................17 

 2.2.7  Sintering snapshots of the pair with d2 = 8 nm in the subsequent laser 

sintering at 498 k, 798 k and 998 k simulated with different heating rates ..........19 

 2.2.8  Sintering snapshots of the pair with d2 = 14 nm, 20 nm in the subsequent 

laser sintering at 498 k, 798 k and 998 k simulated with the heating rate f = 0.4 

k/ps........................................................................................................................20 

 2.2.9  Atoms movement vectors of the pair with d2 = 8 nm in the subsequent laser 

sintering at 498 k, 798 k and 998 k simulated with diferent heating rates ...........21 

 2.2.10  Comparisons of the neck width in the four paris of nanoparticles sintered at 

three diffferent laser heating rates.........................................................................23 

 2.2.11  Comparisons of the mean square displacement (msd) of the four pairs of 



 

vi 

nanoparticles sintered at three different laser heating rates ..................................24 

 2.2.12  Radius of gyration of the pairs with d2 = 4 nm and 8 nm sintered at three 

different laser heating rates ...................................................................................26 

 3.1.1  The physical model ........................................................................................30 

 3.2.1  Thermal equilibrium of Ni and Cu(100)........................................................32 

 3.2.2  Burrowing snapshots of Ni and Cu(100) (blue: Ni, yellow: Cu)...................34 

 3.2.3  Burrowing snapshots of Ni and Cu(100, 110) (blue: Ni, yellow: Cu) ...........35 

 3.2.4  Burrowing snapshots of lattice structure deformation of Ni and Cu(100).....37 

 3.2.5  Burrowing snapshots of lattice structure deformation of Ni and Cu(100, 110)

...............................................................................................................................38 

 3.2.6  Atoms vector plots of Ni and Cu(100)...........................................................40 

 3.2.7  Number of atoms implanted of Ni and Cu(100, 110) ....................................42 

 3.2.8  Distance from the top of Ni to Cu(100, 110) surface.....................................42 

 3.2.9  Mean square displacement (msd) of Ni and Cu(100, 110) ............................43 

 3.2.10  Mean square displancement (msd) at Cu(100, 110) surface........................44 

 

 

 

 

 

 

 



 

vii 

MOLECULAR DYNAMICS SIMULATION OF NANOSINTERING 

PROCESSES 

Lingqi Yang 

Dr. Yuwen Zhang, Thesis Supervisor 

Dr. Jinn-Kuen Chen, Thesis Co-Supervisor 

ABSTRACT 

In this thesis, two scenarios of nanosintering simulations are studied by molecular 

dynamics (MD) method. The first one will investigate the neck growth in the laser 

sintering of different-size gold (100) nanoparticles under different heating rates. The 

numerical simulations are carried out for four pairs of two spherical nanoparticles 

where one particle has the same diameter of 4 nm and the other one varied from 4 nm 

to 20 nm. The results show that the stable neck width increases as the size of the other 

nanoparticle increases. Once the limit stable neck width is reached, it no longer is 

affected by the nanoparticle size. For the subsequent laser heating to the same final 

temperature, a lower heating rate results in a larger stable neck width due to the longer 

sintering process. The other one will study the deposition of Ni(100) nanocluster with 

zero initial kinetic energy on Cu(100, 110) surface. It’s found that the burrowing 

process goes extremely slow as temperature is equal or less than 900K. There is no 

burrowing below 500 K. The completeness of burrowing Ni on Cu(110) is earlier than 

Cu(100) due to the lower surface energy of Cu(110). Vacancy migration is found to be 

the main cause of the site-exchange of atoms between Ni cluster and Cu substrate. 
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NOMENCLATURE  

d  diameter of nanoparticles, nm 

Ei     potential energy of atom i, J 

F      laser heating rate, K/ps 

Fα     embedding energy required to place atom of type α, J 

H      length of a unit fcc structure of gold, Å   

M      total mass of atoms, kg 

MSD   mean square displacement, Å2 

N     number of total atoms 

cmr   center-of-mass position of atoms, Å 

ri      coordinate of atom i, Å 

rij      distance from atom i to atom j, Å 

Rg     radius of gyration, Å  

t  time, ps 

Ycm    y coordinate of the centroid of nanoparticle pair, Å       

Greek Symbols 

φij    pair-wise potential interaction, J  

ρj     contribution to the electron charge density from atom j to atom i 

Subscripts 

1    fixed-sized nanoparticle  

2    nanoparticle of varied size  
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cm     center-of-mass  

i  atom i 

j       atom j 
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Chapter 1. Introduction 

 

In recent decades, nanomanufacturing becomes a very promising filed as the small 

scale it reaches. There are several technologies such as selective laser sintering, 

etching and others. To understand the nanosintering process in a numerical way, MD 

method is applied to simulate two classic applications.  

The first project has studied the laser sintering of two different-size gold 

nanoparticles under different heating rates. As known, solid state sintering is a 

technology to manufacture specific objects by consolidating powders via heating the 

powders to a temperature below the melting point. This modern sintering can be dated 

back to the work of Coolidge [1] concerning the fabrication of a durable lamp 

filament by tungsten powders. In recent years, selective laser sintering (SLS) [2, 3] 

has been demonstrated to be a very promising tool for rapid manufacturing. In SLS 

process, a laser beam is directly used to fabricate structurally sound parts by fusing 

small particles into a desired three-dimensional object. The SLS allows the building 

of functional structures from a wide range of commercially available powdered 

materials. 

Many efforts have been made to model the sintering process in the past several 

decades. The continuum-based model assumes that the powder bed is uniform and 

isotropic [4-6]. With this approach, the sintering problem is solved in a macroscopic 

level and the system level model can be developed. However, the continuum model is 
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valid only if the particle size is much smaller than the laser beam radius. When the 

particle size is comparable to the laser beam size, a particle level model must be 

considered. Shi et al. [7] and Konrad et al. [8] both adopted a single power particle 

model to investigate metal powder particle subjected to nanosecond laser heating. In 

order to reveal the mechanism of neck growth in the molecular level, molecular 

dynamics (MD) method [9] can be employed since it is well suited to simulating the 

time dependent behavior of a molecular system and can provide detailed information 

for the synthesis of nanomaterials. Zhu and Averback [10] applied the MD method to 

investigate the occurrence of plastic deformation, densification and dislocation in the 

sintering process of two 4.8-nm diameter copper (Cu) nanoparticles. Arcidiacono et al. 

[11] proved the reliability of MD simulations for sintering gold nanoparticles by 

comparing their predicted neck growth with the earlier empirical-theoretical 

formulations. Pan et al. [12] investigated the stolid-state neck growth mechanisms of 

gold nanoparticles by molecular dynamics using Glue potential energy. The nanoscale 

results were compared with a modified conventional macroscopic growth model. It 

was shown that the analytical neck growth model ignores some ultrafine size effects 

including elastic/plastic deformation and dislocation and also underestimates the 

growth rate for 5.4 nm particles.  

In the real sintering process, the sizes of two particles are rarely identical. Thus, it 

is necessary to investigate the particle size effects on the sintering process. Song and 

Wen [13] performed a MD simulation of two different size (3.52 nm and 1.76 nm) 

nickel nanoparticles sintering and presented the results of shrinking ratio, radius of 
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gyration, MSD (Mean square displancement), diffusivity and activation energy.  

In the chapter 2, sintering of two gold (100) nanoparticles with different sizes by a 

laser heating is modeled using the MD method, due to its ultra fine size and atomic 

scale. Four pairs of gold nanoparticles (4 nm vs. 4 nm, 4 nm vs. 8 nm, 4 nm vs. 14 nm, 

and 4 nm vs. 20 nm) and three different laser heating rates (0.4, 0.2 and 0.1 K/ps) will 

be studied with the free boundary conditions. The two-sphere coalescence model by 

Johnson [14] will be applied. The effects of particle sizes as well as the laser heating 

rates on the neck growth and other mechanisms during the nanoparticle sintering 

simulation will be systematically investigated. The important mechanisms and 

properties in the sintering process under different heating rates are discussed. 

Additionally, the effect of the crystalline orientation (110) and (111) and high pressure 

boundary condition will also be discussed briefly.  

The second project mainly discusses the deposition of nanoclusters onto a thin film 

which is a very appealing application in nanosintering because of its various observed 

structure behaviors. One of the most important mechanisms during the burrowing 

process has been demonstrated as the site-exchange process [15-17] between atoms in 

the nanocluster and the substrate. Surface alloys can be formed as a result even for 

metals immiscible in bulk form. Cluster as a whole buried under the substrate as the 

burrowing takes sufficient time is found in several reports. For example, Ag atom and 

clusters can be embedded completely into Pd(100, 111) substrates [18], Co 

nanoclusters can burrow into Au(111), Cu(001) and Ag(001) substrates [19-22] and so 

as the Ni nanoclusters on Au(001, 110, 111) substrate [17].  
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Due to the outstanding features of cobalt, a great interest has been aroused in recent 

decade on the deposition of Co nanoclusters on metallic substrate. Padovani et al. [20] 

experimentally studied the burrowing of Co clusters into Au(111) substrate at a 

temperature of 450K. The clusters remain globally undisturbed until the temperature 

over 600 K when irreversible cluster fragmentation and dissolution occur. Several 

works have investigated the deposition of Co on Cu surfaces in different ways [15, 19, 

21-28]. An experiment carried out by M. Yeadon et al. [23] has demonstrated that 

particles reorientation proceeds by a mechanism involving classical neck growth by 

surface diffusion, followed by migration of the grain boundary through the particle 

during the sintering of cooper nanoparticles on cooper (001) surface. Zimmermann et 

al. [19, 28] has provided the experimental evidence that the deposition of Co clusters 

on Cu(001) and Ag(001) substrates fails to show either burrowing or reorientation at 

room temperature. At temperature of 600 K, the burrowing, which can lead the 

behavior of surface smoothing along the cluster-substrate interface, is a result of the 

strong capillary forces and surface tension associated with a nanoparticle. Besides, the 

work also suggests that burrowing should occur where the surface energy of the 

nanoparticle is significantly higher than the substrate. Similar results are also reported 

from Stepanyuk et al. [25] that larger capillary forces, vacancy mechanism during the 

deposition and lower energy of the total system after burrowing are recognized via 

MD simulations. According to Frantz et al. [21, 22], another mechanism termed as 

disordered motion of atoms is observed beside the vacancy migration due to the 

burrowing of nonaligned clusters by applying MD method. Kolesnikov et al. [27] 
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applied kinetic Monte Carlo (KMC) method and MD method to investigate the 

evolution of Co nanostructure embedded into a Cu(100) surface at the atomic scale. 

Key role of substrate vacancies in the motion of embedding Co atoms is identified and 

self-organization of Co atoms is discussed in details in different conditions.  

Apart from this, Ni, which is widely used in thin-film technology today, has also 

drawn plenty of attentions because of its unique magnetostrictive, electronic, thermal 

and corrosion resistance properties [17, 29-33]. Jimenez-Saez et al. [30] applied MD 

method to simulate the deposition of Ni clusters on Cu(001) surfaces by low energy 

cluster beam deposition (LECBD) technique. Results with 1 eV/atom of the 

bombardment energy were compared with systems in which the energy per atom was 

0 eV. The conclusion suggests that kinetics effects play less important when difference 

between lattice parameters of clusters and substrate are small. Instead of Ni cluster, 

the deposition for Ni thin film growth on Al substrates of various orientations 

associated with low adatom incident energy of 0.1 eV are also studied by MD 

simulation [31, 32]. Interfacial features are quantitatively investigated with different 

substrate temperatures and deposition rates which determine the growth behavior and 

structural characteristics in the interface region for the Al/Ni(001) system [31]. The 

steering effect [32], which cause the remarkable rougher surface for Ni adatom on 

Al(111) compared to the cases of Al(001, 011), was observed especially with the 

scenario of low incident energy. A very interesting large-scale MD simulation of 

energetic Ni nanoclusters impact onto Ni surfaces was performed by Mirabbaszadeh 

et al. [33]. The purpose of this simulation is to activate other kinds of lateral mass 
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transport to complete the deposition by accelerating the incoming particles to high 

kinetic energies instead of heating some materials which, however, are not resistant of 

high temperature. Another surprising phenomenon came from the research by Tafen 

and Lewis [17]. The result reveals that Ni is able to penetrate into Au surfaces, 

whereas Au nanoclusters do not burrow into Ni surfaces attributing to the difference 

of exchange energy barriers and also adsorption energy for Ni atoms on Au surfaces 

and Au atoms on Ni surfaces.   

In the chapter 3, the deposition of Ni nanocluster with 249 atoms on Cu(100) (20×

20×15 lattices) and Cu(110) (14×14×15 lattices) surfaces at different temperatures 

is modeled using the MD method, due to its ultrafine size and atomic scale. The whole 

system will be studied with periodic boundary condition along x-y plane and free 

boundary condition along z coordinate. The effect from the lattice orientation of the 

substrate will be systematically investigated. In addition, the site-exchange 

mechanism will also be identified and discussed in details. Number of atoms 

implanted below the Cu surface and the distance from the top of Ni cluster to the 

surface are plotted to give a better understanding of the burrowing process. MSD and 

MSD at surface are also displayed to show the atoms movement of the system during 

the simulation. 
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Chapter 2. Molecular Dynamics Simulation of Neck Growth in Laser Sintering 

of Different-Size Gold Nanoparticles under Different Heating Rates 

 

In this chapter, four pairs of gold nanoparticles (4 nm vs. 4 nm, 4 nm vs. 8 nm, 4 

nm vs. 14 nm, and 4 nm vs. 20 nm) will be sintered under three different heating rates 

(0.4, 0.2 and 0.1 K/ps). The sintering process will be divided into two stages as solid 

state sintering at room temperature and laser sintering.  

 

2.1 Simulation Procedure 

Spherical gold nanoparticles are created out of a bulk fcc (face centered cubic) 

gold crystal with the [1 0 0], [0 1 0] and [0 0 1] crystallographic directions along the 

x-, y- and z-axes, respectively. Two nanoparticles in one pair are thermally 

equilibrated separately at 298 K for 400 ps. Afterwards two equilibrated nanoparticles 

are assembled to establish the initial MD system as sketched in Fig. 2.1.1. In the 

system, the centroids of both particles have the same x and y coordinates and the gap 

distance between two nanoparticles in the z-direction is 5 Å. To study the effect of 

particle size on the neck growth in sintering, the upper particle has a fixed diameter of 

d1 = 4 nm, whereas the lower particle has varying diameters (d2) of 4 nm, 8 nm, 14 

nm and 20 nm. The total numbers of the atoms in the four models are 2,108, 16,745, 

82,465 and 231,477, respectively. 
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(a) Before sintering                    (b) After sintering 

 

Fig. 2.1.1 The physical model 

 

The Embedded Atoms Method (EAM) potential from Foiles [34] is employed to 

describe the interatomic interaction between gold atoms, which is written as  

( ) ( )1
2

N N

i i j ij ij ij
j i j i

E F r rρ ϕ
≠ ≠

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
∑ ∑  (1) 

where Ei is the energy of atom i, rij is the distance between atoms i and j, Fi is the 

embedding energy function of the electron density, ρj is the electron density at atom i 

contributed from atom j, and φij is a short-range pair potential function. After the MD 

model in established, the nanoparticle pair is firstly equilibrated at 298 K for 200 ps. 

The solid state sintering (stage I) is then simulated for 400 ps and subsequently the 

system temperature is linearly increased to 1098 K to model the laser heating (stage 

II). Three heating rates of 0.1 K/ps, 0.2 K/ps and 0.4 K/ps are considered in this study. 

Neck Width 
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Throughout the simulations, the system temperature is computed and monitored every 

10 steps. If the difference between the computed and desired temperatures is greater 

than 1 K, the atomic velocities are rescaled such that the system temperature is reset 

to exactly the desired one. For all simulations, a time step of 2 fs is used and the free 

boundary condition is applied everywhere. No heat loss to the environment is 

considered.  

During the simulations, the local lattice structure is monitored by a heuristic 

method [35], which differentiates the local crystal structure by the angles between the 

bonds, instead of the interatomic distance, and is stable under high temperature. The 

structures of bcc (body centered cubic), fcc, hcp (hexagonal close packed), ico 

(icosahedra) are marked by the colors of green, yellow, red, and cyan, respectively. 

The blue color is used to present the unknown types of structure. Considering the 

lattice structure transformation, the change of color is unobvious except the neck 

region. 

 

2.2 Results and Discussions  

2.2.1 Solid state sintering at room temperature 

2.2.1.1 Sintering Process Snapshots and Vector Plots 
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(a) t = 36 ps, d2 = 8 nm   (b) t = 72 ps, d2 = 8 nm 

         

(c) t = 180 ps, d2 = 8 nm         (d) t = 360 ps, d2 = 8 nm 

Fig. 2.2.1 Sintering Snapshots in the solid state sintering at RT (d2 = 8nm) 

 

Fig. 2.2.1 shows the atom snapshots of the cross-section cut from the center along 

the x-z plane of the 4-nm and 8-nm gold nanoparticles at t = 36 ps, 72 ps, 180 ps, and 

360 ps, respectively. No laser is applied yet at this stage, and the system temperature 

is maintained at 298 K. It is clearly seen that the two initially separated nanoparticles 

move towards each other and a dumbbell-shaped particle is formed, indicating that a 

solid state sintering of gold nanoparticles with free boundary conditions could occur 

at room temperature without laser heating. In reality, the sintering of two 
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nanoparticles proceeds with surrounding environmental nanoparticles which means 

that the two nanoparticles are sintered with each other at high pressures. In order to  

simulate this circumstance, additional simulation of the pair 4nm and 8nm are carried  

out with the fixed center of mass of each particle. It’s found that the sintering happens 

at around 800K which is presented in Fig. 2.2.2. In this study, we will focus on the 

simulation with free boundary conditions.   

 

Fig. 2.2.2 Sintering Snapshots for high pressure boundary condition (T = 816 K) 

 

Besides, it appears from Fig. 2.2.1 that the two major colors are yellow and blue 

which means the formation of fcc and some unknown lattice structures are dominant 

in the thermal equilibration, particularly at the beginning of this solid state sintering 

process. As the process goes on, there are more atoms of blue color appearing at the 

neck region which implies the continuous lattice structure deformations at the neck 

region. From Fig. 2.2.1(b), atoms in hcp structure are evidenced by the existence of 

red color. Fig. 2.2.3 displays the snapshots at t = 400 ps for pairs of d2 = 14, 20 nm.  
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(a) t = 400 ps, d2=14nm                (b) t = 400 ps, d2 = 20 nm 

 

Fig. 2.2.3 Sintering snapshots in the solid state sintering at RT (d2 = 14 nm, 20 

nm) 

 

In order to illustrate the qualitative features of sintering, atoms movement vectors 

are plotted in Fig. 2.2.4 for the pair of 4-nm and 8-nm nanoparticles. The arrow heads 

of the vectors are the current positions of the atoms collected within the range of 

( )/ 2cmY H−  to ( )/ 2cmY H+  and the tails are the positions at 20 ps before. Thus, 

the length of a movement vector represents the distance that the atom has moved in 20 

ps. At the early time, as shown in Fig. 2.2.4(a), most of the atoms vectors in the 

smaller nanoparticle are trimly towards the larger one, indicating that the atoms in the 

smaller nanoparticle are attracted by the strong force from the large nanoparticle. Fig. 

2.2.4(b) gives the evidence for the trim movement of the atoms as time prolongs, 

where most of the atoms vectors in the larger nanoparticle turn towards to the smaller  



 

13 

      

(a) t = 36 ps, d2 = 8 nm     (b) t = 72 ps, d2 = 8 nm 

      

(c) t = 180 ps, d2 = 8 nm                  (d) t = 360 ps, d2 = 8 nm 

Fig. 2.2.4 Atoms vector plots in the solid state sintering at RT (d2 = 8 nm) 

 

one. At the edge of the close sides of the two particles, the atoms are driven strongly 

to tilt towards left and right respectively to form the neck. In Fig. 2.2.4(c) for t = 180 

ps, atoms in the smaller (4-nm) nanoparticle exhibit a whirling downward behavior 

near the surface which is caused by the surface diffusion. The nonsymmetric motion 

of atoms seen in Fig. 2.2.4(c) is due to the fact that in the atomistic scale, the two 
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particles constituted of discrete atoms cannot be in the perfect sphere shape after the 

thermal equilibrating. In Fig. 2.2.4(d), atoms in both nanoparticles gradually turn into  

an amorphous motion since the sintering process moves toward the quasi-equilibrium 

status. 

 

2.2.1.2 Neck Width 

 

 

Fig. 2.2.5 Comparison of neck width growth between two crystalline orientations 

(100) and (110) in the pair of particles d1 = 4 nm and d2 = 8 nm from the solid 

state sintering at room temperature 
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In this study, the pair of particles is assumed with the same crystalline orientations 

Au(100). However, for a large particle, it cannot rotate easily by the force experienced 

at the neck region. Therefore, the effect of the initial crystalline orientation of the 

downward particle is significant in the dynamics of the neck region. In the Fig. 2.2.5, 

a comparison of the growth history of the neck width between two different 

orientations (100) and (110) of the pair d2 = 8 nm particle is presented. The result 

shows that the stable neck width of (110) case is lower than the (100). For the case of 

(111), the numerical experiment tells that the sintering dose not take place during the 

stage one (0.4 ns). In our work, the main goal is to investigate the pairs with the same 

crystalline orientation (100).  

As shown in Fig. 2.2.5, the neck width suddenly increases and then grows much 

slowly for the rest of time. According to Zhu and Averback [10], it is the elastic 

deformation that brings the fast neck growth. The slow neck growth is the outcome of 

the atom movements due to the extraordinary high atomic potential gradients where 

the two surfaces of rapid curvature form a sharp cusp on contact [36]. This 

mechanism can be proven vividly by the vector plot of Fig. 2.2.4(b). At the end of this 

stage, the neck width gradually reaches to the quasi-equilibrium status.   

 The simulated stable neck widths for the four pairs of particles (d1 = 4 nm and d2 = 

4, 8, 14 and 20 nm) are about 2.15, 2.75, 3.05 and 3.26 nm, respectively. The 

relatively increase rates of the stable neck width from one particle size to the next 

particle size are, respectively, 27.9%, 10.9% and 6.9% for the three cases of d2 = 8, 14 

and 20 nm. According to this trend, it is expected that the stable neck width will 
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gradually approach a limit as the size of the second nanoparticle further increases. 

 

2.2.1.3 Radius of Gyration 

An important characteristic of a sintering process is radius of gyration, defined as the 

root mean square distance of atoms of two spheres measured from its mass center: 

( )22

1

1 N

g i i cm
i

R m r r
M =

= −∑                              (2) 

where M is the total mass of the group, and rcm is the center-of-mass position of the 

group. Fig. 2.2.6 shows the radii of gyration normalized by dividing the radii by the 

maximum values of 26.9 Å, 36.5 Å, 55.3 Å and 76.7 Å, respectively for the cases of 

d2 = 4, 8, 14 and 20 nm. For the case of equal-size particles (d2 = 4 nm), the radius of 

gyration decreases rapidly and then exhibits oscillation. For the cases of d2 = 8 nm, 

decrease of radius of gyration is less significant and the oscillation is also almost 

damped out. The step-like drops of the radii of gyration of these two cases are due to 

the movement of atoms toward the equilibrium shape. When the radius of large 

nanoparticle further increases (d2 = 14 nm and 20 nm), the change of the radii of 

gyration become insignificant as indicated in Fig. 2.2.6. This is because the 

center-of-mass in the these two larger particle cases would not change much during 

the sintering process due to the fact that the position of the larger particle is very 

stable and the atoms that constitute for this particle pair almost come from the larger 

nanoparticle. 
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Fig. 2.2.6 Normalized radius of gyration for the four pairs of nanoparticles in the 

solid state sintering at room temperature 

 

2.2.2 Laser sintering 

2.2.2.1 Sintering process snapshots and vector plots 

In this stage, the temperature of each nanoparticle pair is increased linearly from 

298 K to 1098 K at the heating rates of 0.4, 0.2 and 0.1 K/ps, respectively. The laser 

heating lasts for 2, 4 and 8 ns with the numbers of time steps of 1×106, 2×106 and 

4×106, respectively. Fig. 2.2.7 shows the snapshots for the 4-nm and 8-nm gold 

nanoparticles at three temperatures 498 K, 798 K and 998 K, respectively. 
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Comparison of the three snapshots at 998K indicates that the sintered shape with the 

heating rate of 0.1 K/ps is more sphere-like. Under the same initial and final 

temperature, a sintering process that lasts longer is more thorough and complete since 

sintering can occur at any temperature without external thermal energy. As seen in Fig. 

2.2.7 for all the three heating rates, the colors change gradually from 498 K to 798 K 

as yellow atoms are replaced by blue and red atoms. At 998 K, there has been a 

dramatic transformation in color that means the lattice structure has been significantly 

rearranged and most of the fcc lattice structure are replaced by the hcp and other 

unknown lattice structures. This phenomenon is mainly attributed to the melting. The 

snapshots of the pairs of d2 = 14, 20 nm at three temperatures 498K, 798K and 998K 

under the heating rate F = 0.4 K/ps are displayed in the Fig. 2.2.8. 

The insights of the sintering process under different heating rates can be shown via 

the movement of atoms of 4-nm and 8-nm nanoparticles displayed in Fig. 2.2.9. At 

498 K, the directions of the movement vectors in both particles are hardly 

distinguished. The reason is that the sintering at this temperature remains at the 

quasi-equilibrium state. This can also be proven by the neck width history shown in 

Fig. 2.2.10 where the neck width is quite stable. As the temperature increases to 798 

K as shown in Fig. 2.2.9(a), a small amount of atoms near the top surface of the 

smaller nanoparticle begin to whirl along the clockwise direction again. This implies 

that the melting tends to occur and drive all the atoms together to form a sphere. At 

998K, the sintered two particles are more like a single spherical particle due to the 

melting. At the rim of each nanoparticle, the directions of the movement vectors are  
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(a) F = 0.4 K/ps, d2 = 8 nm 

  

(b) F = 0.2 K/ps, d2 = 8 nm 

  

(c) F = 0.1 K/ps, d2 = 8 nm 

 

Fig. 2.2.7 Sintering snapshots of the pair with d2 = 8 nm in the subsequent laser 

sintering at 498 K, 798 K and 998 K simulated with different heating rates 
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(a) F=0.4K/ps, d2 = 14 nm 

 

(b) F=0.4K/ps, d2 = 20 nm 

 

Fig. 2.2.8 Sintering snapshots of the pair with d2 = 14 nm, 20 nm in the 

subsequent laser sintering at 498 K, 798 K and 998 K simulated with the heating 

rate F = 0.4 K/ps 

 

distinctly visible. On the contrary, the directions of the vectors inside the particle are 

not clearly visible since melting continues to force the two nanoparticles to merge 

with each other and reaches a chaos state. By comparing the atom movement vectors 

at 998K among the three heating rates, it is found that the vectors with clear directions  
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(a) F = 0.4 K/ps, d2 = 8 nm 

 

(b) F = 0.2 K/ps, d2 = 8 nm 

 

(c) F = 0.1 K/ps, d2 = 8 nm 

 

Fig. 2.2.9 Atoms movement vectors of the pair with d2 = 8 nm in the subsequent 

laser sintering at 498 K, 798 K and 998 K simulated with diferent heating rates 
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at the rim of each particle are rarer as the heating rates decreases; i.e., close to the 

chaos state. This is a perfect illustration of the more thorough development of 

sintering if it takes more time to reach the final temperature. As sintering continues, 

the sphere sintered from the two particles reaches to the chaos state. 

 

2.2.2.2 Neck width 

The laser heating rate effect on the neck width growth is illustrated in Fig. 2.2.10. 

The trend of the neck growth in this laser sintering stage is quite different from that of 

the solid state sintering at room temperature shown in Fig. 2.2.10. In the beginning, 

which is referred to as the quasi-equilibrium state, the two nanoparticles continues the 

sintering from the previous solid state stage with a stable neck growth rate. At the end 

of the quasi-equilibrium state, melting starts to take place as indicated by the 

significant increase of the neck width. As the melting continues, two nanoparticles 

merge to one and the neck width ascends rapidly. Comparing the results in Fig. 2.2.10 

(a)-(d) shows that melting would occur earlier when d2 is closer to d1. Buffat and 

Borel [37] have demonstrated theoretically that the melting point of gold 

nanoparticles increases as the size increases. This confirms that the melting process 

for the pair with d2 = 4 nm occurs the earliest. For the two pairs of d2 = 14 nm and 20 

nm, the melting take place at almost the same time (temperature) since the size effect 

is attenuated. It can be found in Fig. 2.2.10, particularly for the case of d2 = 4 nm, that 

in the quasi-equilibrium state, the stable neck width increases faster with decrease of 
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the heating rate. This mechanism is attributed to the longer sintering time for the 

lower heating rate. In general, a lower heating rate results in a larger neck width for 

the same initial and final temperatures.  

 

  

(a)  4 nm vs. 4 nm                      (b)  4 nm vs. 8 nm 

     

(c)  4 nm vs. 14 nm                     (d)  4 nm vs. 20 nm 

 

Fig. 2.2.10 Comparisons of the neck width in the four paris of nanoparticles 

sintered at three diffferent laser heating rates 
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2.2.2.3 MSD and Radius of Gyration 

The mean square displacement (MSD) is a measure of the average distance a 

molecule travels in the sintering process:  

( ) ( ) 2

1

1MSD 0
N

i i
i

r t r
N =

= −⎡ ⎤⎣ ⎦∑                      (3)            

where N is the number of atoms sampled, t is time, and r is the position of each atom.  

   

(a)  4 nm vs. 4 nm                     (b)  4 nm vs. 8 nm 

 

   

(c)  4 nm vs. 14 nm                   (d)  4 nm vs. 20 nm 

 

Fig. 2.2.11 Comparisons of the mean square displacement (MSD) of the four 

pairs of nanoparticles sintered at three different laser heating rates 
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Fig. 2.2.11 shows the MSD for the four pairs of particles under the three different 

heating rates, where the MSD is computed based on the initial coordinates of atoms at 

the beginning of the subsequent laser sintering. Due to the existence of the 

quasi-equilibrium state, the MSD is very close to zero at the end of the solid state 

sintering at 298 K. The time at which the MSD departs from the almost-zero value 

and increases significantly is the occurrence of melting. These results again confirm 

that melting occurs earlier when the size (d2) of the second nanoparticle is closer to 

the first one (d1). As the heating rate decreases, the whole sintering process lasts 

longer and the atoms in the two nanoparticles have longer time to interact with each 

other. As a result, the atoms would be farther from their original positions as the two 

nanoparticles incessantly merge to one. Hence, the value of MSD becomes larger as 

seen in Fig. 2.2.11. In addition, at the same temperature, the MSD decreases with 

increase of the second nanoparticle size. 

  The radii of gyration under the three different heating rates are plotted in Fig. 

2.2.12 for the two pairs of d2 = 4 nm and 8 nm. For the pairs consisting of larger 

particles d2 = 14 nm and 20 nm, the radii of gyration can be treated as a constant, 55.1 

Å and 76.8 Å, respectively which are almost the same as those in the solid sintering 

stage (Fig. 2.2.6). There are a significant drop [12] of the radii of gyrations in Fig. 

2.2.12. Similar to the drop in the solid state sintering at room temperature, the range 

of the drop here is also smaller for the case with a larger d2 (8 nm). It is worth noting 

that the radii of gyration reach respectively to the same value at the end of the laser 
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sintering for all three heating rates. This phenomenon indicates that the sintering 

process has already been thorough enough and the two nanoparticles will align to 

each other until they melt to one particle in a liquid state and arrive at the final 

equilibrium.  

 

 

 

Fig. 2.2.12 Radius of gyration of the pairs with d2 = 4 nm and 8 nm sintered at 

three different laser heating rates 

 

2.3 Conclusion 

MD simulation was performed to investigate the sintering of two differently sized 
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gold nanoparticles, including a solid state sintering at room temperature and the 

consequent laser sintering. The size of the fixed particle d1 = 4 nm is aligned with 

another nanoparticles having four different sizes: d2 = 4, 8, 14 and 20 nm. The details 

of the elastic deformation, surface diffusion and other important mechanisms are 

identified through analyses of the snapshots and vector plots. The neck growths 

among the four pairs of particles sintered at three different laser heating rates were 

compared and discussed in detail. It is found that in the solid state sintering at room 

temperature the particle size effect is distinguished when the sizes of two 

nanoparticles are close while the effect is alleviated as the size of the second 

nanoparticle increases. The neck width would reach to a limit value as d2 increases to 

certain value. In the subsequent laser sintering, melting is found to be the major cause 

for the instability and sudden increase of the neck width after the quasi-equilibrium 

states. The heating rate effects on the neck width growth are also analyzed. Sintering 

at a lower heating rate requires longer time to reach the final temperature. Therefore, 

the sintering process is more thorough and closer to the final status compared to the 

same pair sintered at a higher heating rate. In general, the slower the laser heating rate 

is, the wider the neck grows. The effects of nanoparticle size and heating rate on MSD 

and the radius of gyration were also studied. At the same time in the solid state 

sintering at room temperature or at the same temperature in the consequent laser 

sintering, the MSD decreases with increase of the second nanoparticle size. The trend 

is opposite for the radius of gyration. The characteristic of MSD in the laser sintering 

reveals that melting takes place earlier when the size (d2) of the second particle is 
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closer to d1. In addition, the radius of gyration found from the laser sintering indicates 

that the final formation of the sintered particle is irrelevant of the heating rate when 

the sintering process continues long enough to turn the solid particle pairs into a liquid 

state.  
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Chapter 3. Deposition of Nickel nanocluster on Copper Surface Studied by 

Molecular Dynamics Simulation 

  In this chapter, the burrowing of nickel nanocluster deposited on the copper surface 

is also investigated by molecular dynamics (MD) simulation. The simulation is 

carried out for 40.1 ns with two lattice orientations Cu(100) and Cu(110) at different 

temperatures. The size of the copper substrate is fixed to 20×20×15 and 14×14×

15 lattice units for Cu(100) and Cu(110) respectively and 249 atoms and 0 ev kinetic 

energy at initial are assigned to the Ni(100) nanocluster. 

 

3.1 Simulation Procedure 

Spherical Ni(100) nanoclusters, Cu(100, 110) substrate were created with a initial 

fcc (face centered cubic) lattice structure. The Ni cluster has 249 atoms and the 

Cu(100) is consists of 20 by 20 by 15 lattice units which contain 24800 atoms and 14 

by 14 by 15 lattice units which contain 24304 atoms for Cu(110). The Embedded 

Atoms Method (EAM) potential of Foiles [34] mentioned above is also employed 

here to describe the interatomic interaction between those metallic atoms 

The nanoclusters and substrate were first prepared and relaxed at 0 K via MS 

minimization separately. Then each of them was thermally equilibrated under NVT 

ensemble for 40 ps and NVE ensemble for another 40 ps at 300 K. In those ensembles, 

N denotes number of atoms, V is volume, T stands for Temperature and E means the 

total energy. In NVT ensemble, the volume and temperature will be constant, whereas 
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in NVE ensemble, the volume and total energy will be constant. Periodic boundary 

condition along x-y plane and free boundary condition along z coordinate are applied. 

Empirically, if the temperature and potential energy are stable during the subsequent 

NVE ensemble stage just after the NVT ensemble stage, the system can be treated in 

the thermal equilibration status. Afterwards, Ni naoncluster and Cu substrate are 

assembled to establish the initial MD simulation model as sketched in Fig. 3.1.1. In  

 

 

Fig. 3.1.1 The physical model 

 

the system, the centroids of cluster and substrate have the same x and y coordinates 

and the gap distance between them along the z coordinate is 3.5 Å. The whole system 

will be relaxed again at 0 K via by MS minimization before simulation starts under 

3.5 Å 

2 lattices 
of Cu(100) 

20 lattices of 
Cu(100) 

5 lattices 
of Ni(100) 

20 lattices 
of Cu(100)

20 lattices of Cu(100) 

Ni Lattice units: 3.52 Å 

Cu Lattice units: 3.615 Å 
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the NVT ensemble for 100 ps and NVE ensemble for another 40ns at different 

temperatures. Throughout the simulations, the system temperature is computed and 

monitored every 25 and 10 steps under NVT and NVE ensembles respectively. For 

NVT, temperature is relaxed every 25 steps to reach the desire value. For NVE, if the 

difference between the computed and desired temperatures is greater than 1 K, the 

atomic velocities are rescaled such that the system temperature is reset to exactly the 

desired one. For all simulations, a times step of 2fs is adopted and periodic boundary 

condition along x-y plane and free boundary condition along z coordinate are applied 

again.  

In this study, we also used the same method from Ackland and Jones [38] to 

monitor the deformation of local lattice structure during the simulations. The 

structures of bcc (body centered cubic), fcc, hcp (hexagonal close packed), ico 

(icosahedra) are marked by the colors of green, yellow, red, and cyan, respectively. 

The blue color is used to present the unknown types of structure. Considering the 

lattice structure transformation, the change of color is dramatically around the 

interfacial area between Ni cluster and Cu substrates. 

 

3.2 Results and Discussions 

3.2.1 Thermal Equilibration 

  Thermal equilibration is significant for MD simulation. In order to confirm that the 

system is balanced well before the simulation starts, thermal equilibration for Ni 
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cluster and Cu substrate respectively is compulsory. Different method can be applied 

depending on the system itself. In this case, MS minimization, NVT ensemble and 

NVE ensemble are employed in sequencing to secure an equilibrium status for the 

system. If the temperature and potential energy are stable after the NVT ensemble, the 

system will be treated as an equilibrated system. 

 

 

(a)                                            (b) 

 

(c)                                           (d) 

 

Fig. 3.2.1 Thermal equilibrium of Ni and Cu(100) 
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  Fig. 3.2.1 presents the potential energy and temperature history of Ni cluster and 

Cu(100) substrate in the thermal equilibration respectively. Apparently, after 40 ps of 

NVT ensemble, the potential energy and temperature are stable for both Ni and 

Cu(100). Compared to Fig. 3.2.1(a-c), the concussion of temperature in Fig. 3.2.1(d) 

is a little severe due to the small amount number of atoms in Ni cluster. It’s expected 

the concussion of temperature will be attenuated as the size of Ni cluster increases. 

Cu(110) also has a very similar equilibrium plots. 

 

3.2.2 Burrowing Snapshots and Vector Plots  

 

  After the thermally equilibrating the system well, the simulation starts. Fig. 3.2.2 

shows the snapshots of the cross-section cut from the center of Ni cluster along the x-z 

plane at t = 0, 0.1, 14.5 and 24.58 ns for the case of Cu(100) at 1000 K. The yellow 

and blue colors stand for the substrate and cluster respectively. For Fig. 3.2.2(a), the 

snapshot shows the system’s structure after the MS minimization but before 

burrowing process starts. Fig. 3.2.2(b) is the end of the NVT ensemble stage which 

lasts 0.1 ns. It is clearly seen that the cluster moves towards and lays down on the 

Cu(100) surface. Several atoms are implanted into the substrate. At t = 14.5 ns of the 

Fig. 3.2.2(c), most of atoms penetrate into the substrate because of the site-exchange 

mechanism and atoms from the Cu(100) has wrapped the whole cluster. This 

wrapping phenomenon is mainly caused by the surface diffusion. At t = 24.58 ns, it is 
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very obvious that the Ni cluster has already been embedded completely into the 

Cu(100) substrate.  

 

(a) t = 0 ns, T = 0 K                   (b) t = 0.1 ns, T = 1000 K 

 

(c) t = 14.5 ns, T = 1000 K            (d) t = 24.58 ns, T = 1000 K 

 

Fig. 3.2.2 Burrowing snapshots of Ni and Cu(100) (Blue: Ni, Yellow: Cu) 
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100                            110 

  

T = 700 K, t = 40.1 ns             T = 700 K, t = 40.1 ns 

  

T = 900 K, t = 40.1 ns            T = 900 K, t = 40.1 ns 

  

 T = 1000 K, t = 24.58ns            T = 1000 K, t = 22.5 ns 

 

Fig. 3.2.3 Burrowing snapshots of Ni and Cu(100, 110) (Blue: Ni, Yellow: Cu) 
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  In reality, compared with the cluster, the substrate barely rotates during the 

simulation. As a result, the burrowing process is sensitive to the initial 

crystallographic lattice direction. Therefore, the system of Ni cluster and Cu(110)  

substrate is also considered and simulated. Results of snapshots are plotted in Fig. 

3.2.3. From the figure, it is seen that it takes longer time for Ni burrowed completely 

into the Cu(100). For Cu(110), it only takes about 22.5 ns. For all groups at 

temperature below 1000 K, the burrowing processes are not complete. Most of Ni 

cluster still remains on the surface when temperature is 700 K. Simulation at 500 K of 

the system Cu(100) is also carried out. Consequently, burrowing barely takes place if 

temperature drops below 700 K. According to Zimmermann [19], larger difference of 

surface energy of Ni cluster and Cu substrate is capable to lead a complete burrowing 

process. Thus, it is expected that the Cu(100) has a larger surface energy than Cu(110). 

Besides, High temperature will also accelerate the site-exchange mechanism.  

  Fig. 3.2.4 gives the snapshots with the same system at the same time as Fig. 3.2.2 

but via tracking the change of lattice structure. Apparently, yellow and blue are two 

major colors which means the fcc lattice and some unknown lattice structures are 

dominant during the simulation. As the burrowing process goes on, more atoms of 

blue, green and red colors appear in the whole system due to the continuous lattice 

structure deformation mainly caused by the interaction between Ni cluster and Cu(100) 

substrate especially at high temperature. Besides, according to the numerical data, 

there’re slight evidences of the ico (cyan) lattice structures which is barely to be 

recognized from the snapshots.     
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(a) t = 0 ns, T = 0 K                     (b) t = 0.1 ns, T = 1000 K 

 

(c) t = 14.5 ns, T = 1000 K                 (d) t = 24.58 ns, T = 1000 K 

 

Fig. 3.2.4 Burrowing snapshots of lattice structure deformation of Ni and 

Cu(100) 
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100                             110 

   

T = 700 K, t = 40.1 ns              T = 700 K, t = 40.1 ns 

   

T = 900 K, t = 40.1 ns             T = 900 K, t = 40.1 ns 

   

T = 1000 K, t = 24.58ns            T = 1000 K, t = 22.5 ns 

Fig. 3.2.5 Burrowing snapshots of lattice structure deformation of Ni and Cu(100, 

110) 
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  Fig. 3.2.5 gives the snapshots of the lattice deformation for groups at different 

temperature and lattice orientations. Compared the snapshots at same temperature but  

different lattice orientation, it’s seen that the deformation of lattice structure from 

Cu(110) is slightly intense than Cu(100). This phenomenon can be confirmed by the 

fact that the burrowing process of Cu(110) complete faster than Cu(100) which 

indicate that the site-exchange process moves quicker.     

  In order to illustrate the qualitative features of sintering, atoms movement vectors 

are plotted in Fig. 3.2.6 for the system of Ni cluster and Cu(100) substrate. The arrow 

heads of the vectors are the current positions of the atoms collected within the range 

of ( )/ 2cmY H−  to ( )/ 2cmY H+  and the tails are the positions from the last output 

data. Thus, the length of a movement vector represents the distance that the atom has 

moved in 4 ps for NVT and 160 ps for NVE. In Fig. 3.2.6(a), it’s evidential that the Ni 

cluster moves towards the substrate due to the strong attracting force from the 

substrate. As a result, almost half of atoms of the Cu(100) substrate also show a 

moving direction towards the Ni cluster. For the atoms far from the surface, the atoms 

vectors remain in chaos which could be explained by the small effect form the cluster. 

Fig. 3.2.6(b) is a typical status during the burrowing process. Part of the cluster has 

already been burrowed into the surface. The part, that still stands above the surface, is 

covered by the atoms from the Cu(100) according to the snapshots mentioned above 

which has shown a strong movement due to the surface diffusion. For the interface of 

Ni cluster and Cu(100) surface, the atoms vectors are not as obvious as the surface of 

the system is because atoms from the cluster and substrate exchange randomly due to 
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the vacancy migration which is the main cause of the site-exchange process. For Fig. 

3.2.6(c), only a small part of the cluster stays above the surface. A slight number of 

atoms’ vectors at surface exhibit a clear moving direction behavior which means the 

burrowing of the Ni cluster almost complete. Few vectors direction of atoms at the 

surface can be recognized in Fig. 3.2.6(d) when burrowing is complete. The whole 

system appears in a very stable status compared with other three vector plots.   

 

 

(a) t = 0.004 ns, T = 1000 K                  (b) t = 4.1 ns, T = 1000 K 

 

(c) t = 12.1 ns, T = 1000 K                (d) t = 20.58 ns, T = 1000 K 

 

Fig. 3.2.6 Atoms vector plots of Ni and Cu(100) 
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3.2.3 Number of Atoms Implanted  

During the burrowing process, the vacancy migration will result in the implanted 

atoms of Ni cluster below the surface and sputtered Cu substrate above the surface. 

Therefore, the number of atoms implanted under the Cu surface is important to 

understand the site-exchange mechanism. From the Fig. 3.2.7, three groups with same 

model but different temperatures and different lattice orientations are presented. As 

mentioned in the snapshots, it’s known that the Ni can completely burrow into the Cu 

substrate at 1000 K which can also be demonstrated by the black line in Fig. 3.2.7. 

There’s a rapid growth within the initial period, then the burrowing becomes slower. 

After about 25 ns, the whole Ni cluster is completely burrowed into the substrate and 

the number of atoms implanted remains stable around 249 which is exactly the 

number of the Ni cluster. Moreover, the plot also proves that the fulfillment of the 

burrowing process of Cu(110) is earlier than Cu(100). For the same system at 900 K, 

the burrowing process is extremely slow and not complete during the whole 

simulation. More atoms of the Ni cluster have been exchanged into the Cu(110) 

substrate. For the system at 700 K, it’s comfortable to say the burrowing does not take 

place since the number of atoms implanted keeps the same after the initial growth for 

both cases. Numerical experiment at 500 K was also carried. The number of atoms 

also stays the same within the whole simulation and the total number is slightly 

smaller than the case at 700 K.  
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Fig. 3.2.7 Number of Atoms Implanted of Ni and Cu(100, 110) 

 

Fig. 3.2.8 Distance from the top of Ni to Cu(100, 110) surface 
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  The distance from the top of the Ni cluster to Cu(100) and Cu(110) surface is also 

provided in Fig. 3.2.8. All curves start from the same point. For the cases at 1000 K, 

the distance ends around zero, nonetheless, the distance of the case at 900 K decreases 

slowly and it remains stable when the temperature drops below 700 K. These results 

also prove the phenomenon discussed before.  

 

3.2.4 Mean Square Displacement 

 

 

Fig. 3.2.9 Mean square displacement (MSD) of Ni and Cu(100, 110) 

 

The mean square displacement (MSD) discussed before is also used here to 

measure the average distance a molecule travels in the sintering process which is 
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described in Fig. 3.2.9. From the Fig. 3.2.9, it is obvious that for the system at higher  

temperature, the movement of atoms is more intense. When the temperature descends 

below 700 K, the movement of atom can be ignored. For the Cu(110) at 900 K, the 

MSD value is a little bigger.  

 

 

Fig. 3.2.10 Mean square displancement (MSD) at Cu(100, 110) surface 

 

  In order to capture the mechanism of surface diffusion, surface mean square 

displacement is also presented in Fig. 3.2.10. Apparently, MSD of surface of the 

system at 1000 K reaches to a stable value after about 25 ns and 22 ns for Cu(100) 

and Cu(110) respectively which imply that the burrowing process completes and 

surface diffusion fades away. For the system at 900 K and 700 K, the amplitude of the 

MSD of surface decreases dramatically, however, unlike the MSD of the whole 
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system, the MSD of surface at 700 K still increases but considerably slow. This is 

because the stronger movement at the surface compared to the whole system. For the 

system at 1000 K, the atoms movement is more intense which brings a larger 

concussion of the MSD of surface compared to other two groups. For the system at 

700 K, the curve is very smooth which indicate that the atoms movement is attenuated. 

All groups from both Cu(100) and Cu(110) have a very similar behavior for MSD at 

surface.  

 

3.3 Conclusion 

  The deposition of Ni cluster on Cu substrate is systematically studied by MD 

simulation. The numerical results show that the burrowing process is very sensitive to 

the initial lattice orientation and temperature. For the case of Cu(110) at 1000 K, 

burrowing process is faster than Cu(100) at the same temperature which is mostly 

because of the larger difference of the surface energy of Ni cluster and Cu(110). In 

addition, for all cases at 900 K, the site-exchange process continues but is 

significantly slow compared with the system at 1000 K. For the system at the 

temperature below 900 K, the Ni cluster wet the Cu substrate by exchanging few 

atoms with the substrate rather than penetrating into the substrate. For temperature at 

or below 500 K, burrowing barely exists. Besides, through the vector plots, surface 

diffusion causes of the strong atoms movement at the surface of the whole system and 

vacancy migration is demonstrated to be the major reason of the random 
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site-exchange of atoms between Ni cluster and Cu substrate. The number of atoms 

implanted below the Cu surface and the distance from the top of the Ni cluster to the 

Cu surface also confirm the behavior of the burrowing process at different 

temperatures with different lattice orientations. The characteristic of MSD and MSD 

at surface are also plotted. For system at temperature at 700 K, the stable MSD values 

within the simulation means the system is in a very stable status and few atoms of Ni 

cluster and Cu substrate are exchanged. The MSD at surface with temperature at 1000 

K and 900 K have a very similar characteristic as the number of atoms implanted at 

the same temperature. The slow increase of the MSD at surface with temperature at 

700 K indicates that Ni cluster simply wet the Cu substrate instead of burrowing into 

it, since the few atoms from them are exchanged.       

 

 

 

 

 

 

 

 

 

 

 



 

47 

Chapter 4. Summary, Conclusion and Future work 

4.1 Summary and Conclusion 

  MD method is used through the thesis to simulate two specific nanosintering 

processes. The general procedure of MD method is to equilibrate the system before 

the simulation starts. The reason to do that is because the initial system generated 

from the bulk crystal structure has zero velocity and zero force which is far away 

from the real circumstance. There are several ways to do the equilibration. Two 

different methods are adopted in the thesis. For the first project in Chapter 2, the 

system is simply run under the NVE ensemble for a period. In Chapter 3, the system 

is firstly equilibrated by using MS minimization. Then we run it under the NVT 

ensemble and NVE ensemble in sequencing. Since both procedures involve the 

temperature rescale which relate to the control of temperature, we call it thermal 

equilibration. If temperature and potential energy of the system reaches to a very 

stable status during the NVE ensemble, the system is equilibrated well. After this step, 

the simulation will begin and how to choose the parameters and conditions during the 

simulation really depends on the desire of the researcher. Another crucial point in the 

MD simulation is to choose a right form of potential energy equation to describe the 

interaction between the same and different kinds of atoms. Since EAM potential 

energy is widely used to describe the interaction between metallic atoms, we use it in 

all two projects.  

In the thesis, two specific topics of the neck growth in laser sintering of 
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different-size gold nanoparticles under different heating rates and deposition of Ni 

cluster on the Cu(100, 110) surface are studied. Numerical results are plotted and 

discussed in a very comprehensive way. Deformation of the lattice structures 

monitored by the same method from Ackland and Jones [38] and direction of the 

atoms movement during the simulation are displayed by the snapshots and vector 

plots respectively. Neck width and number of atoms implanted are analyzed and 

compared within several groups. MSD and radius of gyration are used to track the 

characteristic of atoms movement. Significant phenomenon and some mechanisms are 

identified and discussed in details which have a very good agreement from other 

works.   

  In the first project in Chapter 2, we derive a very important conclusion that the neck 

width will reach a maximum if the size of the downward particle in one pair increases 

to a certain value while the upward particle is fixed to 4nm. And the size effect is 

distinguished as the size of two nanoparticles is closer and closer. Through the 

snapshots, elastic deformation, vacancy migration and other important mechanisms 

are identified. In the vector plots, the details of how the neck region forms are 

presented vividly. Rotation of the upward particle is a result of the surface diffusion 

caused by the strong force from the bigger particle. In the subsequent laser heating 

stage, it’s found that the lower heating rates result in a wider neck width and larger 

MSD at the same temperature in all groups. As the size of downward particle increase, 

melting occurs in advance and the drop of the radius gyration will also decrease. A 

quasi-equilibrium stage is found at end of the solid state sintering stage and the 
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beginning of the laser heating stage. Simulations are also carried with different initial 

lattice orientations and high pressure boundary condition.   

  For the second project in Chapter 3, it’s proven that the whole Ni cluster can be 

embedded into the Cu(100, 110) substrate at high temperature. For the system at 

temperature below 1000K, the burrowing process is very slow. Ni cluster only wet the 

Cu substrate when the system temperature is 700 K. No burrowing is found and 

deformation of lattice structure is weakened when temperature is lower than 700K. 

The results analyzed before tell that the burrowing process is sensitive to the initial 

lattice orientations and temperature. It’s expected that the surface energy of Ni cluster 

is much bigger than the Cu substrate which leads the burrowing process. Besides, 

since the burrowing process is faster in the system with Cu(110), the reason to explain 

this is because of the lower surface energy of Cu(110) than the Cu(100) which 

accelerate the process as well as high temperature. Additionally, strong atoms 

movement at the surface of the whole system is a result of the surface diffusion. The 

site-exchange mechanism caused by the vacancy migration is also identified through 

the snapshots and vector plots. The plots of the number of atoms implanted and 

distance from the top of Ni cluster to the Cu surface confirm all characteristics from 

the snapshots discussed before. MSD and MSD at surface display the behavior of 

atoms movement at different temperature.  

4.2 Future Work 

  Since there are many options during the MD simulation, there are several other 
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promising ways to simulate the system for all two projects. First, it’s possible to 

choose another way to do the thermal equilibration stage. It’s interesting to see 

whether the results are sensitive to the initial condition of the system or not. 

According to some other works, thermal equilibration can be proceeded in a statistic 

way by doing a average after run the system in several times which is very similar to 

the Monte-Carlo method. And people can also use other ensembles instead of NVT, 

like NVP or NPT ( P denotes the pressure) to simulate different circumstances in 

reality. Another interesting option is to choose another potential energy. For example, 

glue potential energy is another good choice to describe the interactions between gold 

atoms Pan et al. [12]. Many-body tight-binding potential is also a good option to 

describe the interaction between Ni-Ni, Cu-Cu and Ni-Cu [39].  

  For the firs project, it is appealing to study more nanoparticles sintered together. In 

addition, different boundary condition may apply to simulate different environments. 

Moreover, it is necessary to figure out the exact value of d2 when the neck width 

reaches to its limit and more simulations should be carried out. For the sake of enrich 

the depth of this project, calculation of the stress tensile to break neck region of the 

sintered nanoparticles at room temperature after sintering is another promising aspect 

to be investigated. The temperature effect and size effect should be studied in a 

comprehensive way.  

  In the second project, the exact value of the surface energy of Ni(100) cluster and 

Cu(100, 110) substrate is important to be calculated. It will help us to get an insight of 

the burrowing process. Besides, simulation can be executed with another lattice 
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orientation Cu(111). High pressure boundary condition could be applied to the system. 

Another interesting idea is to simulate the deposition in an opposite way which Cu 

cluster is deposited on the Ni surface. It is expected that the burrowing process cannot 

be completed since the surface energy of Cu is larger than Ni. Last, it is interesting to 

consider different condition of the bottom layer of the Cu substrate. In this project, 

two layers at the bottom are fixed to mimic the presence of the bulk. What if the last 

two layers are free or we use an additional potential energy to describe the 

interactions of atoms near surface of the substrate [40].   
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