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ABSTRACT 

 

This dissertation presents a study of the multiscale simulation methods and their applications in 

ultrashort laser shock peening (LSP) of metals. This study is motivated by the fact that 

microstructural evolution of near-surface response of metals is very sensitive in ultrashort laser 

processes. More specifically, near surface deformation behavior is concentrated on dislocation 

movement and interaction among the metal nanoparticles. Six parts of work are presented in this 

study.  

In the first chapter, we present a modeling framework of femtosecond LSP. We implement 

atomistic-continuum based model in single crystal copper grain boundary structure. We replaced 

conventional Two Temperature Model (TTM) with Two Temperature Model-Molecular Dynamic 

(TTM-MD) simulations. For femtosecond LSP, initially electrons are heated by finite difference 

method in TTM part. Later on, electrons exchange heat to the lattice by electron-phonon coupling 

method.  
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In the second chapter, we present a multiscale simulation method to study the microstructural 

responses of near-surface grain boundary structures of copper subjected to ultrashort femtosecond 

LSP. By integrating TTM with MD, we highlight the effects of laser process parameters on the 

near-surface response and corresponding phase change, formation of voids and their growth, and 

mechanism of dislocation nucleating and propagating from grain boundary. 

In the third chapter, we present a multiscale computational model of femtosecond LSP to calculate 

dislocation-gliding rate under laser peened surface. We use pressure profile from previous chapter 

as an input in this study. We implement crystal plasticity material model of single crystal copper 

in femtosecond LSP to understand dislocation deformation mechanism at the macroscale. Our 

investigation shows that generated dislocation is concentrated not only below laser peened surface 

but also propagated through the material. 

In the fourth chapter, we describe a multiscale computational framework for calculating residual 

stress during femtosecond LSP. This work is motivated by the advantages of femtosecond LSP 

without sacrificial overlay. At first, we use TTM-MD model to capture pressure profile. Calculated 

pressure profile is used as a surface load in the FEM framework. We implement Johnson-Cook 

material and damage model in the FEM scheme. A symmetry cell method is implemented to 

predict residual stress for a large scale model.    

In the fifth chapter, we model a framework of plasmonic gold nanoparticles under ultrafast pulsed 

laser heating. We couple Discrete Dipole Approximation (DDA) with atomistic simulation and 

details of the coupling mechanism are described in this chapter. By introducing the DDA, we 

calculate electric field ratio, which is then converted to laser heat source as an input to atomistic 

simulation framework.  
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In the sixth chapter, we present picosecond laser heating on plasmonic gold nanoparticles. More 

specifically, in the picosecond laser heating, a burst release of plasmonic gold nanoparticles in 

encapsulated liposomes are studied in the application of drug delivery system. Our main goal is to 

develop processing parameters during burst release mechanism. On the other hand, we will also 

describe mechanism of merging gold nanoparticles under certain laser intensity. 

Based on the work presented in the previous chapters, we provide an outline on the future work in 

chapter seven. 
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CHAPTER 1 

A COMPUTATIONAL FRAMEWORK OF TTM-MD MODEL DUE TO 

FEMTOSECOND LASER SHOCK PROCESSING* 

1.1 Introduction 

With the recent advances in laser-based manufacturing, there is a continuing interest in exploring 

the fundamental mechanisms of laser-material interaction to improve the mechanical performance 

of diverse engineering applications. The unique spatial and temporal profiles of lasers provide a 

wide range of capabilities for material processing and device fabrication.  As an example, 

ultrashort pulsed lasers have been employed to meet the demands of applications such as drilling, 

ablation, volume structuring, etc. In those applications, the pulse is applied for a very short time 

period, e.g., a few hundred femtoseconds (fs) to several picosecond (ps), which contributes to 

unique thermomechanical responses compared to conventional continuous wave laser or 

nanosecond pulse laser.   

When laser is applied to the surface of a metal, energy is first absorbed by the conduction band 

electrons and quickly equilibrated among electrons. A non-equilibrium condition is established 

with electrons and phonons having different temperatures. Consequently, the thermal energy is 

transferred from the electrons to the lattice. The transferred energy is controlled by electron-

                                                 

* Reprinted with permission from “M. R. Karim, M. Kattoura, S. R. Mannava, V. K. Vasudevan, 

A. S. Malik, and D. Qian, "A computational study on the microstructural evolution in near-surface 

copper grain boundary structures due to femtosecond laser processing," Computational 

Mechanics, vol. 61, pp105-117, 2018.” doi.org/10.1007/s0046 © Springer Berlin Heidelberg. 

Reproduced with permission. All rights reserved.  
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phonon coupling, and there is a heat flow from the surface to the bulk of the material. Depending 

on the specific spatial and temporal profiles, ultrafast laser heating on materials may involve 

irradiation, ablation, evaporation, phase transformation, etc. A number of experimental and 

numerical investigations have been made on ultrafast laser processed materials. For example, 

computational studies of short pulse laser melting of metals such as nickel (Ni) and gold (Au) were 

presented in [1]. Homogeneous and heterogeneous melting mechanisms upon laser heating were 

discussed with a combined atomistic-continuum model, and it was shown that melting started from 

the grain boundaries in nanocrystalline materials. Laser melting of nanocrystalline Au was realized 

in Lin et al. [2]. Using molecular dynamics simulation. Karim et al. [3]  conducted atomistic 

simulation of ultrashort laser pulse on target materials under the condition of transparent overlay. 

It was concluded that a transparent overlay on the target material helps to increase both the depth 

of melting and the resolidification time. Atomic level simulation of 1 ps laser pulse [4] was carried 

out on bulk Ni target for exploring interactions among resolidification, photomechanical 

spallation, phase explosion and melting. Cheng and Xu [5] conducted molecular dynamics 

simulation of Ni subjected to femtosecond laser pulse, inspecting for phase explosion and critical 

point phase separation. They reported that phase explosion occurs by the generation of gas bubbles 

at the metastable liquid phase for low laser intensity (defined as laser power per unit area). Li et 

al. [6] described phase change mechanism during femtosecond laser pulse train ablation on Ni thin 

films. It was concluded that pulse train ablation was more advantageous than single pulse ablation. 

In addition to the thermal effect, laser-induced high heat diffusion and thermalization can lead to 

mechanical shock and compressive stresses in the target materials. Shen et al. [7] presented 

molecular dynamics simulation on ultrafast laser ablation of Ni thin film and showed that hot 
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electron blast force had a strong effect on the stress web in the heated film. Thermomechanical 

stress wave propagation in different thicknesses of thin metals was investigated in [8]. It was 

concluded that thermomechanical stress wave propagation decreased with the increase of laser 

pulse duration. Fast laser heating generated compressive stress, which is converted to tensile stress 

due to reflection, acted as a driving force that separated thin metal surfaces from substrates. This 

spallation phenomenon was also observed by Ivanov et al. [9] in simulating the effects of 

femtosecond laser pulse on thin metal films. 

With the unique thermomechanical loads induced by the femtosecond laser, the effect on the 

microstructural evolution in metals remains an active area of study, particularly when such effects 

are coupled with various crystal defects. For example, a combined atomistic-continuum simulation 

of ultrashort laser pulse on chromium metals was presented in [10], in which high density stacking 

faults and point defects (vacancies and self-interstitials) were located at or near the irradiated 

melting zone. In this work, we present a computational study on the microstructural evolution of 

the grain boundary (GB) structure of copper under high femtosecond laser pulse energy. In this 

implementation, molecular dynamics simulation is incorporated into a continuum model for 

providing unique insights on the responses of the target GB structures. To the best of our 

knowledge, this is the first systematic modeling study on the effects of femtosecond laser on GB 

structures. This investigation is of general interest in understanding the responses of the broader 

class of polycrystalline structures subjected to ultrashort pulsed lasers. A significant part of this 

study is focused on the shock pressure profile generated from laser-material interaction, and the 

subsequent phase change. Moreover, the possible mechanisms of microstructural evolution, such 

as dislocation nucleation and propagation, and generation of defects, are investigated in detail. The 
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rest of this chapter is organized as follows: A coupled atomistic/continuum simulation framework 

for evaluating the laser-material interaction is presented first, followed by a description of the 

specific grain boundary structures being studied. The computational implementation of the 

coupled framework, referred to as a two-temperature model with molecular dynamics (MD), is 

presented next. An extensive discussion on the simulation results is presented in chapter 2, and 

research findings are summarized in chapter 2.  

1.2 Computational Model 

During the laser pulse interaction with metals, energy carried by the laser is directly absorbed by 

the conduction band electrons. Heated electrons further transfer energy to the lattice by electron-

phonon thermal coupling. Since the specific heat capacity of electrons is much lower than that of 

phonons, electrons are heated at a faster rate than phonons, contributing to different temperature 

between electrons and phonons at the initial stage. If the laser pulse duration is much smaller than 

electron-phonon thermalization time, a nonequilibrium stage is expected. The two-temperature 

model (TTM) has been widely employed to describe the nonequilibrium stage at the continuum 

level [11, 12]. The model is described by two nonlinear differential equations, governing the heat 

transfer of the electron and phonon (lattice), respectively: 

      e
e e e e e e l

T
C T K T T G T T S

t


      

  (1.1) 

      l
l l l l l e l

T
C T K T T G T T

t


     

  (1.2) 

Here, T  represents temperature, t  is time, C  and K  are the heat capacity and thermal 

conductivity of the electrons and lattice, and subscripts e  and l  denote the electronic and phonon 
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(lattice) terms, respectively,   is the spatial gradient operator. The electron-phonon coupling 

constant is given by G , and S  represents the laser heat source. Heat is injected into the electron 

system by laser irradiation or joule heating [13].  

While the continuum based TTM model outlined above incorporates a physics-based description 

of the ultrashort duration event, it is not sufficient for describing the microstructural responses 

under a nonequilibrium condition. This has motivated the development of the so-called TTM-MD 

model [1, 14, 15], in which molecular dynamics equations are incorporated into TTM for 

simulating laser-material interactions. In the TTM-MD model, the lattice temperature Equation (2) 

from TTM is substituted by the MD equation, i.e. 

 
2

2

Ti
i i i i

d r
m F m v

dt
    (1.3) 

where 
im  and ir  are the mass and position of the i th atom, iF  is the force acting on atoms, 

T

iv  is 

the thermal velocities of the atoms and is defined as 
T c

i iv v v  , where iv  is the actual velocity of 

atom i  and cv  is the velocity of the center of mass of a cell.   is a lattice coefficient and is 

determined from time derivatives of thermal kinetic energy. It can be shown that [1] 

 
 

 
2

1

1
k

n
N e l

T
k

i i

i

GV T T

n m v





 


  (1.4) 

Here,  NV  is the volume of each cell in the computational domain and n  is the integration step. 

The energy exchange between the electron and phonon is calculated from 

  
1

n
e ph k

FD N e l

k

E t GV T T



      (1.5) 
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where, FDt  is the time step used in the finite difference integration scheme employed for solving 

Equation (1) and (2). 

1.3 Computational Setup of Grain Boundary Structure 

In order to obtain a detailed picture on the microstructural evolution under laser processing, the 

TTM-MD model described in Section 1.2 has been employed for the present study. All the 

simulations were performed using the LAMMPS package [16]. In terms of the microstructure, the 

symmetric tilt grain boundary (STGB)  13 510 structure in FCC copper is considered. This GB 

structure has been shown to be a low grain boundary energy structure [17]. For simplicity, tilt axis 

(100) is used in this study. The MD simulation cell with 3-D grain boundary is illustrated in Figure 

1, with dimensions of 51.6123 nm, 300 nm, and 52.056 nm along X, Y and Z direction, 

respectively. The upper and lower crystals form the grain boundary interface. Grain boundary is 

located 100 nm below initial top surface. 

 

Figure 1: (A) Example of the 3-D symmetric tilt grain boundary structure. Tilt axis is along 

iC , in   and iP  are grain boundary normal and grain boundary period, correspondingly. 

(B)  13 510 grain boundary structure; atoms are colored by their Centro-symmetry 

parameter. 
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In this work, the embedded atom potential developed by Bonny et al. [18] for Fe-Cu-Ni system 

has been employed for describing the inter-atomic interactions. The total energy used in this 

potential is expressed as: 

    
, 1 1

1

2 i j i

N N

t t ij t i

i j i
j i

E V r F 
 



     (1.6) 

where, ijr  is the distance between atoms i  and j ,  ijV r  is the pair energy, F is the embedding 

energy,   is the local electron density, and it  is the index for atom, e.g., Fe, Cu or Ni. The electron 

density of atom i  is calculated by 

  
1

i

N

i t ij

j
j i

r 



   (1.7) 

Here,   is electron density function for Fe, Ni and Cu elements. The pair energy is parameterized 

by curve fitting through cubic spline expansion: 

      
3

1

pN

k k k

k

V r a r r H r r


     (1.8) 

in which pN  is known as the number of knots, ka  is the fitting parameter, and H  is the Heaviside 

unit step function. The initially generated GB structure is relaxed by minimization at 0 K 

temperature using conjugate gradient method.  Figure 1B shows the relaxed grain boundary 

structure right after minimization. 

1.4 Computational Model setup 

A detailed sketch of the computational model is shown in Figure 2. The whole GB structure of 500 

nm length in the Y direction is partitioned by a 1×416×1 mesh of uniform size. TTM model for 
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the electron heat equation is solved on this mesh with a finite difference scheme. To capture near-

surface microstructural response, the first 300 nm of the GB structure is simulated by MD, which 

results in a coupled TTM-MD scheme as described earlier. A non-reflective boundary condition is 

imposed at the interface when TTM-MD simulation is transitioning into TTM continuum 

simulation and described next. The top surface along the Y direction is kept free while a periodic 

boundary condition is applied along both the X and Z directions. 

When laser pulse irradiates on the top surface in Figure 2, it generates a strong stress wave. When 

stress wave reaches the interface of TTM-MD/TTM continuum, proper interface condition must 

be imposed to avoid spurious wave reflection. The corresponding computational implementation 

is generally referred to as “non-reflective boundary condition” in the context of multiscale 

simulation [19].  In this paper, a simple yet effective approach is adopted from [20, 21].  In this 

implementation, a terminating force is applied along Y direction at interface. The terminating force 

is calculated by the following equation  

 
s y

A
F v c

N
    (1.9) 

where   is the density of TTM-MD layer at the interface, yv  is the average velocity of TTM-MD 

layer at the interface, c  is the speed of the stress wave along Y direction, A  is the cross sectional 

area and N  is the number of atoms in the TTM-MD layer at the interface.  The system is initially 

maintained at a temperature of 300 K. Laser is then applied from the top Y surface as a heat source 

by introducing a Gaussian profile [7]  
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0
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  (1.10) 
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where 0C  is the absorbed laser power density and calculated by 0
0

I
C

h
 . 0I  is the absorbed laser 

peak intensity and h  is the laser penetration depth. 0Y  denotes the top irradiated surface and   is 

pulse duration, given as the full width of laser pulse at the half maximum intensity (FWHM).  In 

the present case, a 200 fs laser pulse duration is employed and the laser penetration depth of 12 

nm is used. The corresponding laser intensity values of 597, 797 and 996 GW/cm2 are applied in 

this study, representing the low, medium and high intensity cases. A linear temperature 

dependence of electron heat capacity [22] is employed in this model, i.e., e eC T , where 96.8   

Jm-3K-2  is the electron heat capacity constant.  Other parameters used in this model include 

electron-phonon coupling constant, 
171 10 G  Wm-3K-1 [23]. Electron heat conductivity is 

dependent on the lattice and electronic temperature. The expression for thermal conductivity can 

be written as [23] 
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  (1.11) 

where   e
e

F

T

T
 ,   l

l

F

T

T
 and 

48.12×10FT  K is the Fermi temperature of copper. The other two 

parameters have been set to 0 =377K  JK-1m-1s-1 and =0.139  [23]. 
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Figure 2: Schematic of the simulation set up for the TTM-MD model showing TTM grid, 

coupling TTM-MD domain and non-reflective boundary layer. 
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CHAPTER 2 

MICROSTRUCTURAL EVOLUTION IN NEAR-SURFACE GRAIN BOUNDARY 

STRUCTURE DUE TO FEMTOSECOND LASER SHOCK PROCESSING‡ 

2.1 Laser Material Interaction 

Before the details of the results are presented and discussed, we first provide an overall picture on 

the general observations from the simulation, as shown in Figure 3. Laser pulse is applied from 

the top and initially the electrons absorb the energy. The electron-phonon coupling leads to transfer 

of energy from hot electrons to lattices within 30-40 ps. The affected surface atoms start to 

evaporate rapidly, which leads to high compressive stress. As the time goes on, absorbed energy 

penetrates deep into the target materials in which the temperature may exceed the equilibrium 

melting temperature of copper. As a result of this, melting front propagates from the surface. When 

surface temperature drops below equilibrium melting temperature, resolidification starts and part 

of the melting zone turns into heterogeneous solid-liquid phase. Zones of melting and solid-liquid 

phase are shown in Figure 3 and they are colored based on the levels of crystallinity. Rapid increase 

of temperature also builds up high pressure within the irradiated surface of the target materials. 

The compressive stress wave travels through the material, and a tensile stress wave is formed as a 

                                                 

‡  Reprinted with permission from “M. R. Karim, M. Kattoura, S. R. Mannava, V. K. Vasudevan, 

A. S. Malik, and D. Qian, "A computational study on the microstructural evolution in near-surface 

copper grain boundary structures due to femtosecond laser processing," Computational 

Mechanics, vol. 61, pp105-117, 2018.” doi.org/10.1007/s0046 © Springer Berlin Heidelberg. 

Reproduced with permission. All rights reserved.  
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rarefaction wave following the compressive stress wave. The non-reflective boundary condition 

applied at the bottom of the target materials is confirmed by the observations that both tensile and 

compressive stress wave propagate without any visible reflections from the bottom side. As wave 

travels, dislocations nucleate and propagate under melted subsurface and from grain boundary, 

interact with each other and form locks within the target materials. In melted zone we observe void 

nucleation, growth and coalescence phenomena. The detailed results will be discussed in the 

following sections. 

 

Figure 3: A general picture of laser-processed material at 70 ps, with 12 nm penetration 

depth and laser pulse intensity of 797 GW/cm2 (atoms are colored with their centro-

symmetry parameter and phase change is indicated using dislocation extraction algorithm 

analysis) [24]. 
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2.2 Thermal responses 

At the beginning of the TTM-MD process, deposited laser energy leads to a rise in the electronic 

temperature at the front surface of the material. The electronic thermal energy quickly redistributes 

towards the rear surface of the material by electron-phonon coupling and heat conduction. These 

two mechanisms are manifested in Figure 4: Figure 4A shows the spatial-temporal profile of the 

lattice temperature for  13 510  grain boundary structure subjected to laser intensity of 996 

GW/cm2. At the top layer, the instantaneous electronic temperature at t = 0.5 ps is 35414 K. Due 

to electron-phonon coupling, lattice temperature starts to rise quickly. A 4255 K increase in the 

lattice temperature is observed for the first 35 ps at the top layer. Figure 4B shows the history of 

the electronic and lattice temperature at the top layers. 

 

Figure 4: (A) Spatial-temporal contour plot of lattice temperature for 12 nm penetration 

depth and 996 GW/cm2 laser pulse intensity. (B) Time history of the electronic and lattice 

temperature at the top layer of the grain boundary structure. 

 

The near surface response to the laser is a mixture of evaporation and melting. First, some atoms 

in the surface quickly vaporize and evaporate, owing to the overflow of high deposition energy. 

We did not observe evaporation until 18 ps. Lattice temperature at the top layer reached 4976 K 
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during that time, which is enough to accelerate evaporation at 18 ps. Random distribution of atoms 

in Figure 5 shows the vaporization zone. The whole vaporization zone acts like a gas. Evaporation 

and vaporization mechanisms are observed right after the peak pressure zone at around 18 ps. 

Figure 6 plots the number of evaporated atoms per unit surface area as a function of time. We 

define N  as number of evaporated atoms per unit surface area. It shows high evaporation rate 

between t = 18 and 42 ps. After t = 42 ps, the evaporation stabilizes and a maximum amount of 

evaporation is reached. 

 

Figure 5: Escaping of atoms from top surface layer with a thickness of 40 nm below initial 

top surface at 0.5, 24 and 42 ps; atoms are colored with their energy at 12 nm penetration 

depth and 996 GW/cm2 for  13 510  grain boundary structure. 
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Figure 6: Pressure and number of evaporated atoms per unit surface area as a function of 

time for 12 nm penetration depth and 996 GW/cm2 laser intensity. 

 

 

Energy transfer from excited electrons to the atoms leads to the superheating of the top surface of 

the material. By the time of 15 ps, a top 42 nm surface is superheated where temperature is 40% 

above the equilibrium melting temperature. The superheated zone undergoes rapid homogeneous 

melting and propagates by the collapsing of crystal lattice within few picosecond. The rapid 

homogeneous melting forms a melting front and moves deeper into the material. It reaches a 

maximum melting depth of 90 nm by the time of 70 ps. Meanwhile, some of the laser energy is 

consumed due to latent heat of melting, leading to a drop in the temperature and a sharp 

temperature gradient is observed in Figure 4A. The temperature of the solid-liquid interface falls 

below equilibrium melting temperature at 75 ps and melting turns into solidification stage. A 

cooling rate of 3.5×1012 K/s is calculated in this simulation during dropdown of temperature.  
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2.3 Laser-Induced Pressure 

Rapid expansion of the material under the laser pulse may lead to high pressure, which can also 

be examined from the simulation. The pressure is evaluated as the volume average of the 

volumetric component of the stress, i.e., 
 

3

XX YY ZZ
P

   
  . Pressure profile for 12 nm laser 

penetration depth and 996 GW/cm2 absorbed intensity is presented in Figure 7A.  In this case, the 

maximum pressure is 2.3 GPa. The peak pressure is observed to increase with laser intensity. For 

instance, maximum pressures are 1.6, 1.9 and 2.3 GPa for absorbed laser intensities of 597, 797 

and 996 GW/cm2 and 12 nm penetration depth respectively. A curve fit of the relation between the 

peak pressures and the corresponding intensity is shown in Figure 7B. It follows a power 

relationship of 
0.704

0P I , where P (GPa) is the peak pressure and 0I (GW/cm2) is the absorbed 

intensity. Figure 7C shows the stress wave profile ( YY ) along the depth direction at different time, 

in which the rarefaction tensile wave is observed to follow the propagating compressive wave 

front. 

 

Figure 7: (A) Pressure (GPa) vs. time (ps) for 12 nm laser penetration depth and 996 

GW/cm2 absorbed intensity. (B) Peak pressure (GPa) vs. intensity (GW/cm2). (C) Spatial 

profile of YY  along the depth direction for laser intensity of 996 GW/cm2 at t = 33, 51, 66 

and 75 ps. 
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As the peak compressive pressure relaxes in Figure 7C, materials are seen to expand with the 

generation of rarefaction tensile stress wave at the free surface. The tensile stresses are strong 

enough to induce multiple voids under melted subsurface where material expansion and rapid 

temperature increase makes the melted subsurface region a place for substantial nucleation of 

multiple voids. At first, void nucleation occurs heterogeneously at sites of melted zone. Number 

of void nucleation is dependent on the tensile stress wave which is supported by the depth of the 

melted region. We use a minimum cutoff distance of 3.615 Å to identify individual voids. If an 

atom has no neighbors within the cutoff distance, then it forms one void. Therefore, minimum 

volume of void is calculated as 0.047 
3nm . A plot of number of voids per unit volume and void 

volume fraction (defined as the ration of volume of voids to the total volume) is presented in Figure 

8. First, we observe a rapid increase of small voids under subsurface melted region in between 0 

and 30 ps; the time when rarefaction tensile wave started to travel into the structure. We define 

this stage as void nucleation phase and a snapshot at 18 ps in shown in Figure 8. Second, number 

of voids started to decrease between 30 and 100 ps and the volume of voids increases steadily. 

This process is characterized by growth and coalescence of large voids and reduction of smaller 

number of voids. A snapshot at 60 ps showing void growth is presented in Figure 8. Before 

coalescence, voids grow in size progressively and become spherical in shape. Eventually, two 

neighboring voids meet, merge into a large one and becomes ellipsoidal in shape. After 100 ps, we 

did not see any new void nucleation and number of voids become stable. However, there is still a 

steady volume increase of voids, but the rate of volume increase is slower than the earlier rate. At 

the end of this stage, we measure 11 large voids, while others are in small spheroidal shape. The 



 

18 

maximum diameter of the void is measured as 47.6 nm at 198 ps and a snapshot is shown in Figure 

8.   

 

Figure 8: The evolution of total number of voids per unit volume and void volume fraction 

(volume of voids/total volume) during laser irradiation time. The insets show only the top 

part of the simulated system, down to a depth of 130 nm from the initial surface. It 

describes void nucleation, growth and coalescence at 12 nm laser depth and 996 GW/cm2 

absorbed intensity for  13 510  grain boundary structure. Atoms are colored with 

centro-symmetry parameter and only atoms responsible for forming voids are shown. 

 

 

In details, void coalescence snapshot is shown in Figure 9 corresponding to spatial profile of YY

profile in Figure 7C. At 33 ps we observe large number of spherical voids generated under melted 

subsurface heterogeneously. By 51 ps, voids are growing larger in volume and come closer. At 66 

ps two nearest voids start merging into a single void of ellipsoidal shape, which is clearly 

visualized at 75 ps, where tensile rarefaction wave also reach its maximum value. Finally, after 

coalescence, voids become larger and elliptical in shape. By the time when liquid melting front 

reaches the grain boundary region at 45 ps, a new void nucleation site is generated along grain 

boundary region. Multiple voids are found to nucleate at the grain boundary during 51 ps in Figure 
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9. We observe total 33 voids nucleated along grain boundary. Their voids nucleation, growth and 

coalescence also follow similar mechanism as discussed earlier. Our simulation shows void with 

maximum size of 35.7 nm in diameter is developed along grain boundary. There are some 

parameters that can influence void nucleation, such as misorientation [25] and local free energy 

[26].  13 510  grain boundary structure has a misorientation angle of 22.60.  High stresses can 

arise from misorientation sites into grain boundary structure. During laser processing, more stress 

can develop at the misorientation sites. Therefore, there is a high chance for nucleation of voids 

along grain boundary structure. Local free energy calculation shows that voids start to nucleate at 

the grain boundary once local free energy exceeds the intragranular cohesive energy. Cohesive 

energy of copper is -3.54 eV/atom [27] and a local energy of -3.23 eV/atom is necessary for void 

nucleation.  

 

Figure 9: Snapshots of atomic configuration of void nucleation, growth and coalescence of 

 13 510 type Cu grain boundary structure generated from 12 nm penetration depth and 

996 GW/cm2 applied laser intensity. Only top 130 nm depth from initial surface is shown 

here. Atoms are colored with their Centro-symmetry parameter. 
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2.4 Microstructural Response 

To understand dislocation mechanisms inside femtosecond laser-processed materials, simulations 

are performed with laser intensity of 597 GW/cm2. At this intensity, we did not observe any 

melting at the grain boundary region which is located 47 nm below the melted subsurface. 

Therefore, the microstructural response of grain boundary region under melted subsurface can be 

clearly visualized. Initially, dislocations generated under melted subsurface and propagated along 

with the shock front. Later on, dislocations also start to propagate from grain boundary region. A 

dense network of dislocations is developed throughout the structure. An illustration of complete 

dislocation propagation scheme is shown in Figure 10 at 198 ps. Parallel lines in MD simulation 

box are the stacking faults. Dislocation networks are generated and expanded through the 

formation of stacking faults. Five types of dislocation families, i.e., perfect dislocations, Shockley 

partial, stair-rod, Hirth and Frank dislocations [28] are identified and colored accordingly. In 

Figure 10, we located regions where formations of Shockley, Frank, Stair-rod and Hirth partial 

dislocations are observed, respectively. We defined these regions as 1, 2, 3 and 4, accordingly as 

indicated in Figure 10. We will go over about the formation of those dislocations in detail. 
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Figure 10: (Left) Dislocations including stacking fault from MD simulation and (Right) 

network of dislocations at 198 ps for 597 GW/cm2. Only part including dislocations under 

melted subsurface is shown here. 

 

By employing a dislocation extraction mechanism, we calculate the length of each dislocation 

segment and then estimate dislocation density. Time evolutions of major types of dislocations 

observed in the simulation are plotted in Figure 11 in terms of the dislocation density. We define

Sh
, P

, Sr
, H

 and F
as Shockley partial, perfect, Stair-rod, Hirth and Frank dislocation 

density, respectively. The analysis shows that there are pre-existing perfect dislocations at the grain 

boundary at the beginning of the simulation time. Once laser energy is absorbed by the top surface, 

it starts to melt and melting front propagates deep into the material. At the same time, melting front 

acts as a favorable site for dislocation nucleation. We observe few Shockley partial dislocations 

start to nucleate under the melting front until 45 ps, a snapshot at 30 ps is shown in Figure 11. 
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After 45 ps, we observe rapid increase of Shockley partial dislocation densities until 70 ps. It 

verifies that dislocations start to propagate from grain boundary region after 45 ps and a snapshot 

of grain boundary dislocation nucleation is shown in Figure 11 at 51 ps. Most of the Shockley 

partials from grain boundary are generated from pre-existing perfect dislocations. In details, 

Shockley partials propagate with a leading partial, followed by a trailing one and recombines to 

perfect dislocations. Therefore, in Figure 11, we notice a rise of perfect dislocation densities after 

45 ps. Once Shockley partials propagate into the materials along different slip planes, they might 

attract each other and forms Stair-rod and Hirth dislocation network. In Figure 11, we notice 

nucleation of Stair-rod and Hirth dislocations after Shockley partial dislocations movement. Their 

dislocation density profile verifies generation of Stair-rod and Hirth dislocations after reactions 

between Shockley partials dislocation. We observe another kind of dislocation named as Frank 

dislocation which is generated after 60 ps. We will explain those later. 

 

Figure 11: Plot of dislocation densities of different dislocation families with respect to 

simulation time for laser intensity of 597 GW/cm2. Only top part of the simulated system, 

down to a depth of 150 nm below the initial surface is shown in the snapshots at 30 and 51 

ps. 
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It is observed that initially dislocations nucleate under irradiated melting zone. As the burgers 

vectors of those dislocations are not a lattice vector, they form stacking fault leaving behind 

imperfect crystals. The boundary of the stacking fault separating disordered crystals from the 

perfect one is called partial dislocations. One of the partial dislocations that nucleate under 

irradiated melting zone is Shockley partial dislocations and propagate along close packed  111  

atomic slip plane. At 45 ps, pre-existing perfect dislocation dissociate into two Shockley partial 

dislocations; the one that generated earlier is called leading partial dislocations and following one 

is called trailing partial dislocations. As an example for our system, we observe a perfect 

dislocation of Burgers vector  
1

101
2

 splits into two Shockley partial dislocations with Burgers 

vector of  
1

112
6

 and 
1

211
6
    along  11 1  slip plane, i.e.,  

 
   

2 2

1 1 1
101 112 211

2 6 6

0.5a >0.333a


    





  (1.12) 

Frank’s rule is used to check the favorability of the perfect dislocation dissociation. In Eq.(12)  

perfect dislocation energy is greater than sum of Shockley partial dislocations. Location of 

Shockley dislocation generation is shown in Figure 10, pointed by box 1. Both Shockley partial 

dislocations form 600 angle between them and repels each other due to elastic interaction. 

Therefore, they are energetically favorable to propagate into the materials. After 60 ps, we observe 

that Shockley partials continue propagating by leaving behind perfect dislocation, explained in 

Figure 11. These newly generated perfect dislocation forms a constriction and can glide on other 

planes. Figure 11 verifies increase of perfect dislocation density after 60 ps. There is another kind 
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of partial dislocation that is generated at the end of stacking fault boundary. This partial dislocation 

is known as Frank partial dislocation, which start to generate after 70 ps. The box 2 in Figure 10 

shows Frank partial dislocation. A possible reason to form Frank partial is an insertion or removal 

of faulted  111  planes. Its Burgers vector is normal to the  111  faulted plane. Therefore, it cannot 

glide along  111  plane. Such dislocations are called sessile. It is observed that one Shockley 

partial meet with Frank partial and forms perfect dislocation. A Shockley partial of Burgers vector 

1
121

6
    on  1 1 1  interacts with Frank partial of Burgers vector 

1
111

3
    to form a perfect 

dislocation of Burgers vector
1

101
2
   . In Thomson’s notation, Frank partial D is normal to the 

ABC  plane as shown in Figure 12. It reacts with Shockley partial A  and form perfect dislocation 

of AD . The favorability of the reaction is explained by stacking fault energy. Frank dislocations 

consist of stacking fault and formation of perfect dislocations remove stacking fault. Therefore, 

energy of Frank dislocation is higher than newly generated perfect dislocations. 

 
 

1 1 1
12 1 111 111 10 1

6 3 2

A D AD 


            


  

  (1.13) 
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Figure 12: Formation of perfect dislocation from Frank partial dislocation. (A) Snapshot is 

taken at 198 ps and 85 nm below the initial top surface; (B) dislocation segment from DXA 

analysis corresponding to snapshot (B) where green, aqua and navy blue color relates to 

Shockley, Frank and perfect dislocations and (C) Thompson tetrahedral notation 

representing reaction of Shockley and Frank partial dislocation. 

 

When Shockley partial dislocation reaches its peak density, we did not observe much fluctuation 

of dislocation densities of other types including Shockley partials at the later stages. Barriers of 

free movement of dislocations are acting at this stage to introduce strain hardening of the materials. 

One kind of barrier observed in this study is the formation of Lomer-Cottrell lock. If two Shockley 

partial dislocations gliding along different  111  planes meet at a line of intersection, then they 

attract each other and form a new partial dislocation. The newly generated dislocation is called 

Stair-rod partial dislocation. A general picture of it is shown in Figure 10, denoted by box 3. Its 

slip plane does not lie on  111  planes. Rather it’s Burgers vector and direction lie on  100 planes 

which is not a slip plane for fcc materials. It performs a repulsive force between two propagating 
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Shockley partial dislocations and stops further gliding along  111  planes. These three dislocations 

form a stable sessile arrangement at the point they meet. As the Stair-rod dislocation acts as a 

barrier for further dislocation movement and forms a strong lock, we also call it Lomer-Cottrell 

lock. One Shockley partial dislocation of type 
1

211
6
    gliding on  11 1  and another Shockley 

partial dislocation of type 
1

112
6
    gliding on  111  plane, come closer to each other and form 

stair-rod dislocation of type  
1

101
6

. From the Thompson tetrahedral notation, Shockley partials 

of A  and  A  along ABD  and ACD  plane forms stair-rod dislocation . In order to check the 

favorability of the reaction, Frank’s rule is used. As shown in Eq.(14), the sum of the dislocation 

energy on the left hand side is proportional to 20.333a , which is greater than the one for right hand 

side, which is proportional to 20.056a . This indicates that the reaction is energetically favorable. 

A sketch of Stair-rod dislocation formation is shown in Figure 13.  

 

   

2 2

1 1 1
211 111 112 111 101

6 6 6

0.333a >0.056a

A A  


           


  





  (1.14)    
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Figure 13: Lomer-Cottrell lock formation. (A) Snapshot is taken at 198 ps and 135 nm 

below the initial top surface (B) DXA dislocation network for corresponding snapshot 

where fuchsia and green color indicating Stair-rod dislocation and Shockley partial 

dislocations and (C) sketch of lock formation mechanism. 

 

 

Another major form of partial dislocation is also observed by the interaction of two Shockley 

partial dislocations, shown in Figure 10 by box 4. The newly generated partial dislocation is a 

Hirth dislocation. It also acts as a barrier against free dislocation movement and forms lock. One 

Shockley partial of 
1

121
6
    type glides along  1 1 1  plane and the other Shockley partial of 

1
121

6
    type glides along  11 1  plane. These two glided Shockley partials form Hirth partial, 

1
001

3
   . A schematic diagram is drawn in Figure 14. From Thompson tetrahedral notation, partial 

dislocation A , along ABC  plane interacts with other partial dislocation B  along ABD  plane. 
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The product is Hirth partial of 


BA
. Following a similar comparison of the dislocation energies, it 

is also concluded that the reaction is energetically favorable by Frank’s rule and the product is 

sessile. 
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  (1.15) 

 

Figure 14: Hirth partial dislocation formation. (a) Snapshots are taken at 198 ps and 169 

nm below the initial top surface; (b) dislocation network from DXA analysis where yellow 

and green denoting Hirth and Shockley partial dislocations and (c) sketch of Hirth 

dislocation generation. 

 

2.5 Summary  

In summary, we have presented a computational study on the microstructural responses of copper 

grain boundary structure due to the application of femtosecond laser pulse. The computational 
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model is based on a multiscale approach that integrates the two-temperature model with the 

molecular dynamics. This model allows for incorporation of the mechanisms such as laser 

excitation, electronic heat conduction, electron-phonon coupling, and thermal energy transfer, 

which are essential for studying the material responses subjected to ultrashort femtosecond pulse 

lasers.  

During the application of the laser pulse, an exchange of energy occurs between electrons and 

atoms: the electrons provide almost instantaneous temperature rise in response to the applied laser 

pulse, while it takes 30-40 ps for the lattice to achieve close to thermally equilibrated temperature. 

Laser-material interaction leads to rapid material evaporation and introduces compressive stress 

waves propagating into the materials. In the case of high laser intensity, melting starts to develop 

from the top irradiated surface. Some of the temperature losses take place due to latent heat of 

melting and lead to resolidification. 

Under the irradiated surface, voids and dislocation nucleation points are identified. An important 

observation of the simulation is that voids are generated in the melting zone due to the rarefaction 

tensile wave. Some of the nucleated voids grow, coalescence with neighboring ones and become 

larger in volume. Furthermore, dislocation nucleation point acts as a good source for dislocation 

propagation. Some of the dislocations propagate from grain boundary region and form stacking 

fault. It is observed that Shockley partial dislocations propagate from grain boundary regions along 

 111  plane from pre-existing perfect dislocations.  Later on, movement of Shockley partial 

dislocation is stopped by forming Lomer-Cottrell lock and Hirth partial dislocation. Therefore, it 

introduces strain hardening in the material. 
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The extensive simulation studies presented here provide a comprehensive picture on the link 

among the laser processing parameters, microstructural evolution and thermal energy transfer. 

Future efforts are directed towards understanding the effects of microstructural evolution on the 

continuum material responses such as residual stress, strain and hardening effects.  
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CHAPTER 3 

DISLOCATION GLIDING RATE MEASUREMENT OF NEAR-SURFACE COPPER 

SINGLE CRYSTAL STRUCTURE DUE TO FEMTOSECOND LASER SHOCK 

PROCESSING USING CRYSTAL PLASTICITY MATERIAL MODEL 

3.1 Introduction  

There is a continuing interest in linking material behavior at multiple length scales, e.g., dislocation 

nucleation and propagation, elastic and plastic deformation, void generation, crack growth and 

failure. In this context, many researchers have proposed and developed multiscale modeling 

method from atomistic to continuum scale to demonstrate material behavior by bridging from nano 

to macro level [29-33]. For instance, at the sub-atomic scale, density functional theory has been 

established to calibrate potential functional parameters, molecular dynamic approach is employed 

to capture the atomistic scale physics and finite element methods have been used to analyze 

micro/meso scale mechanics. Among them, finite element method is a robust approach of bridging 

the gap between atomic to macro level material deformation behavior under certain loading 

condition [34]. In this study, we uses atomistic to finite element method to investigate dislocation 

nucleation and gliding mechanism during laser shock peening (LSP) process. 

LSP is a surface modification technique for improving certain material properties such as hardness, 

fatigue properties and corrosion resistance. Femtosecond LSP is a choice for surface treatment 

where the pulse is applied for very short time, e.g., a few hundred femtoseconds (fs) to several 

picosecond (ps), which contributes to unique thermomechanical responses compared to 

nanosecond LSP. When a femtosecond LSP irradiates on a target material for a short period, an 

extensive shock wave generates and propagates into the target material. The shock wave can 
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plastically deform target materials by leaving behind high density of dislocation [35, 36] below 

heat-affected zone. Therefore, it is important to understand formation of dislocation structure after 

an ultrashort shock pulse driven by femtosecond LSP. 

The behavior of dislocation has attracted much attention during femtosecond LSP, because it is a 

dominant factor for initiation of plastic deformation [37, 38]. Therefore, it is important to control 

generation of dislocation because it can either create micro-crack or strengthen the material. 

Experimentally, formation of high-density dislocations has been reported by T. Sano et al. Their 

research group reported grain refinement of iron with high density of dislocation under multiple 

shock [39], formation of different dislocation structures and microbands away from the peened 

surface of iron during femtosecond LSP [36], dependence of dislocation structures on laser fluence 

[40], and improvement of hardness due to high density dislocation in silicon during femtosecond 

LSP [35]. Despite extensive experimental study, most of the modeling study has been carried out 

to investigate residual stress generation during nanosecond LSP [41-44]. There has been no 

numerical study carried out on femtosecond LSP with formation of high-density dislocation so far. 

However, experimental work [35, 36, 39, 40] has proven the feasibility of conducting a physics-

based femtosecond LSP model to investigate formation of high density of dislocation below the 

peened surface.   

To investigate dislocation generation and propagation, many researchers proposed crystal 

plasticity model [45, 46] at high strain rate. Previously, Huang developed a user subroutine for 

single crystal plasticity material model in ABAQUS implicit solution scheme [47]. Kalidindi et al. 

[48] developed an implicit time integration scheme and implemented in finite element module to 

simulate deformation of face centered cubic crystals based on constitutive model developed by 



 

33 

Asaro and Needleman [46]. Mchugh et al. [49] modified Huang’s [47] subroutine for explicit 

solution scheme to reduce numerical difficulties during implicit method. 

In this study, we simulate femtosecond LSP by incorporating crystal plasticity material model. To 

our best knowledge this is the first systematic study of investigating dislocation formation 

mechanism below femtosecond LSP surface by integrating single crystal plasticity material model. 

This model is implemented in a user subroutine in 3D ABAQUS/explicit solution module. We 

calculate pressure profile using TTM-MD model as discussed in the earlier chapters and use that 

profile as surface load into FEM module. Single crystal copper material is employed as target 

material for femtosecond LSP.   

3.2 Theoretical Background 

Plastic deformation in single crystal fcc copper material is dominated by slip deformation. It has 

12-slip system defined by {111} family plane with <110> direction. Distortion of those slip plane 

is an important source of dislocation nucleation. Therefore, kinematics and constitutive 

relationship of distorted crystal needs to be understand. The velocity gradient of a system is 

expressed by the equation [50] 

 L D    (3.1) 

where D  is the symmetric part and   is the skew symmetric spin tensor. Both D  and   are 

decomposed into elastic and plastic part and can be expressed as 

 
e pD D D    (3.2) 

 
e p      (3.3) 
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where both superscript e  and p  represent elastic and plastic part respectively. Elastic part arises 

from elastic deformation and lattice rotation, whereas plastic part is due to the shearing of the 

lattice. Both 
pD  and 

p  are calculated by using plastic shear strain rate 
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where 
 k

  is the plastic shear strain rate, 
 k

P  and  k
W  are the Schmid factor matrix and rotation 

matrix respectively, which are calculated by the following equation 
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Here  k
n  is the normal to the slip plane,  k

b  is the slip direction and   is the dyadic product of 

two tensors. The resolved shear stress  k
  is calculated by using applied stress   

    k k
P    (3.7) 

The kinematic of the plastic shear strain rate on each slip system is calculated using rate dependent 

power law [51] 
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where 0  is the reference shear strain rate, 
 
0

k
 is the current shear strength of the slip system which 

is also called strain hardness. 
 
0

k
 develops with the accumulation of dislocation on the active slip 

system. Variation 
 
0

k
 is determined by the following formula 
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     (3.9) 

where kih  is the strain hardening modulus. The diagonal components of kih  represent self-

hardening modulus whereas off diagonal components represent latent-hardening modulus. Strain 

hardening modulus is calculated by [52] 

 ki ki kih H     (3.10) 

where   and   represent self-hardening and latent-hardening coefficient, kiH is the hardening 

matrix which indicates intensity of interaction between dislocations [53]. The interaction of 

dislocations are explained by five independent parameters in the hardening matrix. Elastic 

constitutive equation is calculated by e


  

 :e e eC D


   (3.11) 

where 
eC is the elasticity tensor. For cubic crystal, elasticity tensor is specified by considering 

three independent material constant as 11C , 22C  and 44C  
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On the other hand, 
e



is the Jaumann rate of Cauchy stress, which is determined by co-rotational 

stress rate 
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      (3.13) 
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Combining equation 3.4, 3.6, 3.11 and 3.13 can be express as 
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   (3.14) 

3.3 Numerical Implementation 

Crystal plasticity material model is implemented in commercial ABAQUS/explicit FEM software 

by using VUMAT (user defined subroutine) code. Two coordinate systems, namely, global and 

local coordinate systems are introduced in the simulation. Both global and local coordinates stand 

for target material and crystalline, respectively. Global coordinate system is fixed with the 

reference coordinate system while local coordinate system rotates with crystal lattice. At the 

beginning of the simulation, global time increment, strain increment, global stress and solution 

dependent state variables are passed into user subroutine from ABAQUS program. The user 

subroutine then transfer global stress and strain increment into local coordinate system. In the local 

coordinate system, incremental stress is calculated and transformed into global system. 

Incremental stress and solution dependent state variables are updated at the end of each increment. 

At the next increment, load increment is applied and a new strain increment is created for next 

incremental stress calculation. A loop is created and continue until all the incremental step is 

completed for desired solution. 

3.4 Combined Crystal Plasticity/Femtosecond LSP Approach 

This section describes incorporating crystal plasticity material model with femtosecond LSP for 

single crystal copper material. At the beginning of the simulation, we use TTM-MD model to 

calculate pressure profile. Initially laser pulse is applied at the top surface of the material and 



 

37 

electrons heat up quickly by absorbing pulse energy. The electron-phonon coupling transfer energy 

from hot electron to the lattice within 30-40 ps. The affected surface evaporate quickly, which 

leads to a high compressive stress at the surface. Rapid expansion of the material may lead to high 

pressure, which is also observed in TTM-MD model. The pressure is evaluated as the average of 

the volumetric component of the stress. Pressure profile for 200 fs pulse duration and 996 GW/cm2 

absorbed intensity is presented in Figure 15A. 

 

Figure 15: (A) Pressure (GPa) vs. time (ps) for 200 fs pulse duration and 996 GW/cm2 

absorbed intensity and (B) FEM model geometry. 

 

 

Next, we build a FEM model of single crystal copper for femtosecond LSP. Previously calculated 

pressure profile is used as surface load for FEM model. Both the specimen and pulse pressure is 

axisymmetric in shape. Size of the FEM model is 2.5×2.5×2.5 µm. A 1 µm spot diameter is 

considered in our simulation. The size of the mesh element is 0.06 µm. Figure 15B demonstrates 

a mesh configuration of eight-node brick element for reduced integration, infinite elements and 

axisymmetric boundary condition, which is located at the centerline of the FEM model. Finite 

element region experiences non-linearity due to large deformation with intense pressure wave, 

while infinite elements behave elastically. Infinite element is used as a non-reflective boundary 
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condition for finite element region, which minimizes reflection of waves back from the boundary. 

We use viscous damping to dissipate and attenuate shock stress wave. Since femtosecond LSP 

model uses ABAQUS/explicit code, time step increment is determined by element size and 

dilatational wave speed. To compromise between stability issue and computational effectiveness, 

we use a fixed step time increment of 10-14 s-1. Material parameter for copper single crystal [54] is 

provided in Table 1. 

Table 1: Material parameter for single crystal copper. 

 

11C

(GPa) 

12C

(GPa) 

44C

(GPa) 

in

(MPa) 

0   (MPa)  (MPa) m  

168.4 121.4 75.4 34.8 1.0 4.0 0.6 0.02 

 

3.5 Result and Discussion 

Calculated laser induced pressure from TTM-MD model is used as a surface load on a circular 

spot size of 2 µm on the copper single crystal target material. Laser induced pressure generates 

powerful shock waves into target material. Peak magnitude of pressure profile is ~2.3 GPa. As 

time goes on, shock wave travels deep into materials. Figure 16 shows time evolution of dynamics 

stress wave along centerline (x,y=0) at 80, 160, 240 and 320 ps. The magnitude of dynamic stress 

is 1542 MPa at 80 ps, which is 31% larger than at 160 ps, 54% larger than at 240 ps and 74% larger 

than at 320 ps. The magnitude of the stress attenuation is an indication of plastic deformation 

within target material. After 160 ps, a rarefaction tensile wave is also generated followed by 

compressive stress wave. 



 

39 

 

Figure 16: Spatial profile of σyy along depth direction at 996 GW/cm2 laser intensity. 

 

 

If magnitude of stress wave exceeds critical shear stress of the target material then plastic 

deformation initiates by gliding slip planes through the depth of the target material. Gliding of slip 

plane is directly related to shear strain of each slip plane. Therefore, Figure 17 shows variation of 

total shear strain with respect to laser induced pressure of the target material. Total shear strain is 

calculated by the following equation 

 
 k

k

     (3.15) 

Total shear strain is related to the summation of shear strain of 12 slip systems and each of the 

shear strain is associated with the dislocation density. Therefore, total shear strain is a 

representation of dislocation density under peened surface. A relationship between pressure profile 

and dislocation density is shown in Figure 17, where slip planes start to deform upon applied laser 

induced pressure. At the beginning, slip deformation rate is high until 80 ps and generates 

dislocation below laser-peened surface. By the time, peak pressure wave pass through target 

material and slip deformation rate becomes stable. 
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Figure 17: Total shear strain of 12 slip systems. 

 

 

Figures 18 and 19 shows predicted shear strain on each slip system at 30 ps and 280 ps. As shear 

strain is associated with dislocation density, it explains that dislocations are concentrated not only 

under laser peened surface but also propagate within the target material. We observe a distribution 

of dislocation density until 780 nm along laser depth direction. 

 

 

Figure 18: Shear strain for 12 slip system at 30 ps. 
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Figure 19: Shear strain for 12 slip system at 280 ps. 

 

3.6 Summary  

Mechanical effect of laser-induced pressure on single crystal copper material are investigated by 

crystal plasticity FEM technique. This study demonstrate a multi-physic simulation method by 

producing pressure profile using TTM-MD model, which is used as a surface load in FEM code. 

Our investigation clearly explain movement of active slip system under femtosecond LSP pressure 

loading. The dislocation generated are concentrated not only below peened surface but also 

propagated into the target material. In addition, dislocation-gliding rate is dependent on the laser 

intensity. 
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CHAPTER 4 

FEM BASED MODELING OF FEMTOSECOND LASER PEENING OF 2024 

ALUMINUM ALLOY WITHOUT A SACRIFICIAL OVERLAY UNDER 

ATMOSPHERIC CONDITIONS  

4.1 Introduction  

Laser shock peening (LSP) is a surface modification technique to improve metal properties such 

as hardness, fatigue properties, residual stress and corrosion properties [37, 55-57] by generating 

compressive residual stress on the surface of the target materials. However, distribution of residual 

stress profile attracts a continuing interest during laser material interaction. Laser pulse width, spot 

diameter and energy of laser beam are the important factors contributing residual stress distribution 

on the surface of the materials as well as depth of the materials. 

For instance, in nanosecond LSP (pulse width 5-100 ns) peak pressure can reach up to 10 GPa, 

leads to the development of plastic deformation on the surface and depth of the materials where 

peak pressure exceeds Hugoniot elastic limit (HEL). A target material that is irradiated by 

nanosecond LSP covers with an absorbing tape or black paint ablative layer (ablation medium) 

over which a transparent liquid are passed through continuously as a confinement medium. Upon 

application of laser pulse, ablation medium vaporizes and generates plasma on the surface of the 

target. Explosively generated plasma is confined by transparent liquid forming a powerful shock 

wave and propagates into target materials [58, 59]. Ablative layers are removed after laser 

treatment. In some situation, feasibility of using ablative layer is troublesome in the case of 

underwater nuclear reactor maintenance and there is strong demand for LSP treatment without 

sacrificial coating layer (ablative medium)  [56]. Consequently, LSP treatment without protective 
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coating were successfully implemented on industrial alloys and reported a significant improvement 

of fatigue life and corrosion properties [60, 61]. However, a transparent layer is still required to 

suppress expanded plasma so that a sufficient shock wave generates for further plastic deformation 

of the target material. In short, nanosecond LSP cannot produce powerful shock wave without 

using transparent medium. Applicability of transparent layer is still an active area of study. 

Femtosecond LSP is a choice for surface treatment without ablative or transparent medium. The 

intensity of femtosecond LSP is extremely high because the pulse is applied for a very short time, 

e.g., a few hundred femtoseconds (fs) to several picosecond (ps), which contributes to unique 

thermomechanical responses compared to nanosecond LSP. When a femtosecond LSP is directly 

irradiated on a target material, an extensive shock wave is generated and propagates on the target 

material. Highly propagated shock wave can plastically deform material resulting in the formation 

of quenched high-pressure phases [62, 63] or high density of dislocation [35, 36]. In addition, heat 

affected zone is also smaller compared to nanosecond LSP due to the short pulse width and smaller 

shot size [64]. Therefore, it is possible to generate intense shock wave by applying femtosecond 

LSP without protective coating and transparent medium. So far, an experimental study of 

femtosecond LSP treatment on steel sample [65] and thin sheet metal with water confinement [66] 

are reported previously. Later on, an experimental investigation of femtosecond LSP on 2024 

aluminum alloy without sacrificial overlay is reported [67] which is adopted as a validation for our 

study. Our focus on this study is to theoretically investigate residual stress distribution of the target 

material during femtosecond LSP without sacrificial overlay that has never been studied before. 

Despite previous experimental work on femtosecond LSP, all of the theoretical investigations are 

focused on nanosecond LSP. It is difficult to simulate femtosecond LSP because the laser pulse 
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duration is too short. Moreover, femtosecond LSP is itself a complicated process which requires a 

physics based model to efficiently design and describe fundamental process mechanism. 

Previously, a 2-D femtosecond LSP treatment near water-coating interface [68] is reported which 

is very limited for further investigation. Moreover, to our best knowledge, we did not observe in 

literature any integrated atomistic-continuum based femtosecond LSP treatment without sacrificial 

overlay. In this paper, we implement physic based Two-Temperature Molecular Dynamic Model 

(TTM-MD model) to capture pressure profile for femtosecond LSP without sacrificial overlay. 

Then we import calculated pressure profile as surface load into FEM (Finite element method) 

module to investigate residual stress. Later on, we provide a validation of our model with published 

experimental work. 

4.2 LSP Process Modeling 

4.2.1 Femtosecond LSP Process 

In femtosecond LSP process, laser intensity is applied for very short period (typical pulse duration 

in the range of 10-15 s). Therefore, extremely applied high energy on the irradiated solid surface 

induces intense shock wave without water layer or absorptive coating. A schematic figure of 

femtosecond LSP is shown in Figure 20. 

Peak magnitude of the pressure pulses during femtosecond laser shock peening process is typically 

in the range of 10-110 GPa [68], much larger than peak pressure magnitude induced by nanosecond 

LSP of 1-10 GPa [41]. If the pressure magnitude crosses Hugoniot elastic limit (HEL) of the target, 

then plastic deformation occurs by generating residual stress on both the surface and depth of the 

materials. We have performed femtosecond LSP process by using both TTM-MD (Two-
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temperature model-molecular dynamic) model and FEM (Finite Element Method) method. TTM-

MD model is implemented in LAMMPS (Large-scale Atomic/Molecular Massively Parallel 

Simulator) [16] to calculate pressure wave profile. Then we use that pressure wave profile as a 

mechanical load for simulating femtosecond LSP in FEM. A detailed flowchart of the femtosecond 

LSP process is shown in Figure 21 and described elaborately in the following section. 

 

Figure 20: Schematic of femtosecond laser shock peening process. 

 

 

 

Figure 21: Flowchart of LSP simulation. 
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4.2.2 Pressure Model 

Two-temperature model is implemented in atomistic simulation to calculate pressure profile, after 

which calculated pressure profile is incorporated into finite element modules as a surface load to 

simulate shock wave propagation and residual stress generation inside materials. A detailed 

description of the model is explained in our previous work [69]. During two-temperature model, 

heat transfer between electron and phonon is briefly explained in chapter 1.  

In the present case, a 120 fs laser pulse duration is employed and penetration depth of 12 nm is 

used. Laser pulse is applied from the top and initially the electrons absorb the energy. The electron-

phonon coupling leads to transfer of energy from hot electrons to lattices within 30-40 ps. The 

pressure is evaluated as the volume average of the volumetric component of the stress 

 
3

xx yy zz
P

   
        (4.1) 

4.2.3 Material Model 

Johnson-Cook model is a widely used material model for high strain rate application. It includes 

damage law to study the spallation of the material. From Johnson and Cook [70] 

  1 1n mA B Cln T              (4.2) 

Where A , B , C , n  and m  are constants,   is plastic strain,   is effective stress,   is the plastic 

strain rate and T is the temperature. The first term represents the classical power law hardening 

behavior. The second term accounts for the strain rate dependence of flow stress. The third term 

accounts for decrease in flow stress due to thermal softening. The strain required to fracture in JC 

model is given by [70] 
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     1 2 3 4 51 1f D D exp D D ln D T           (4.3) 

where 1D , 2D , 3D , 4D  and 5D  are constants which are found out experimentally. The first term 

represents the effect of stress. The second term represents the effect of strain rate and as it increases 

the material tends to fracture. The third term represents the effect of temperature. Fracture occurs 

when the value of the parameter D exceeds 1 or when the strain in the material exceeds the fracture 

strain. 

 
p

f

D



   (4.4) 

JC model is available in ABAQUS. Model parameter for 2024 aluminum alloy [71] is provided 

in table 2. 

Table 2. JC model parameter for 2024 aluminum alloy. 

 

A 

(MPa) 

B 

(MPa) 

C m n D1 D2 D3 D4 D5 

265 426 0.015 1 0.34 0.13 0.13 -1.5 0.011 0.0 

 

4.2.3 Solution Procedure 

Time scale of femtosecond LSP is very short compared to nanosecond LSP. Therefore, we use 

explicit solution procedure to simulate femtosecond LSP. In the explicit solution procedure, 

momentum equation is calculated by using explicit central difference integration rule 

      i i i
Mu F I    (4.5) 
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where, M is the diagonal lumped mass matrix, i  refers to the increment number, u is acceleration, 

F is the applied load vector and I is the internal force vector. The key efficiency of the explicit 

procedure is the use of diagonal mass matrix where inversion of diagonal mass matrix is triaxial 

during acceleration calculation 

       1.
i i i

u M F I    (4.6) 

Another efficiency of using explicit procedure is that it does not require iteration or tangent 

stiffness matrix. In order to capture nonlinear high strain rate deformation phenomena, we use 

explicit procedure framework in commercial FE software of ABAQUS.  

Femtosecond LSP simulation is separated into two stage. In the first step, Laser induced pressure 

and other related parameters from TTM-MD model are fed into ABAQUS/Explicit integration 

scheme as a starting input at the beginning of the simulation. Dynamic calculation is performed 

until 2-3 times of applied laser induced pressure profile where saturation of plastic deformation is 

achieved. Interaction of laser induced wave and related phenomena are captured in this stage. In 

the second stage we deactivated laser induced pressure load and allowed sufficient time to dissipate 

propagated wave through dynamic relaxation scheme. A Rayleigh damping is introduced in the 

second step to achieve steady state solution by the following equation [72] 

      C M K     (4.7) 

where,  C   refers to damping matrix,  M  is the mass matrix,  K  is the stiffness matrix,   and 

  are factors for mass and stiffness matrix. After this stage, residual stresses are calculated at 

desired locations. In the case of multiple femtosecond LSP, simulation is restarted after every shot 

and spot areas are scanned in a similar manner as in paper [67] for femtosecond LSP patch.   
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4.2.4 Result and Discussion 

4.2.4.1 Single Shock Modeling and Prediction 

In this study we use 5 and 200 μJ laser pulse energies which correspond to spot diameter of 12 

and 60 μm. This values are chosen from peening experiments reported in Sano et al. [67]. Figure 

22 shows pressure variation with time at pulse duration of 120 fs. It is predicted from TTM-MD 

model without sacrificial confined layer. At first, pressure magnitude raises very quickly and a 

peak pressure magnitude of 12 GPa and 17 GPa is achieved within 35 ps for 5 μJ and 200 μJ 

laser energies correspondingly, after which pressure magnitude start to drop. Pressure profile has 

a long tail with a magnitude of of 3.624 GPa and 4.609 GPa, respectively. After that calculated 

pressure profile is fed into finite element scheme as a surface load to predict residual stress 

distribution. 

 

Figure 22: Pressure (GPa) vs. time (ps) for 5 and 200 µJ laser energy. 

 

 

FEM calculation is executed in two steps into ABAQUS/explicit code. At the first step of the 

ABAQUS/explicit simulation, surface load is applied until 3-4 times of pressure duration. During 
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this step, plastic and elastic shock wave propagates and attenuate in depth of the material. Wave 

propagation vs depth direction is shown in figure 23. The total step time ranges from 400 ps to 

1000 ps. Shock waves behave elastically after end of the first step. From Figure 23, it is seen that 

shock wave attenuate quickly from 0 ps to 420 ps and becomes saturate after that. Then the 

simulation is restarted for the second step to calculate residual stress. In this step, we deactivate 

surface load and apply Rayleigh damping into target material to reduce dynamic fluctuation of 

wave. Its time duration is set between 10000 ps to 50000 ps, which is three orders magnitude larger 

than the first step. Due to extensive pressure wave, surface materials irradiate from the top surface 

of the target. Table 3 shows removed depth per pulse and compares with the experiment. The 

gradient is larger at 200 μJ laser energies because higher pulse energy drives extensive pressure 

wave and generates larger recoil force by removing large volume of material. 

Table 3. Remove depth per pulse and pulse energy. 

 

Energy Experiment (μm/pulse) Simulation (μm/pulse) 

5 μJ 0.21 0.41 

200 μJ 1.6 0.84 
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Figure 23: Shock wave attenuation in depth with time at 5 µJ laser energy. 

 

 

The result of residual stress measurement for the surfaces of the femtosecond laser irradiated 

material is shown in figure 24A. High compressive surface residual stress is achieved at 200 μJ 

laser energies which corresponds to the high removal depth of the irradiated surface. This means 

that high laser pulse energy produces intense pressure wave and produces high plastic deformation. 

The surface residual stress is -18 MPa and -198 MPa for 5 μJ and 200 μJ respectively, which agrees 

well with experimental result (Figure 24A). Therefore, high laser pulse energy produces higher 

surface compressive residual stress. On the other hand, compressive residual stress profile along 

depth direction is presented in figure 24B.  Maximum compressive residual stress of -215 MPa 

and 290 MPa is found at the depth of 3.2 μm and 5.05 μm, which corresponds to 5 μJ and 200 μJ 

laser energies, which also agrees well with experiment. The maximum compressive residual stress 

of 290 MPa is similar to 0.2% proof stress of 2024-T351 aluminum alloy which is report by Horita 

et al. [73]. This value is also comparable with other surface processing technique such as, 

nanosecond LSP, ultrasonic peening or shot peening [74-79]. 
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Figure 24: (A) Surface residual stress and (A) residual stress in depth direction at 5 µJ 

laser energy. 

 

4.2.4.2 Multiple Shock Modeling and Prediction 

The prediction of residual stress based on full laser application sequence is challenging due to the 

large number of laser pulses applied. Therefore, a symmetry cell method is proposed [80] to reduce 

time constraint and increase computational efficiency. A symmetry cell method defines a smallest 

repeating cell size, which is identified by calculating critical distance between two sequential 

shocks confirming residual stress fields are independent to each other. The accuracy of the residual 

stress prediction can be further improved by increasing symmetry cell size with more repeated 

shocks. In order to determine critical distance, a target material is treated by two sequential shocks 

at varying distances. The dimension of the model is 9R×9R×2R, where R is the radius of the spot. 

In this case, we use 12 µm spot diameter and 5 µJ/cm2 laser energy. We apply two sequential 

shocks at 12, 18 and 24 µm shock-center distances. Then we calculate surface equivalent plastic 

strain profiles and compares in Figure 25. It can be seen that equivalent plastic strain covers each 

laser shocks and interacts with next one. Interaction of equivalent plastic strain between two 

sequential shocks becomes weak if shock-center distance is larger than 2R. There is almost zero 
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plastic strain interaction if critical distance is 3R. Therefore, critical distance of 3R provides 

smallest symmetry cell with 5×5 arrays as shown in Figure 26B. Figure 26A represents real target 

material consisting of repetitive symmetry cell and Figure 26C shows a representative FEM model 

with one symmetry cell.   

 

 

Figure 25. Surface plastic strain profile for two sequential shocks at 12, 18 and 24 µm spot-

center distances. Red dotted line stands for the position of equivalent plastic strain. 
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Figure 26. Repeating symmetry cell pattern for 50% overlap. (A) Trace of laser spot on 

actual material, (B) Symmetry cell construction and (C) symmetry cell with target 

material. 

 

 

A benchmark problem with dimension of 9R×9R×5R is constructed to fit 5×5 arrays of 50% 

overlapped sequential laser shocks in Figure 27. We use 6 µm spot radius and 0.14 µJ laser energy. 

We include infinite mesh surrounding finite region and investigate equivalent plastic strain to 

validate symmetry cell size. It can be seen in Figure 27C that the plastic strain has no effect beyond 

symmetry cell because their spot center distances is 3R. Therefore, it is predictable to simulate 

large-scale model by the implementing of symmetry cell method. Next, we calculate residual stress 

distribution by taking average value along Z direction at the center position. Figure 28A shows 

contour of surface residual stress along Y direction and Figure 28B is the average residual stress 

profile along depth direction. Compressive residual stress is highest at the surface and then 

decreases gradually with distances below the surface. 
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Figure 27. Symmetry cell size and distribution of plastic strain on 5×5 arrays of laser 

shocks at 50% overlap. (A) Representative symmetry cell, (B) Contour plot of equivalent 

plastic strain and (C) Equivalent plastic strain profiles on the surface located by dotted red 

line. 

 

 

 

Figure 28. Schematic of residual stress. (A) Distribution of surface residual stress along Y 

direction and (B) Distribution of residual stress in depth along Z direction. 

 

4.2.5 Summary  

A physics based model integrating TTM-MD to FEM method is reported in this study. 

Femtosecond LSP can generate sufficiently high compressive residual stress to improve near 

surface mechanical properties compared to nanosecond LSP. The residual stress layer increases 

with laser pulse energy and laser spot size. The developed model provides a guidance to continue 

further fundamental study in femtosecond LSP. Femtosecond LSP can produce residual stress 

within micrometer range (3-50 µm), whether nanosecond LSP can go up to 1~2 mm. This is 
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advantageous in the field of micro devices where the thickness is few hundred micrometer and 

nanosecond LSP can easily damage those devices. Moreover, to improve accuracy of residual 

stress distribution prediction, we implement representative symmetry cell for large-scale model. 

Symmetry cell model successfully reduce computational time and cost for femtosecond LSP.      
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CHAPTER 5 

A COMPUTATIONAL FRAMEWORK OF DDA-MD MODEL FOR PLASMONIC 

VESICLE DUE TO ULTRAFAST PULSED LASER 

5.1 Introduction  

The last decade has witnessed extensive investigations on the effects of the nanoparticle size, shape 

and surface chemistry on the complex interactions between nanomaterials and the biological 

system [26, 27]. These studies have revealed that navigating complex biological systems requires 

nanostructure designs with enhanced functionality and responsiveness, for instance by 

incorporating multiple features into a single nanosystem [28]. Plasmonic vesicle is an example of 

the multifunctional nanostructures, usually made of small plasmonic gold nanoparticles and a lipid 

or polymer core vesicle [81-83]. Plasmonic vesicles provide several functionalities and advantages 

compared with either plasmonic nanoparticle or organic vesicle alone. For instance, they can be 

used as an imaging contrast due to plasmonic absorption of gold [83], optically addressable 

delivery systems [84], efficient agents for photothermal therapy of cancer [85], and importantly 

renal clearance of small gold nanoparticles (< 5 nm) [86]. 

Researchers have demonstrated that plasmonic vesicle can enable ultraviolet (UV) or near infrared 

(NIR) light-induced cargo release [87]. Our recent studies demonstrated the feasibility of non-

thermal, ultrafast and highly controllable uncaging of biomolecules from plasmonic gold-coated 

liposomes by NIR laser pulses [88]. Thus, understanding the interaction of plasmonic vesicles with 

lasers, especially with ultrafast pulsed laser when gold nanoparticles can reach very high localized 

temperatures, is critically important for a wide range of applications. 
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Nanoparticles go through conformational changes when activated by ultrafast pulsed laser [89, 

90]. Notably, it is well-known that ultrafast pulsed laser changes gold nanorods into spheres even 

at very low intensities [91]. Furthermore, ultrafast pulsed laser can lead to head-to-head assembly 

of nanorods [92], reshaping of nanorods to obtain ultra-narrow surface plasmon resonances [93], 

and merging of nanoparticle aggregates [94]. However, the mechanism of nanocrystal 

transformation and merging is largely unclear for plasmonic vesicles subjected to ultrafast pulsed 

laser. The goal of this study is to investigate the conditions and mechanisms of nanocrystal 

transformation, in particular for plasmonic vesicles that assemble plasmonic gold nanoparticles in 

close proximity. Our study reveals that laser induced nanocrystal transformation is strongly 

dependent on both the inter-nanoparticle distance and laser fluence. More importantly, the 

nanocrystal merging requires the presence of water. Beyond biomedical applications, the 

fundamental understanding of laser-induced nanocrystal transformation is important as it can lead 

to new nanomanufacturing approaches to produce nanostructures in large scales since laser 

processing can be streamlined [95]. 

5.2 Computational Model for Gold Nanoparticles, Water and Ligands 

Figure 29 shows computational model setup of sixteen gold nanoparticles surrounded by water. 

We selected a small portion of the plasmonic vesicle for the simulation. Each gold nanoparticle 

was 5 nm in diameter consisting of 3925 atoms. Surrounding water had 138352 molecules. The 

simulation cell dimension was 24.8 nm, 24.8 nm and 9.2 nm along the X, Y and Z directions, 

respectively. The inter-nanoparticle distance was set at 1 nm initially and then changed to 2 nm 

and 3 nm in the parametric study. The dimension of the simulation cell was changed accordingly 

to accommodate the increased inter-nanoparticle distances. Periodic boundary condition was 
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applied to all directions. Interactions among the gold atoms were described by embedded atom 

method (EAM) with parameters developed by Grochola et al. [96]. Water model used in this 

system was a 3 site TIP3P [97]. This model allows the water molecules to have bond stretching 

and angle bending. The bonded and nonbonded potentials used for water are described below: 
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Here, 
stretchU and 

bendU  are interatomic potential terms that correspond to bond stretching and angle 

bending, respectively. 
Van der WaalsU  

  describes the van-der-Waals interaction that is modelled by the 

Lennard-Jones (LJ) potential. 
electrostaticU  accounts for the electrostatic interaction and is modelled 

with the Coulombic potential. The interaction between water and gold atoms are considered by 

prescribing a LJ 12-6 interaction between oxygen and gold atoms [96]. A cutoff radius of 10 Å 

was considered in the LJ potential to reduce the computational cost. Table 4 provides the parameter 

list used in TIP3P with a long-range Coulombic solver [98]. 

Table 4. Parameters for TIP3P water model [99] and interaction potential function. 

 

Parameters Values 

OO (kJ/mol) 0.4270 

OO (Å) 3.188 
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HH (kJ/mol) 0.0 

HH (Å) 0.0 

OH (kJ/mol) 0.0 

OH (Å)  0.0 

bK (kJ/mol Å2) 1883.8983 

0b (Å) 0.9572 

K
(kJ/mol rad2) 230.2542 

0 (deg) 104.52 

AuO (kJ/mol) 

[100] 

2.4680942 

AuO (Å) [101] 3.6 

 

 

Figure 29: Schematic of gold nanoparticle-coated vesicle and molecular dynamic model 

setup that consists of gold nanoparticle array and water molecules. Cross section along Z 

direction is shown for better visualization. 

 

 

To investigate the possible role of molecular ligands on the gold nanoparticle surface towards heat 

transfer and gold nanoparticle merging, we modeled a hydroxyl-terminated alkanethiol ligand 

(Figure 30), SH-(CH2)10-OH, instead of the citrate ligands used experimentally because the 

modeling of alkanethiol ligands is a well-understood topic with straightforward protocols [100, 
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101]. We followed the protocol of Ghorai and Glotzer, including the use of an [100] Au-S Morse 

potential to attach ligands to the gold nanoparticle, with three modifications: we used the 

CHARMM General Force Field (CGenFF) for the ligand parameters, we prepared gold 

nanoparticles with several different ligand surface densities, and we adjusted the Morse potential 

dissociation energy to be in the physisorbed energy regime (since the citrate ligands used 

experimentally are physisorbed to the gold surface). For each ligand surface density, we placed 

the ligands uniformly around the gold nanoparticles. The interaction between gold and sulfur 

atoms in the ligand molecules are described by a Morse potential: 

    0 02

0 2
r r r r

E D e e
      

 
  (5.5) 

Where 
0D  is the well depth,   controls the width of the potential, r  is the distance between two 

atoms and 
0r  is the equilibrium bond distance.   

 

Figure 30: Molecular model setup of gold nanoparticles suspended in surrounding ligand 

water system. (A) Structure of Hydroxyl-terminated alkanethiol ligand, SH-(CH2)10-OH 

chain. (B) Schematic of gold nanoparticles coated with liands molecules (blue stands for 

water). 
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5.3 Coupled Electromagnetic/Molecular Dynamics Simulation Setup 

All the molecular dynamics simulations were performed using LAMMPS package [16]. At first, 

potential energy of the gold-water system was minimized using conjugate gradient algorithm. 

After that, the system was thermodynamically equilibrated at 300K and 1 atm pressure for 250 ps 

using isothermal-isobaric (NPT) ensemble to maintain overall temperature of 300 K, which means 

that the gold water system is under atmospheric conditions  To simulate the heating of nanoparticle 

by the laser pulse, an absorbed power density was applied at each atom site based on the 

electromagnetic field that is resolved within each spherical gold nanoparticle using discrete dipole 

approximation (DDA). This absorbed power density,  jq t  can be expressed as [102] 
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where ns is the refractive index of medium surrounding the nanoparticle (=1.33 for water), 0 is 

the vacuum wavelength of incident light, 2, ,j  is the imaginary part of the dielectric function at 

the wavelength  , ,jR   is the square electric field ratio at the grid point j computed from DDA 

method, and I(t) is the instantaneous incident laser intensity onto the nanoparticle. Gaussian 

profile is assumed for the prescribed laser intensity  I t  and expressed as: 
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Here, I0 is the laser fluence in mJ/cm2,  is the pulse duration (=28 ps) and t is the time. Temperature 

of the system is calculated by the following equation: 
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dim

2
KE nKT   (5.8) 

Where KE  is the kinetic energy of the group of atoms, dim  is the dimensionality of the 

simulation, n  is the number of group of atoms, K  is the Boltzmann constant and T  is the 

temperature. 

5.4 Dielectric Functions of Gold Nanoparticles 

Dielectric functions are required in the electromagnetic field calculation. Dielectric function of 

nanostructures ( , )a   is given based on the Drude permittivity model [16, 103] 
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where 
b ( )ulk   is the bulk dielectric function of gold measured from experiment [104], 

bulk  is the 

electron collision frequency, and p  ( 151 3 10.  Hz) is the plasmon frequency of gold [105]. 

 effL  is the size dependent damping constant of electrons [106] 
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Where Fv  is the Fermi velocity, A  is a scattering parameter (~ 0.8 for very small gold nanoparticles 

in the range 2 – 3 nm [107]), and effL  (= 1.33a for spherical nanoparticle of radius a) is effective 

length of electron-boundary scattering [105, 108]. 

It is important to note that due to the difference of dipole and atom arrangements (cubic versus 

face centered cubic) and dipole size and gold lattice parameters (dipole size is 0.1 nm while the 

gold lattice parameter is 0.47 nm), the electric field data from DDA simulation are mapped to the 
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sites of gold atoms in MD simulation using hexahedral interpolation scheme, developed in finite 

element method [108]. 

5.5 Discrete Dipole Approximation to Calculate Electromagnetic Field Distribution 

DDA is a discrete solution method of the integral form of Maxwell’s equations and allows the 

prediction of nanostructure optical properties with complex geometries [105]. The DDA method 

was described in detail elsewhere [106, 109]. Briefly, the structure (gold nanoparticle surrounded 

by water here) is discretized into a finite array of dipoles (N) with each dipole located at position 

vector jr


 (j =1, N). Figure 31 reports the model system used in the DDA calculation.  With the 

DDA method, the solution to the  

 

Figure 31: Model system used in DDA calculation consists of spherical gold nanoparticle 

discretized into vibrating dipoles arranged in cubic lattice. The dipole ensemble is exposed 

to a plane electromagnetic wave of amplitude 𝑬𝒊𝒏𝒄 and wavevector �⃗⃗⃗�  oriented along the �̂� 

axis of the Cartesian reference. 

 

 

electromagnetic wave problem is reduced to solving a system of 3N complex linear equations with 

3N unknowns that are the dipole moment vectors j
P


 (j = 1, N) [110] 
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where iP  is the dipole moment vector, and jiA is a 3 × 3 complex symmetric matrix, with its 

elements depending on the wavelength   and the vector distance between dipoles j and i, i jr r

. ,inc jE  is the incident field vector at dipole j. Once the system of equations 5.11 is solved, the far-

field (absorption, extinction, scattering, Muller matrix elements, etc.) and near-field properties can 

be computed. For instance, the absorption cross-section is obtained from [111] 
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 where Einc
 is the amplitude of the incident electric field. α j is the polarizability of the dipole j. 

The electromagnetic field at any dipole site j is computed by: 
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 Square electric field ratio at j grid point is denoted by 
2 2

,R /j j inc j E E . These data are 

interpolated using eight node hexahedral isoparametric element [112] as an input for equation 5.6 

in the atomistic simulations by the following equation: 
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where jN  is the shape function of the eight-node hexahedral element [111]. 

In this study, the DDA package DDSCAT 7.3.1 developed by Draine and Co-workers [109, 111] 

was implemented. Gold nanoparticles were discretized in regular arrays of N dipoles of spacing d, 

while the water was taken into account implicitly as a surrounding medium. The dipoles are 
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characterized by the frequency dependent dielectric function ),(  a . The dipole spacing should 

be small as compared to any structural length in the target geometry, and the wavelength of the 

electromagnetic wavelength, . A convenient “rule of thumb” developed to satisfy these criteria 

is [111, 113] 

 
2 d

0.5m



   (5.15) 

Here m is the ratio of complex refractive index of the gold spheres ( )(  ,NP an  ) to that of the 

surrounding water 33.1water n . In practice even if Equation (5.15) is satisfied, the dipole size d is 

further refined so that the computational results converge over the spectral range of interest. 

Analysis of the dipole size effect on extinction efficiency factor over the visible and near infrared 

spectrum was performed by comparing the DDA results with available experimental data for 3.2 

nm nanoparticle size (Figure 32). Based on this analysis, a dipole size of 0.1 nm was used in our 

DDA simulation of 5 nm nanoparticle. 
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Figure 32: Comparison of DDA calculation of normalized extinction efficiency factor with 

experimental data [114] for 3.2 nm nanoparticle size. Dipole size d of 0.1 nm provides 

sufficient accuracy. 
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CHAPTER 6 

ULTAFAST PULSED LASER INDUCED NANOCRYSTAL TRANSFORMATION IN 

COLLOIDAL PLASMONIC VESICLE 

6.1 Nanocrystal Transformation and Thermal Response 

We first experimentally observed the nanocrystal transformation in plasmonic gold-coated 

liposomes due to ultrafast pulsed laser treatment. Gold-coated liposomes were synthesized 

following a liposome metallization procedure reported previously [91, 115]. Briefly, very small 

gold nanoparticles with diameters in the range of 3 – 5 nm were densely deposited onto the 

liposome surface (Figure 33). We have used this plasmonic vesicle and picosecond laser pulses to 

construct a ultrafast compound release system for signaling molecules including neurotransmitters 

due to the fast release speed [91]. After single laser pulse treatment at 30 mJ/cm2, no obvious 

change was observed for gold nanoparticles on the plasmonic vesicles (Figure 29B). However, at 

laser fluence above 30 mJ/cm2, different degrees of nanocrystal transformation appeared. 

Specifically, several gold nanoparticles (2 to 4) appeared to merge at 60 mJ/cm2, and very large 

gold nanocrystals (size >10 nm) appeared at 200 and 500 mJ/cm2. This laser fluence dependent 

nanocrystal transformation is surprising since the picosecond laser treatment leads to intense 

nanoparticle heating and subsequent nanoscale cavitation, known as plasmonic nanobubbles, to 

break apart the plasmonic vesicles. The presence of nanobubbles was confirmed by optically 

measuring the intense scattering due to the vapor/water contrast in the refractive index [91]. Instead 

of separating the gold nanoparticles by nanoscale cavitation, the unexpected observation of 

nanocrystal merging is intriguing and thus led us to further investigate the underlying mechanism. 
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Figure 33: Experimental observation of ultrafast pulsed laser induced nanocrystal 

transformation. (A) Schematic of the laser pulse induced burst release of drug (red 

particles) using plasmonic gold-coated liposome vesicle. Gold nanoparticles are highlighted 

by yellow particles. Right: transmission electron microscopy (TEM) image of gold 

nanoparticle coated liposome; (B) Transmission electron microscopy observation of 

nanocrystal transformation upon laser pulse treatments of different laser fluences. The 

arrows indicate merged nanoparticles. 

 

 

Next, we performed molecular dynamic simulations to investigate the mechanism of nanocrystal 

transformation under conditions similar to plasmonic vesicles. The plasmonic vesicle can be 

approximated as an array of gold nanoparticles around a spherical vesicle core. To control the 

simulation domain and at the same time capture key features of a plasmonic vesicle, we selected a 
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small area on the plasmonic vesicle and built a simulation domain with a 4 x 4 planar array of 5 

nm gold nanoparticles separated by a gap that ranges from 1 to 3 nm (Figure 34). We first 

calculated the electromagnetic field distribution within nanoparticles by using the discrete–dipole 

approximation (DDA) method. This information was then used to obtain the detailed heat 

generation distribution within the gold nanoparticles. The heat generation on the nanoparticle 

surface was found to be much higher than the interior of the nanoparticle (70% difference in power 

density, Figure 34B). We then examined the temperature distribution within gold nanoparticles. 

The average gold nanoparticle temperature increased quickly with the picosecond laser pulse 

(Figure 34C) and reached higher temperatures at higher laser fluence (Figure 34D). Although 

strong localized electromagnetic field and thus power density is higher at polar sides of the 

nanoparticle (Figure 34B) given that the laser pulse was applied towards the positive z-direction, 

the simultaneous heat transfer within the nanoparticles quickly redistributes the heat as time 

evolves (Figure 34E, temperature distributions at 37, 75 and 100 ps). 
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Figure 34: Ultrafast pulsed laser heating of plasmonic nanoparticles leads to transient and 

non-uniform temperature distribution. (A) Schematic of gold nanoparticle-coated vesicle 

and molecular dynamic model setup that consists of gold nanoparticle array and water 

molecules. Cross section along Z direction is shown for better visualization. (B) Normalized 

power density distribution along Y =0 plane. (C) Average gold nanoparticle temperature as 

a function of time at 30 mJ/cm2. (D) Dependence of peak temperature in gold nanoparticle 

as a function of laser fluence (mJ/cm2). (E) Instantaneous temperature distributions along 

center of Y plane at 37 ps (left), 75 ps (middle), and 100 ps (right) at laser fluence of 30 

mJ/cm2. 

 

6.2 Effect of Ligand 

To examine the effect of the ligand, we simulated the specific case of a 3 nm gap with the gold 

nanoparticle surface decorated by ligand molecules and compared that to the case of no ligand. 

Experimentally, the ligand-gold interface is the result of a reduction process by ascorbic acid. The 
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ligand is physisorbed to the gold surface, as opposed to the chemisorbed case when thiol-

containing ligands are employed. As such, we used a model with a dissociation energy in the 

physisorbed regime of 1.38 kcal/mol. Figure 35A shows the average gold nanoparticle temperature 

history with laser fluence of 120 mJ/cm2. The temperature profiles from both cases (with and 

without the ligands) were almost identical. In addition, the presence of ligand produced negligible 

effect on the heat transfer at the gold/water interface. This can be seen from Figure 35B, which 

shows the history of the average water temperature surrounding the gold nanoparticles (within 5 

Angstrom to the surface of gold). The profiles from the two cases were also similar. These results 

have a simple explanation: during pulsed laser heating, all the surface ligands were observed to 

quickly detach from the gold surface and move freely into the surrounding water layer; as such, 

they are not able to effect a noticeable heat transfer. Subsequently, decoupled gold nanoparticles 

move in the ligand-water environment and merge. Snapshots of the merging of gold nanoparticles 

are shown in Figure 35C.  Since the ligands were shown to have a negligible effect on the 

temperature history and completely detach from the gold nanoparticles, they are not considered in 

the following simulation studies. 
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Figure 35: Nanocrystal transformation and merging in the presence of ligand on the 

surface of gold nanoparticles. (A) Average gold nanoparticle temperature as a function of 

time at 120 mJ/cm2 for both ligand and without ligand cases. (B) Average water 

temperature surrounding gold nanoparticles (within 0.5 nm distance to the surface of the 

gold nanoparticle) for both ligand and without ligand cases and (C) Snapshot of gold 

nanoparticle merging at 3 nm interparticle distance. 

 

6.3 Effect of Water 

We further investigated the conditions for nanocrystal transformation with the above 

computational framework. Gold nanoparticle merging and transformation showed a strong 

dependence on the picosecond laser fluence. Specifically, no merging was observed at low laser 

fluence (7.5 mJ/cm2). From 30 mJ/cm2 to 120 mJ/cm2, different degrees of nanoparticle merging 

and transformation were observed (Figure 36A). During merging, gold nanoparticles came closer 
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to each other and a neck was formed between them (Figure 36B). The merged gold nanoparticles 

changed from ellipsoidal to spherical shape depending on the laser fluence. At very high laser 

fluence (200 mJ/cm2), significant nanoparticle melting, fragmentation and presence of large 

nanoparticle aggregates were observed (Figure 36A and Figure 37). Melting points of simulated 

gold nanoparticles were reported to range from 615 to 1115 K depending on nanoparticle size 

[116], which were lower than the melting temperature of bulk gold (1336 K) [117]. We observed 

that surface of gold nanoparticles melted first and consisted of disordered atoms while core 

remained ordered fcc structure (Figure 36C, 87ps). During the neck formation, surface disordered 

atoms moved faster than ordered ones and touched each other (Figure 36C, 96ps). Thus, necking 

region consisting of most disordered atoms (100ps) was formed during merging. After merging, 

most of the disordered region changed to states of either stacking faults (red color) or original fcc 

orientation (green, 235ps). Higher laser pulse fluence led to a thicker layer of disordered surface 

atoms and neck formation at earlier times (Figure 38). 
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Figure 36: Coupled electromagnetic/molecular dynamic simulation of laser fluence-

dependent nanocrystal transformation and merging. (A) Snapshots at different laser 

fluence and time. Each column represents snapshots at one laser fluence. From left to right: 

7.5, 30, 60, 120 and 200 mJ/cm2 at 0, 100 and 700 ps (top, middle, bottom rows). (B) 

Morphologies of merged gold nanoparticles at different laser pulse fluences (mJ/cm2). (C) 

Nanostructure evolutions of gold nanoparticles merging (green, gray/violet, and red colors 

stand for fcc, disordered, and stacking faults atoms, respectively). 
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Figure 37: Snapshots of gold nanoparticles fragmentation at high laser fluence of (A) 120 

mJ/cm2 and (B) 200 mJ/cm2. At high laser fluence (>120 mJ/cm2), gold nanoparticles 

melted and fragmented into small particles. 

 

 

 

Figure 38: Snapshots of gold nanoparticles merging mechanism for (A) 60 and (B) 120 

mJ/cm2. At 60 mJ/cm2 laser fluence, most of the disordered atoms transformed to well-

ordered fcc (green color) and stacking fault (red color) atoms. At 120 mJ/cm2 laser fluence, 

gold nanoparticles melted completely. Most of the atoms were disordered and the initial fcc 

oriented structure could not be recovered. (Green, gray/violet, and red colors stand for fcc, 

disordered, and stacking faults atoms, respectively). 
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To further investigate the mechanism of nanoparticle merging and transformation, we simulated a 

system of gold nanoparticles by removing water from the system. Surprisingly no merging of gold 

nanoparticles was observed (Figure 39A, at 30 mJ/cm2). This indicates that water plays a critical 

role in merging the neighboring gold nanoparticles. To understand the role of water, we analyzed 

the motion of gold nanoparticles in the corresponding cases in the presence of water. Figure 39B 

shows three dimensional trajectories of a single gold nanoparticle at 0, 7.5 and 60 mJ/cm2. From 

the trajectories and comparison to the case without water, it is evident that gold nanoparticles were 

in Brownian motion due to the random forces exerted from the water molecule. This is further 

supported by the computed net force acting on a single nanoparticle for cases with water and 

without water (Figure 39C and D). Net forces were close to zero in the absence of water, whereas 

a nonzero random net force triggered Brownian motion in the case with water.  
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Figure 39: Nanocrystal transformation and merging is dependent on the presence of water 

and laser-induced nanoparticle motion. (A) Snapshots of gold nanoparticles under laser 

pulse treatment with and without water at 30 mJ/cm2 and water molecules shown in 

transparent violet background. (B) Trajectories of a representative single gold nanoparticle 

for the first 300 ps when heated at different laser intensities (from left to right: no laser, 7.5 

and 60 mJ/cm2). (C) and (D) Net force on gold nanoparticle with and without water at laser 

fluence of 30 mJ/cm2. (E) Nanoparticle traveling distance as a function of laser fluence for 

the first 24 ps. A correlation of 𝒅~𝑰𝟎
𝟎.𝟒𝟏 best fits the data. 

 

 

Furthermore, the water-mediated Brownian motion is a function of laser fluence since the random 

forces depend on the kinetic temperature of the water molecules near the nanoparticle/water 

interfaces. To demonstrate this point, we provided a simple theoretical estimate on the distance 
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(𝑑) that the gold nanoparticle travels. This distance (𝑑) is proportional to the magnitude of the net 

force 𝑓, which linearly scales with the kinetic velocity of the water molecule (𝑣). Thus, 𝑑 is related 

to the kinetic temperature of water (𝑇) through 𝑑~𝑇1 2⁄ . If the initial temperature of the 

nanoparticles is 0 K, then 𝑇 is linearly proportional to the laser fluence 𝐼0, from which we conclude 

that 𝑑~𝐼0
1 2⁄

. In the current application, the nanoparticles is suspended at room temperature with 

initial Brownian motion without laser pulse, leading to the conclusion that 𝑑~𝐼0
𝑛  with 𝑛 < 0.5. 

Figure 39E shows the nanoparticle distance as a function of the laser fluence and the simulation 

data yields the relation of 𝑑~𝐼0
0.41, which quantitatively describes the effects of the laser fluence 

and agrees with the theoretical estimate.  

For the merging to take place, two gold nanoparticles under Brownian motion must come within 

a cutoff distance of 4.07 Å as defined by the interatomic potential. This means that equivalently a 

minimum distance of ~6 Å must be travelled for merging with an initial inter-nanoparticle spacing 

of 10 Å, which gives a net velocity of 20 m/s assuming 30 ps duration. To verify the combined 

effects of the inter-nanoparticle distance and laser fluence, three inter-nanoparticle distances of 1, 

2 and 3 nm were investigated along with laser fluences of 7.5, 30, 60, 120 and 200 mJ/cm2. Figure 

40 shows that nanoparticle merging is strongly dependent on the inter-nanoparticle distance, and 

larger inter-nanoparticle distance requires higher laser fluence for the merging. Furthermore, 

careful examination of nanoparticle morphologies showed that merged nanoparticles were larger 

for smaller inter-nanoparticle distances. For instance, at 120 mJ/cm2, merged nanoparticle with 

radius of 5.4 nm was observed at 1 nm inter-nanoparticle distance, while the radius is only ~3.8 

nm in the case of 3 nm inter-nanoparticle distance (Figure 40A). Figure 40B shows a schematic 
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diagram that describes the combined effect of nanoparticle distance and laser fluence on the 

merging behavior.  

 

Figure 40: Combined effects of initial nanoparticle distance and laser fluence on the 

transformation and merging of gold nanoparticles. (A) Snapshot and (B) Schematic 

diagram showing dependency of merging phenomena at 1, 2 and 3 nm initial distances and 

laser fluence values of 7.5, 30, 60, 120 and 200 mJ/cm2. A top view is shown in (A) with 

water molecules shown in semi-transparent background. 

 

 

The combined experimental and numerical investigation leads us to elucidate key factors that 

determine the nanocrystal transformation and nanoparticle merging. Firstly, the nanoparticles have 

to be very close to each other for the merging to occur. Previous studies have reported nanoparticle 

shape changes or fragmentation for nanoparticle dispersed in aqueous solutions [118], while 
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nanoparticle merging or welding was only reported if the nanoparticles are chemically assembled 

into close proximity to each other [119]. Our study further elucidates the effect of inter-

nanoparticle distance, and reports that longer inter-nanoparticle distance requires higher laser 

fluence to merge the nanoparticles. Secondly, nanoparticle motion and the presence of water are 

critical for the nanoparticle merging and laser provides the driving force for enhanced Brownian 

motion. In the absence of water, no contact occurs while the nanoparticle is at a high temperature 

and no merge can take place. 

6.4 Summary  

In summary, we have investigated the nanocrystal transformation in plasmonic vesicles under 

near-infrared laser pulse irradiation. This study identified key mechanisms in facilitating 

nanocrystal merging, including the nanocrystal melting and movement that lead to nanoparticle 

contact and subsequent merging. Major factors that control the nanocrystal merging include the 

laser fluence, the inter-nanoparticle distance and the presence of water. This study shed light on 

important factors for plasmonic vesicle design and its successful biomedical applications that 

involve laser pulse irradiation. Furthermore, understandings derived from this study also address 

the feasibility of using laser pulses to weld different nanoparticles and thus provide new 

opportunities for the manufacturing of novel nanostructures that cannot be produced by wet 

chemical synthesis alone and made scalable.  
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CHAPTER 7 

PROPOSED FUTURE WORK  

Dislocation deformation mechanism in macroscale is a trending research topic. There are still 

enough room to develop dislocation interaction mechanism under certain mechanical condition for 

anisotropic materials. Specially, interaction between shock waves and dislocations play an 

important role in determining material behavior and corresponding microstructures. It is observed 

that dislocation density increases with both peak pressure and pulse duration [101]. Atomistic 

simulations can model only sub-micron spatial scales and sub-nanosecond time scales, even we 

use large parallel computers. In real experiments on laser shock peening process, spatial scales 

involve several to tens of microns where time scales are few nanoseconds. Dislocation dynamics 

are able to simulate these time and length scales. It has emerged as an excellent numerical tool to 

simulate collective behavior of dislocations in bulk materials. It can simulate various plastic 

deformation problems related with dislocation-particles interaction. My focus on this field is to 

investigate plastic deformation of metals based on mechanics of discrete dislocations under 

ultrashort laser peening processing. To study dislocation movement mechanism, I will use 

dislocation dynamics approach on continuum scale. Later on results from dislocation dynamics 

simulations are then modeled into continuum based crystal plasticity model under ultrashort laser 

peening.  

Our previous study for plasmonic gold nanoparticles show merging mechanism between Au/Au 

interactions. Researcher are now concentrating on hybrid approach of manufacturing Janus 

nanoparticles, which is a class of nanostructured materials with two or more distinct physical 

properties and allows two different types of chemistry to occur on the same particle. These 
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properties have significant potential in various applications including sensing, energy harvesting 

and biomedicine. The future aim of this work is to systematically investigate Janus nanoparticles 

with size asymmetry, material composition and functional asymmetry. To describe microstructural 

response, we will establish a multiphysical computational approach by integrating the numerical 

solution to the electromagnetic field with the TTM-MD model. 
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