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SYNOPSIS

Introduction

Solid fracture under high strain rate deformation is of interest for high velocity im-

pact and penetration problems. High velocity projectiles produce shock in a material

which creates tensile pressures that can lead to nucleation, growth and coalescence

of voids which cause material fracture [1]. To model the fracture of materials un-

der extreme conditions of pressure and temperature, an understanding of the basic

mechanism of fracture and behaviour of materials under these conditions is required.

In plate impact experiments, a flyer plate is accelerated by some means, such as

gas, explosives, lasers, etc., depending on the strain rate requirement, on to a target

plate. The impact of a flyer plate produces compressive stress waves at the point of

impact which travel toward the free surfaces of the flyer and target plates. When

they reach the respective free surfaces of the flyer and the target, they reflect as
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release waves and interact at some location in the target plate, depending upon the

thicknesses of the plates. The interaction of these waves leads to a state of tension

in the material. If the tension created exceeds the tensile strength of the material,

nucleation, growth and coalescence of voids take place, leading to fracture of the

material. This process is called spallation and the fracture of the material is called

spall fracture.

Various methods are used to study spall fracture at different level of strain rates.

Plate impact experiments [2] can give strain rates in the range of (105 - 106)/s.

Shock loading by nano-second laser pulses [3] can give strain-rates >107/s. Ultra-

high strain rates exceeding 108/s can be obtained by femto-second laser pulses [4].

A maximum strain-rate of 1010/s using high power laser pulses has been reported

in the literature [5].

Many workers have studied the process of material failure by experiments [2–4,6],

hydrodynamic simulations [7], multi-scale simulations [8] and atomistic simulations

using molecular dynamics [9–13].

Hydrodynamic simulations are widely used to study material deformation and

fracture. The main inputs to hydrodynamic simulations are:

1. Fracture model, such as void Nucleation and Growth (NAG) model [1], Void

Growth (VG) model [14].

2. Material strength model, such as Johnson-Cook model [15].

3. Equation of state (EOS) model, such as Murnaghan EOS. [16]

This thesis studies the high strain rate deformation of single crystal copper, both

by simulations and experiments, and covers two inputs to the hydrodynamic simu-

lations:

1. Void NAG model [1] which is one of the fracture models. The parameters for

this model are determined by molecular dynamic simulations.

2. Johnson-Cook model [15] which is one of the material strength models. The

parameters are obtained by performing dynamic compression experiments on

single crystal copper using Split Hopkinson Pressure bar.
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The above models involve several parameters. For example, the NAG model

involves parameters such as the void nucleation threshold, void growth threshold,

pressure sensitivity of void nucleation rate, material viscosity and void nucleation

rate at threshold. In the literature, the parameters for these models are available

only for a few materials; even for these materials, the parameters are only available

at a single temperature. Therefore, for predictive simulations, it is necessary to

generate these parameters for different materials of interest to the Department of

Atomic Energy (DAE), either by experiments or by first principle/atomistic simu-

lations.

Spall fracture occurs when the release waves from the flyer and target free sur-

faces interact to produce tension in the target material. The interaction of these

waves leads to the triaxial state of stress following uniaxial strain [10,12]. It is in this

triaxial state of stress that voids nucleate, grow and coalesce if the tension developed

during this phase exceeds the tensile strength of the material. In this thesis, this

process has been simulated using classical molecular dynamics (MD) simulations to

triaxially deform a solid at high strain rate till the nucleation, growth and coales-

cence of voids occur.

The following studies have been performed in this thesis:

• Application of a macroscopic void nucleation and growth model for polycrys-

tallites at the atomistic scales for perfect crystal copper: It is found that the

nucleation and growth (NAG) model [1], originally developed for polycrys-

talline materials, is also valid at high strain rates at the atomistic scale for

single crystals. The void nucleation threshold obtained for perfect single crys-

tal copper is validated by shock simulations.

• Temperature sensitivity of void nucleation and growth parameters for single

crystal copper- a molecular dynamics study: A systematic study has been

performed to determine the effect of temperature on NAG parameters for

perfect single crystal copper triaxially deformed at high strain rates. The

presence of a curious double-dip in the pressure-time profile, for temperatures

close to melting, has been analyzed using radial distribution function, structure

factor, centro-symmetry parameter and common neighbour analysis.
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• Effect of material damage on the spallation threshold of single crystal copper-a

molecular dynamics study: The effect of pre-existing defects on the spallation

threshold of single crystal copper has been studied. In addition to this, studies

have been performed to analyze:

– The nucleation and growth of voids which arose at two locations in the

target for an impact velocity of 1100 m/s, but spallation occurred only

at one location.

– The impact at 1100 m/s in contact case where flyer and target remains

in contact before the impact. This leads to a high value of spall strength

than that in the non-contact case, where the flyer is kept some distance

away from the target before the impact.

– Appearance of a spall-like signal in the free surface velocity of the target

for an impact velocity of 1000 m/s along the <100> direction, but no

spall occurs in the target.

– Effect of crystal orientation and grain boundary on the spall-like signal

in the free surface velocity of the target.

– Stochastic effect on spallation process for the impact velocities close to

spallation threshold of the material.

• Multi-scale simulations of damage of single crystal copper at high strain rates:

A new multi-scale model has been developed, wherein NAG parameters for

single crystal copper obtained from MD simulations are used in a hydrody-

namic code to generate spall data for single crystal copper. A good agreement

is found with the experimental spall data available in the literature [17]

• High strain rate deformation of single crystal copper-experiments and MD sim-

ulations: The Johnson-Cook material model (strength model) parameters for

single crystal copper have been obtained by performing experiments on single

crystal copper using Split Hopkinson Pressure Bar (SHPB) method. MD sim-

ulations have been performed to reproduce the slip directions activated and

to validate the shape changes observed in the experiments on single crystal

copper.

The important results of the thesis are summarized below.

IMPORTANT RESULTS
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1. Application of a macroscopic void nucleation and growth model for

polycrystallites at the atomistic scales for perfect crystal copper

1.1. Motivation

Belak [9] studied the nucleation and growth of voids during isotropic tension in

polycrystalline copper using MD and showed that the void at grain junction yields at

a lower strain than that at the grain centre. Rudd et al [10], studying polycrystalline

copper under triaxial expansion, found that the voids nucleate at weaker junctions

and this void nucleation does not take place at all available junctions. Wang et

al [18] studied the instabilities in perfect lattice at finite deformation using MD

simulations and found that the instabilities in the lattice leads to the nucleation of

a small disordered region which grows as a void.

Following the method used by Belak [9] and Rudd et al [10], the triaxial expansion

of single crystal copper has been performed at 5×109/s strain-rate at 300 K to study

the nucleation and growth of voids in single crystal copper. The number of atoms in

the simulation domain is chosen such that any further increase does not change the

results. The embedded-atom method [19,20] with parameters obtained by Foiles et

al [21] has been used for the study.

1.2. Results from this study

• The NAG model, originally developed for polycrystalline materials at high

strain rate, is also applicable for single crystals at high strain rates, even at

atomistic scales. The best-fit NAG parameters have been obtained for perfect

single crystal copper at 300 K temperature.

• The comparison of NAG parameters for perfect single crystal copper with

that obtained experimentally for polycrystalline copper which are available in

literature shows that

– The threshold for void nucleation (160 kbar) is very high for single crystal

copper as compared to that for polycrystalline copper (5 kbar). This is

reasonable, since there are weak points in polycrystalline materials, e.g.

grain junctions, which can lead to void nucleation at lower value of tensile

pressure [9]. This difference in void nucleation thresholds may also be

the result of differences between the strain rates used in experiments and
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in MD simulations. The void nucleation threshold (160 kbar) obtained

for perfect single crystal copper is very close to the spall strength (155

kbar) measured under laser-driven experiments on polycrystalline copper

foils of few micron thickness [22]. Though the experiments were done on

polycrystalline copper foils with a thickness of only a few micrometers,

it is possible that in the axial direction, it could still be a single crystal.

The spall strength obtained from experiments [17,23–26] for single crystal

copper varies from 33 kbar to 150 kbar.

– The low value of pressure sensitivity for void nucleation for single crys-

tal copper, as compared to polycrystalline copper, indicates the rapid

nucleation of voids for pressure above the void nucleation threshold.

– The low value of material viscosity for single crystal copper indicates the

rapid growth of voids once the void nucleation threshold is crossed.

• Perfect single crystals are not available for experiments. Real single crystals

that are available for experiments contain defects. This could lead to a sig-

nificant difference between experimental and MD values of nucleation thresh-

old for single crystals. Hence, in order to validate the nucleation threshold

obtained above, we have performed shock-wave simulations at the atomistic

scales and determined the threshold tensile pressure at which nucleation starts.

A good match has been found.

This work has been published in [27, 28].

2. Temperature sensitivity of void nucleation and growth parameters for

single crystal copper- A molecular dynamics study

2.1. Motivation

Various workers [29–31] have performed spallation studies at different temperatures

and found that the spall strength of the materials decreases with rise in temperature.

Note that nucleation, growth and coalescence of voids lead to spall of the material [1].

By studying the temperature dependence on NAG parameters, the dependence of

spall strength on the temperature can be understood.

To study the dependence of the NAG parameters on temperature, MD simula-

tions of single crystal copper deformed triaxially at 5×109/s strain rate have been
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carried out at temperatures of 300 K, 600 K, 800 K, 1000 K and 1250 K. The triaxial

deformation of single crystal copper leads to the creation of tension in the material

and if the tension created exceeds the tensile strength of the material, nucleation

and growth of the voids take place. This results in the release of tensile pressure in

the system leading to a dip in the pressure-time profile.

For temperature close to melting temperature of single crystal copper, the triaxial

deformation of single crystal copper at 5×109/s strain rate leads to a curious double-

dip in the pressure-time history. To study the double-dip in the pressure-time history

for single crystal copper deformed at 5×109/s strain-rate with 1250 K temperature,

following investigations have been performed:

• Radial distribution function (RDF) analysis which gives information about the

long-and short-range crystalline order in the material.

• Structure factor analysis which gives information about the structural changes

(BCC/FCC/HCP) during the deformation of the material.

• Centro-symmetry parameter (CSP) [32] analysis which gives information about

the defects created during deformation of the material.

• Common neighbour analysis (CNA) [33] which gives information about the

local structural changes surrounding an atom, i.e. whether the atom belongs

to FCC/BCC/HCP/ICOSAHEDRAL/UNKNOWN structure.

2.2. Results from this study

• Best-fit NAG parameters have been obtained for single crystal deformed tri-

axially at 5×109/s strain rate with different temperatures. It has been found

that there is a monotonic decrease in the values of void nucleation and void

growth thresholds with rise in temperature.

• The detailed analysis of double-dip in pressure-time history by structure factor,

RDF, CSP and CNA:

– Structure factor analysis: The first dip in pressure-time history corre-

sponds to the loss of FCC structure and the structure created does not

belong to BCC and HCP structures.
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– RDF analysis: The first dip in pressure-time profile corresponds to loss

of long-range crystalline order.

– CSP analysis: The first dip in pressure-time profile occurs due to creation

of stacking faults and voids create corresponding to second dip in the

pressure-time profile.

– CNA analysis: The first dip in pressure-time profile corresponds to cre-

ation of an unknown structure.

It means that the first dip in pressure-time profile is due to the creation of

stacking faults (CSP analysis) and an unknown structure (CNA analysis) and

second dip in the pressure-time profile is due to the creation of voids.

This work has been published in [34–36].

3. Effect of material damage on the spallation threshold of single crystal

copper-A molecular dynamics study

3.1. Motivation

Various workers have performed MD simulations to study the spall process in ma-

terials. Bringa et al [37] simulated planar shocks in single crystal copper using MD

and found the Hugoniot for single crystal copper along various crystal directions.

Srinivasan et al [38] in their MD simulation of spallation in single crystal nickel found

that interaction of release waves from flyer and target free surfaces creates crystals

with different orientation and their boundaries become nucleation sites for void nu-

cleation. Luo et al [39] in their MD simulations of spallation in single crystal copper

found that more anisotropy in spall strength occurs for weak shocks, while it is de-

creased for strong shocks. Dremov et al [40] in their MD simulations of spallation in

single nano-crystal and poly-nanocrystals found that in poly-nanocrystals, the void

nucleation occurs along the grain boundaries whereas in nanocrystals, nucleation of

voids occur at the stacking fault intersections.

In the previous work [28], the void nucleation threshold for NAG model for

perfect single crystal copper has been validated by performing shock simulation for

an impact velocity of 1100 m/s. The impact at 1100 m/s impact velocity leads to

the creation of voids at two locations in the target and spallation occurs only at one

location. To study why spallation occurs only at one location, not on both locations

xiii



in the target, centro-symmetry parameter analysis has been performed. To study

the effect of contact and non-contact impact of flyer-target system on the spallation

strength, impact has been performed at 1100 m/s impact velocity. When impact is

done at low impact velocity (1000 m/s), the nucleation and growth of voids occur

at lower value of tensile pressure and spall like signal appears in the free surface

velocity of the target.

3.2. Results from this study

• For the impact at 1100 m/s impact velocity, the nucleation of voids takes place

at two locations (x1 and x2) in the target. The CSP analysis for defects created

shows that the stacking faults created rapidly converts to partial dislocations

at location x1 compared to that at location x2. It is known that the dislocations

soften the material surrounding the void and lead to growth of the voids. The

rapid growth of voids at location x1 due to availability of many dislocations

surrounding the voids leads to the spall of the material. Due to the spall at

location x1, a compressive wave is generated which heals the voids at location

x2.

• For the non-contact impact of flyer-target system, spallation occurs at lower

value of tensile pressure (112 kbar). This is due to the presence of defects which

are created during initial passage of the shock. When the reflected release

waves from the free surface interact subsequently causing tension, due to the

defects, the nucleation threshold of voids decreases. For the in-contact impact

of flyer-target system, defects are created only during the tension resulting

from the interaction of release waves and not during initial passage of the

shock. This means that there are no defects in advance to the tension in

the contact case. These then lead to the nucleation of voids at higher value

of tensile pressure (160 kbar) and hence spallation occurs at higher value of

tensile pressure.

• Impact at 1000 m/s along the <100> direction shows that the nucleation and

growth of voids take place at lower value of tensile pressure (124 kbar) corre-

sponding to the tension resulting due to second traversal of the shock. Note

that for impact at 1100 m/s, nucleation and growth of voids take place at high

tensile pressure (160 kbar) corresponding to the tension resulting due to first
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traversal of the shock. The CSP analysis shows that partial dislocations and

stacking faults are created during the tension created by first traversal of the

shock and these defects become void nucleation sites for the tension resulting

due to second traversal of the shock and thus lower the void nucleation thresh-

old. This implies that high strain-rate history of the material affects the void

nucleation threshold of the material.

• For impact at 1000 m/s along the <100> direction, a spall like signal which is

a signature of spallation [2] appears in the free surface velocity of the target.

This is due to the stress relaxation resulting from the nucleation and growth of

voids (which occur corresponding to second traversal of the shock) and not due

to spallation of the material. When impact at 1000 m/s is performed along

different crystal orientations (<110> and <111>), and with a simple grain

boundary (bi-crystal), the nucleation and growth of voids occurs during the

tension resulting from the first traversal of the shock and material undergoes

spallation at late times.

• For impact at 1000 m/s along the <100> direction with a small change in

the initial atomic positions along impact direction, the nucleation and growth

of voids take place during the tension resulting due to second traversal of

the shock and spallation occurs. This is different from the impact at 1000

m/s along <100> direction without perturbing initial atomic positions where

nucleation and growth of voids take place during the tension due to second

traversal of the shock and no spall occurs. This shows that for impact velocities

close to spall threshold, spallation process is stochastic.

This work has been published in [41–43].

4. Multi-scale simulations of damage in single crystal copper with pre-

existing defects

4.1. Motivation

Shehadeh et al [8] performed multi-scale simulation to study the shock propagation

and interaction of dislocations in single crystal copper at high strain rate using a

multi-scale dislocation dynamics plasticity model which couples the discrete dislo-

cation dynamics (DD) with finite element method (FEM) analysis. Rudd et al [44]
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proposed the multi-scale simulation of voids by coupling the molecular dynamics to

the FEM. Zhuang et al [45] performed multi-scale simulation to study the material

failure at high strain rate. In their approach, FEM is combined with discrete dislo-

cation dynamics. Plastic strain is calculated by DD code and material parameters

are obtained by MD.

In the previous work [34], NAG parameters were obtained for perfect single

crystal copper. The void nucleation threshold of 160 kbar, obtained from those

simulations for single crystal copper at 300 K, is well above the experimental val-

ues [17,23,25]. This mismatch arises due to the absence of pre-existing defects that

would be present in a real single crystal. To study the effect of defects (dislocations

of different lengths and vacancies) on the NAG parameters, specifically on the nu-

cleation threshold, MD simulations have been performed for single crystal copper

triaxially deformed at 5×109/s strain rate.

To generate the spall data for single crystal copper, the NAG parameters ob-

tained from MD simulations for single crystal copper with defects are used in a

macroscopic hydrodynamic code to simulate shock in single crystal copper. In real-

ity, voids nucleate near dislocations, stacking faults etc. Since dislocation mechanism

is missing in hydro code, pre-existing voids have been introduced to account for it.

4.2. Results from this study

• Best-fit NAG parameters have been obtained for single crystal copper triaxially

deformed at 5×109/s strain rate with different defects (dislocations of different

lengths and vacancies). The void nucleation threshold obtained decreases with

increase in the length of the dislocation.

• Hydrodynamic simulation results for shock in single crystal copper show that

– For NAG parameters obtained for perfect single crystal copper, no spalla-

tion occurs. Experimental single crystal spalls due to presence of defects.

– For NAG parameters obtained for a pre-existing edge-dislocation hav-

ing length equal to half of the side length of the simulation domain and

containing only four atomic rows, pre-existing voids grow but no com-

plete spall occurs. In this case, tensile pressure in the system exceeds the

growth threshold of the material leading to incipient spall of the mate-

rial [2].
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– For NAG parameters obtained for a pre-existing edge-dislocation having

length equal to half the side length of the simulation domain and con-

taining all atomic rows, nucleation and growth of the voids leads to the

spall of the material. The results obtained match with the published

experimental results [17] with 20% error.

• Amulti-scale model has been developed where NAG parameters obtained using

MD simulations for crystal copper with defects are used in a macroscopic

hydrodynamic code to simulate shock in single crystal.

This work has been published in [46, 47].

5. High strain rate deformation of single crystal copper-Experiments and

MD simulations

5.1. Motivation

Kalidindi et al [48] performed quasi-static compression experiments on <110> single

crystal copper and found that one dimension of the sample remains unchanged.

Qizhen [49] performed quasi-static loading using Universal Testing Machine (UTM)

and dynamic loading using Split Hopkinson Pressure Bar (SHPB) on magnesium

single crystals and obtained the Johnson-Cook model parameters. Tschopp et al [50]

performed MD simulations to study the effect of crystal orientation on homogeneous

dislocation nucleation under uniaxial loading and found that for compressive loading,

stress required for dislocation nucleation along <110> direction is more than that

along <111> and <100> crystal directions.

To determine the strength parameters for single crystal copper, quasi-static com-

pression experiments using UTM and dynamic compression experiments using SHPB

have been performed on single crystal copper along <100> and <110> directions.

For single crystal copper deformed along <100> direction at 103/s strain rate using

SHPB, neutron diffraction experiments have been performed before and after the

compression of the specimens. The compression loading along <100> and <110>

directions leads to different shapes of the specimens. MD simulations have been

performed at 5×109/s strain rate in the manner simulated by Tschopp et al [50] to

study the activation of slip systems and shape changes observed in the experiments

on single crystal copper under uniaxial stress loading.
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5.2. Results from this study

• Johnson-Cook model parameters have been obtained for single crystal copper

deformed at 103/s strain rate along <100> and <110> directions using SHPB.

The value of yield strength and strain hardening parameter for single crystal

copper deformed at 103/s strain rate along <110> direction is large compared

to that deformed along <100> direction.

• Neutron diffraction studies before and after the impact show the broadening

of the diffraction peaks which is the signature of increased density of defects.

The change in the diffraction peaks have been correlated with the dislocations

in the sample.

• Using MD simulations, the number of slip directions activated during defor-

mation of single crystal copper has been reproduced by computing the burger

vector for homogeneous nucleation of dislocations and shape changes observed

in the experiments on single crystal copper has been validated by computing

Poisson’s ratio.

Some part of this work has been submitted in [51, 52].
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Chapter 1

Introduction

Solid fracture under high strain-rate deformation is of interest for high-velocity im-

pact and penetration problems. High velocity projectiles impacting on a target pro-

duce shock waves in both the target and the projectile. Under certain conditions,

this creates tensile pressures that can lead to nucleation, growth and coalescence of

voids which, in turn, cause material fracture [5].

In plate impact experiments, a flyer plate is accelerated by some means, such

as gas, explosives, lasers, etc., depending on the strain rate requirement, on to a

target plate. The impact of a flyer plate produces compressive stress waves at the

point of impact which travel toward the free surfaces of the flyer and target plates.

When they reach the respective free surfaces of the flyer and the target, they reflect

as release waves and interact at some location within the target plate, depending

upon the thicknesses of the plates. The interaction of these waves leads to a state

of tension in the material. If the tension created exceeds the tensile strength of the

material, nucleation, growth and coalescence of voids take place, leading to fracture

of the material. This process is called spallation and the fracture of the material

is called spall fracture. The nucleation, growth and coalescence of voids in 1145

aluminum resulting from such impact is illustrated in Figure 1.1.

In order to model the fracture of materials under extreme conditions of pressure

and temperature, it is necessary to develop an understanding of the basic mechanism

of fracture and behaviour of materials under these conditions. Spall fracture takes

place when release waves from the free surfaces of the flyer and target interact to

produce tension in the target material. The interaction of these waves leads to a

triaxial state of stress following uniaxial strain [7, 8]. It is during the triaxial state

1



Chapter 1: Introduction 2

Figure 1.1: Nucleation, growth and coalescence of voids in impact-loaded specimens of
1145 aluminum. This figure is adapted from [1]

of stress that voids nucleate, grow and coalesce if the tension developed during this

phase exceeds the tensile strength of the material.

Many researchers have studied the process of material failure through experi-

ments [9–12], atomistic simulations using molecular dynamics [7, 8, 13–15], multi-

scale simulations [16] and hydrodynamic simulations [17].

Spallation studies have been carried out at different levels of strain rates. Plate

impact experiments result in strain rates of 105-106/s [12]. Strain rates exceeding

107/s can be achieved by shock loading produced by nanosecond laser pulses [10].

Ultra-high strain rates (exceeding 108/s) can be obtained by femto-second laser

pulses [11]. An extremely high strain rate of 1010/s using high power laser pulses

has been reported in the literature [18].

Computer simulations of high strain-rate failure of materials have been per-

formed at various length scales. At the atomistic scale, Molecular Dynamics (MD)

simulations have been carried out to study various features of fracture at high strain

rates. Belak’s study [13] of nucleation and growth of voids in polycrystalline copper

showed that voids at grain junctions yield at a lower strain than those at grain

centres. Rudd et al [7], examining polycrystalline copper under triaxial expansion,

found that voids nucleate at weaker junctions and this void nucleation does not take

place at all available junctions. Traiviratana et al [14] simulated pre-existing voids in

mono-crystalline and bi-crystalline copper at strain rates of 108/s and 5×109/s and

estimated the void-size dependence of the stress threshold for dislocation emission



Chapter 1: Introduction 3

in mono-crystalline and bi-crystalline copper. Seppala et al [8] studied the effect of

stress triaxiality on the growth of pre-existing voids in single crystal copper. Many

workers have also studied the coalescence of voids. Seppala and others [15], in their

coalescence study, estimated the inter-void ligament distance to be one void radius

to coalesce the voids. Davila and others [19], in their study of void coalescence,

found that shear loops nucleation based model is in good agreement with the ob-

served molecular dynamics (MD) mechanism. These shear loops are also responsible

for hardening the material near the void. Potirniche et al [20] simulated void growth

and coalescence in single crystal nickel at high strain rate (108 - 1010/s) and showed

that the material length scale affects the stress-strain response of the material. It

was also found that void growth dominates over void coalescence for the conditions

examined in that study. Wang and co-workers [21] have studied instabilities in a

perfect lattice at finite deformation using MD simulations. They showed that insta-

bilities in the lattice lead to the nucleation of a small disordered region which grows

as a void.

Molecular Dynamics simulations are generally confined to very small length

scales (few hundreds nm) due to limitations of computing power. To bridge the

atomistic (MD) and continuum length scales, multi-scale simulations have been done

by several workers. In the multi-scale approach of Zhuang et al [22], the finite el-

ement method (FEM) is combined with discrete dislocation dynamics (DD). The

plastic strain is calculated by the DD code and the material parameters are obtained

by MD. The DD code works as a substitute for the constitutive form in the FEM

code. Shehadeh et al [16] performed multi-scale simulation to study shock propa-

gation and interaction of dislocations in single crystal copper at high strain rates

(>106/s). He used the multi-scale dislocation dynamics plasticity (MDDP) model

which couples discrete DD with FEM analysis. Rudd et al [23,24] have proposed the

multi-scale simulation of voids by coupling MD to FEM. This technique is known

as coarse grained molecular dynamics (CGMD).

1.1 Objective of this thesis

Hydrodynamic simulations of high velocity impact problems divide the domain of

interest into computational cells. Such simulations require, as input, the following

information for each of the materials involved in the problem:
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1. An equation of state, which allows calculation of the pressure and specific

internal energy in terms of the temperature and density of the material.

2. A model to predict the strength of the material during high strain-rate defor-

mation, i.e., the variation of yield strength and shear modulus of the material

with temperature, pressure, plastic strain, etc. [25, 26] and [27–31].

3. A dynamic fracture model, e.g., void nucleation and growth (NAG) model,

where fracture properties depend upon the temperature and pressure values

in the cell [17].

For a given cell in the hydrodynamic simulations, the temperature and pressure are

taken to be constant during each hydrodynamic timestep. Hence it is sufficient to

use a fracture model that describes the nucleation/growth of voids at a specified

temperature and pressure.

This thesis studies the high strain rate deformation of single crystal copper, using

both simulations and experiments, and involves generation of the following materials

data:

• Void NAG model [5] which is one of the fracture models. The parameters

for this model are determined by molecular dynamics simulations and checked

using multi-scale simulations.

• Johnson-Cook model [27] which is one of the material strength models. The

parameters are obtained by high stain rate compression experiments on single

crystal copper using a Split Hopkinson Pressure bar (SHPB).

These models involve several parameters. For example, the NAG model involves

parameters such as the void nucleation threshold, void growth threshold, pressure

sensitivity of void nucleation, material viscosity and void nucleation rate at thresh-

old. In the literature, the parameters for these models are available only for a few

materials; even for these materials, the parameters are only available at a single

temperature. Therefore, for predictive simulations, it is necessary to generate these

parameters for different materials of interest to the Department of Atomic Energy

(DAE), either by experiments or by atomistic simulations.

This thesis covers the following areas which have not been addressed by earlier

workers:
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• Validation of a macroscopic NAG model, which was originally developed for

polycrystalline materials at macro scales, for single crystals at atomistic scales.

Determination of best-fit NAG model parameters for single crystal copper

deformed at high strain rates.

• Validation of void nucleation threshold obtained above for single crystal cop-

per, using shock wave simulations at atomistic scales.

• Determination of the variation with temperature of NAG parameters for single

crystal copper. It also includes a detailed analysis for unusual features observed

at temperatures close to the melting point.

• Effect of pre-existing defects in the crystal on the spallation threshold of single

crystal copper. In addition to this, studies have been performed to analyse:

– Nucleation and growth mechanism under threshold conditions, when the

impact velocity is close to the threshold for causing spallation.

– Effect of crystal orientation and grain boundary on the fracture mecha-

nism.

– Stochastic effects on the spallation process for impact velocities close to

the spallation threshold of the material.

• Multi-scale simulations of damage in single crystal copper: NAG parameters

are generated using MD for single crystal copper with pre-existing defects.

These parameters are then used in a hydrodynamic code to generate spall

data, and the results compared with published experimental data.

1.2 Structure of the thesis

This thesis is organized as follows:

Chapter 2 describes the computational techniques used in this study. This cov-

ers a) Techniques used in molecular dynamics simulations, b) Details of the post-

processor used for analysing the void distribution, c) An introduction to statistical

methods used for analysing the crystal structure, such as centro-symmetry parame-

ter, common neighbor analysis, structure factor, radial distribution function, d) An
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outline of the singular value decomposition analysis used for determining character-

istic modes of the crystal.

Chapter 3 covers MD simulations of uniform triaxial expansion of a perfect crys-

tal, the resulting void nucleation and growth, and the use of MD data to determine

best-fit values of NAG parameters. These NAG parameters, obtained using triaxial

expansion, are then checked against shock-wave simulations. The location of the

first nucleation site is also analyse in terms of characteristic modes of the crystal.

Chapter 4 discusses the temperature dependence of the NAG parameters for

single crystal copper. Anomalous behaviour observed near the melting point is

analyse in some detail.

Chapter 5 describes the effect of high strain rate history of the material on

the spall threshold. Stochastic effects observed at impact velocities close to spall

threshold are also presented.

Chapter 6 presents multi-scale simulations for the computation of spall data for

single crystal copper. It describes the creation of various kinds of defects in the

material and their effect on the NAG parameters.

Chapter 7 discusses the experiments on single crystal copper deformed at high

strain rate using a Split Hopkinson Pressure Bar. It further explains the use of

this data for obtaining material strength parameters for the Johnson-Cook strength

model. The chapter also reports on different experimental measurements, such as

neutron diffraction, for detailed characterisation of the specimens. Finally, it com-

pares MD results for the activation of slip directions with experimental measure-

ments.

Chapter 8 presents the conclusions and future scope of the present study.



Chapter 2

Simulation Technique

2.1 Molecular dynamics (MD) simulations

2.1.1 Why atomistic simulations?

In earlier days, in order to understand material failure, linear continuum mechan-

ics theories were used to treat dislocations and cracks in the material by using

phenomenological assumptions. Later, it was felt that if there is a need to un-

derstand material failure, the behavior of materials at the nano-scale should be

understood [32,33]. For materials of sub-micron dimensions, the behaviour of mate-

rials by continuum approaches becomes questionable and full atomistic information

is required to understand material phenomena [34].

Atomistic methods have been very successful in modern materials modeling.

The reason is that these methods contain a very fundamental view point of materi-

als phenomena and involve only one physical law (Newton’s law) and an interaction

potential to define how atoms interact with each other. Molecular dynamics simu-

lations

• can be used to understand material failure at an atomistic level by investigat-

ing the complex behaviour of dislocations, cracks, voids and grain boundary

processes at the fundamental level [34].

• do not require a-priori assumptions about defect dynamics, unlike many con-

tinuum mechanics approaches [34].

By choosing an accurate inter-atomic potential, which can be determined using

7
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quantum mechanical methods such as density functional theory [35], we can simulate

the complete behaviour of material failure [34].

2.1.2 Brief introduction

Molecular dynamics simulations are used to study the evolution of a system of N

particles under conditions of interest. In these simulations, classical equations of

motion are integrated to generate the trajectory of a system. The N-body force

equation is given by

mir̈i = −
N
∑

i 6=j,j=1

∇iE (2.1)

where ri is the position vector of the ith particle, mi is the mass of the ith particle

and E is the total potential energy of the system (described in section 2.1.4).

In spite of the advantages of this method, it also has some limitations:

• Limitation of time step: To simulate materials of interest, the timestep re-

quired to integrate Eqn. 2.1 is of the order of femto-seconds. This is dictated

by the constraint that the change in potential due to change in position of

a particle during a timestep must not be large. A thumb rule is that atoms

should move at most (1/20)th of the nearest neighbour distance [36, 37].

Due to this limitation on the timestep, typical impact problems, where the

dynamics lasts for, say, 10 microseconds, would take 1010 steps to complete.

Hence MD simulations are typically used for phenomena extending over pi-

cosecond to nanosecond time scales.

• Limitation of number of atoms used in the simulation: The number of atoms

are limited to between 100 to 109 depending on the the type of potential used

and speed of computers. The reason is that if all N atoms in a system under

study interact with all atoms, then N2 interactions are computed. It becomes

very expensive if the system contains millions of atoms. Even if we limit

the interactions to nearby atoms, this will also require the computation of N

interactions. This limits the number of atoms in the system under study.

2.1.3 Ensembles used

The state of a system can be divided into two categories:
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• Thermodynamic state of the system defined by temperature, pressure etc.

• Microscopic state of the system defined by atomic positions and momenta. A

single point in phase space describes the state of the system.

A collection of all possible systems which have different microscopic states but have

an identical macroscopic or thermodynamic state is called an ensemble.

Following are ensembles which are used in MD simulations:

1. Micro-canonical ensemble (NVE): The thermodynamic state of the system is

characterized by fixed number of atoms (N), constant volume (V) and a fixed

energy (E). This will be a totally isolated system.

2. Canonical ensemble (NVT): In this ensemble, the number of atoms (N), volume

(V) and temperature (T) remain constant. The system is in contact with a

heat bath.

3. Isobaric-Isothermal ensemble (NPT): It is characterized by a fixed number of

atoms (N), constant pressure (P) and fixed temperature (T).

4. Grand canonical ensemble (µTV): It is characterized by a fixed chemical po-

tential (µ), fixed volume (V) and constant temperature (T). The number of

particles in the simulation can change and it is in contact with a heat bath.

MD simulations generate information at the microscopic level including atomic posi-

tions and velocities. The conversion of this microscopic information to macroscopic

observables, such as pressure, temperature, energy etc, requires statistical mechan-

ics. The mathematical expressions in statistical mechanics relate the macroscopic

properties of the system to the distribution and motion of the atoms in the system

of N particles. Therefore, statistical mechanics plays a great role in understanding

and in predicting the macroscopic phenomenon from the properties of individual

atoms in the system [38].

2.1.4 Potential used

Daw and Baskes [39,40] proposed a numerical method called embedded atom method

(EAM) to calculate the atomic energetics. The basis of this potential is the quantum

mechanical density functional theory. According to this theory, the ground state
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energy and properties of a system are uniquely determined by the electron density.

In this approach, the energy of a system is computed as the energy obtained by

embedding an atom into local electron density due to remaining atoms of the system.

In addition to this, there is an electrostatic interaction potential. Therefore, the total

energy of a system is given by

E =
∑

i

F i

(

n
∑

j=1,j 6=i

ρj
(

rij
)

)

+
1

2

∑

i 6=j

φij(rij) (2.2)

where F i is the embedding energy of atom i, rij is the distance between atoms i

and j, ρi is the electron density, and φij is the pair potential between atom i and its

neighboring atom j. The electron density ρj is the sum of all the electron densities

of all the atoms j with j 6= i.

In molecular dynamics, this energy is used to determine the force on each atom.

The interaction force between atoms i and j along α direction is given by

f ij
α =

∂E

∂rij
rijα
rij

(2.3)

To calculate the stress in the system under study, the virial formula [41] to

calculate the stress tensor is given by

σαβ = − 1

V

[

∑

i

piαp
i
β

mi
+
∑

i

∑

j>i

rijα f
ij
β

]

(2.4)

where piα is the momentum of the ith atom in the α direction, mi is the mass of the

ith atom, rijα is the distance between the jth and ith atoms along the direction of α,

f ij
β is the force on the jth atom from ith atom in the β direction and V is the volume

of the system.

The first term on the right hand side of Eqn. 2.4 is the kinetic contribution to

the stress and the second term gives the virial potential stress. The stress for an

atomistic system is defined as the volume average of per-atom tensor.

2.1.5 Boundary conditions

Any geometrical or thermodynamical constraint used in the system throughout the

simulation is called boundary condition. There are two type of boundary conditions

(BCs) used in MD simulations [42]:
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1. Hard boundary conditions refer to a constraint on a given instantaneous value

of the observable. This means that these boundary conditions are exactly

satisfied at any time point of the simulation. Examples are

(a) Spatial boundary conditions: To define the shape of the system and na-

ture of its surrounding, these boundary conditions are used. Examples

are free boundary conditions, fixed boundary conditions and periodic

boundary conditions.

(b) Thermodynamic boundary conditions: To define the macroscopic state

of the system, these boundary conditions are used. Examples include

extensive quantities such as number of atoms, energy, enthalpy etc.

(c) Geometrical boundary conditions which include the bond-length con-

straints in the simulation.

2. Soft boundary conditions refer to a constraint on the average value of an

observable. In these boundary conditions, a time scale during which average

observable should match the desired value is also required. Examples are

(a) Thermodynamic boundary conditions involving intensive quantities such

as chemical potential, pressure, temperature etc.

(b) Experimentally derived boundary conditions.

Periodic boundary conditions (PBC):

1. Why PBC ?

The behaviour of finite systems (nanoclusters, molecules etc where there is

large surface to volume ratio) is very different from the macroscopic systems.

The typical number of atoms used in an classical MD simulation is of the

order of 106–109. For such a system, the fraction of surface atoms will be more

significant and the behaviour will be dominated by surface effects. Therefore,

to overcome the problems of finite size effects and surface effects, periodic

boundary conditions are used.

2. Implementation of PBC

In the periodic boundary conditions, a primary box of particles is replicated

in all three directions as image boxes (Figure 2.1) [43]. Note that the chosen
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Figure 2.1: Replication of primary box in all three directions

primary box should be space filling and it should be replicated in all three

directions. Replication is done by translational operations of the primary cell.

In this, if one particle in the box is positioned at r, then this particle will

represent a set of infinite particles located at r + la + mb + nc (l, m, n = -∞,

∞), where l, m, n are the integers and a, b, c are the vectors corresponding to

the edges of the box. At each timestep, atom coordinates are examined and

if an atom crosses the boundary of the box, its coordinates are adjusted to

bring it back inside the box as follows: if Lx is the side length of the box and

rxi is the x-coordinate of the ith atom lying between -Lx/2 and Lx/2, then the

coordinate adjustments done are:

• if rxi ≥ Lx/2, then replace rxi by rxi - Lx

• if rxi < -Lx/2, then replace rxi by rxi + Lx

Similarly the periodic BCs are implemented along Y and Z directions.

2.1.6 Integration schemes:

Many algorithms have been developed to integrate Newton’s equations of motion.

In choosing an algorithm, the following criteria should be used [41]:



Chapter 2: Simulation Technique 13

• It should be fast and require little memory

• It should permit the use of long time step

• It should reproduce the classical trajectory as closely as possible

• It should be time-reversible

• It should satisfy the conservation laws of energy and momentum

• It should be simple in form and easy to program

The discretization of the equations of motion can be obtained by Taylor expansion:

ri(t+∆t) = ri(t) + vi(t)∆t +
1

2
ai(t)∆t2 +

∆t3

6

d3ri(t)

dt3
+O(∆t4)..... (2.5)

vi(t+∆t) = vi(t) + ai(t)∆t +
1

2

d2v

dt2
∆t2 +

∆t3

6

d3vi(t)

dt3
+O(∆t4)..... (2.6)

In the present simulations, we have used velocity Verlet algorithm [41] to integrate

the equations of motion. The advantage of this algorithm is that the positions,

velocities and accelerations of the atoms are computed at the same time t. The

equations in this method are as follows:

ri(t+∆t) = ri(t) + vi(t)∆t +
1

2
ai(t)∆t2 (2.7)

and

vi(t+∆t) = vi(t) +
1

2
[ai(t) + ai(t+∆t)]∆t (2.8)

2.1.7 Thermostat and Barostat

Standard molecular dynamics simulations are performed in the micro-canonical

(NVE) ensemble. The simulations in micro-canonical ensemble does not correspond

to the conditions under which most experiments are performed. To study the be-

haviour of a system under experimental conditions (at a specific temperature), sim-

ulations are performed in canonical (NVT) ensemble. Several methods have been

proposed to control the temperature of the system: (a) Andersen thermostat (ve-

locity scaling) (b) Berendsen thermostat (c) Langevin thermostat (d) Nose-Hoover

thermostat etc. The concept is that the velocities are adjusted by minute amounts
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so that the right spread of Maxwellian is obtained without affecting the general

dynamics.

In our study, we use Nose-Hoover thermostat and therefore we give a brief in-

troduction to Nose-Hoover thermostat [44, 45]. The equations of motion in this

thermostat [46] are

d2ri
dt2

=
Fi

mi
− ξ

dri
dt

dξ

dt
=

1

τ 2
[
∑

i=1,N

(
miv

2

i

fkBT
)− 1] (2.9)

where ξ is the dynamic friction coefficient of the heat bath to which the system is

coupled, f is the total number of degrees of freedom and τ is the relaxation time of

the thermostat which controls the speed with which the thermostat damps down the

fluctuations in the temperature. The value of ξ may be positive or negative, leading

to deceleration or acceleration of the atoms respectively, if their total kinetic energy

is greater, or smaller, than f kBT. A small value of τ results in the large value of the

derivative of ξ and hence leads to the large additional friction force in the motion of

the particles. This means that small value of coupling parameter (τ) refers to the

strong coupling.

To control the pressure in the system, we have used Nose-Hoover barostat [44,45].

The resulting equations of motion for the barostat are

dr

dt
= v(t) + η(t)[r(t)− R0],

dv

dt
=

F

m
− [η(t) + ξ(t)]v(t),

dξ

dt
=

1

τ 2
[
∑

i=1,N

(
miv

2
i

fkBT
)− 1],

dη

dt
=

P − P0

τ 2pNkBT
V (t),

dV

dt
= 3η(t)V (t) (2.10)

where τp is the pressure relaxation time, P0 is the target pressure, R0 is the centre

of mass coordinate and V is the system volume. In this case, Gibbs free energy is

the conserved quantity.
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2.2 Analysis Methods for MD output

For analysing MD output, we have two major post-processing tasks:

1. Structural changes

2. Time-dependent phonon frequencies

For determining structural changes, we have used tools such as void analysis, radial

distribution function, structure factor, centro-symmetry parameter and common

neighbor analysis. For determining phonon frequencies, we have used singular value

decomposition (SVD) analysis.

2.2.1 Post-processor

We have developed a post-processor to compute the void volume and number of

independent voids and void clusters at a desired time. The following steps are

followed for computing the number of independent voids and void clusters:

• Step 1: Divide the simulation domain into small cubic cells of size 1.01 times

the unit cell size. Due to atomic vibrations, the unit cell may transiently

become empty. This is why we use a size of cubic cell which is slightly (∼
1%) greater than the unit cell size. In our study, we have considered one small

cubic cell as a void nucleation size parameter.

• Step 2: Run a loop over atoms to count the filled cubic cells and empty cubic

cells at any time of interest. Note that empty cubic cells are the indications

of the voids.

• Step 3: Run a loop over all empty cubic cells to check whether they have

adjacent empty cells or not. An empty cell which does not have any empty

cell adjacent to it is called independent or stand alone or isolated void. Those

empty cells which have empty cells adjacent to them are called void clusters.

• Step 4: Check whether any empty cell in the void cluster has itself any adjacent

empty cell or not. If it has, then include those adjacent empty cells in the void

cluster. This may make duplicate entries in the void cluster.

• Step 5: Check duplicate entries in the void cluster due to step 4 and remove

them if they occur.
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• Step 6: Check again whether any empty cell in the void cluster has adjacent

empty cell or not. If yes, follow step 4 and step 5.

• Step 7: Check whether all the void clusters are finished. If yes, print indepen-

dent voids and void clusters, otherwise go to step 4.

These steps are summarized in the flowchart shown in Figure 2.2. To get a better

understanding of the post-processor, a graphical representation of void identification

in the simulation domain is shown in Figure 2.3. The computation of independent

voids and void clusters occurring in Figure 2.3 is depicted in Figure 2.4.

Count empty cubic cells

Empty cubic cells have adjacent empty cells ?

No

Yes No

Are duplicate entries in the void cluster ?

Yes No

Remove the duplicate entries

NoYes

Are all void clusters finished ?

Store as independent voids

Print independent voids and void clusters and go to next time point

No Yes

Yes, store as void clusters

Empty cell in void cluster has adjacent empty cell ?

Move adjacent empty cells of an empty cell to void cluster 

Divide the simulation domain into small cubic cells of size 1.01 times unit cell size

Any empty cell in void cluster has adjacent empty cell ?

Figure 2.2: Flowchart for the post-processor used to compute independent voids and
void clusters.

As the distension in the material increases, the void size also increases. This

increase in void size includes the distension caused by the application of tension

every few time steps and also the actual growth of the void. Therefore, we remove
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(a)

(b)

(c)

Figure 2.3: Graphical representation of void identification in the simulation domain. (a)
Simulation domain at any time t (b) Creating small cubic cells in the domain at time t (c)
Identifying the empty cells in the simulation domain at time t. Cells shown in black color
denote empty cells in the simulation domain.
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        689
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        62

        59

        58

        38

        37

        33

        12
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3

2

1 

                        cells

Index  Count  Empty cells

1          0         12

2          0         33
3          2         37 38 37

4          6         58 59 58 68 67 58 68

 5          0         62

6          2         68 59 67             

7          0         0
8          0         0

9          0         0  

  Index  Count   Empty

1         0        12

Figure 2.4: Computation of independent voids and void clusters in the simulations do-
main. There are three independent voids and two void clusters in the domain as shown in
Figure 2.3.

this distension effect to obtain the void volume due to the actual growth of the void.

At each time, the post-processor counts the empty cells in the simulation domain

and by multiplying these empty cells with the initial size of the mesh, the total void

volume is obtained. To get the void volume fraction at a particular time, the total

void volume at that time is divided by the initial volume of the domain, not by the

extended volume of the domain which is changing instantaneously due to expansion.

2.2.2 Radial distribution function (RDF)

RDF is the probability of finding a particle within a distance r from another particle.

It is a very useful tool to describe how, on average, atoms in the system are radially

packed around each other and gives information about whether or not the system has

long-range crystalline order. If ∆r is the thickness of the spherical shell (Figure 2.5)

at a distance r from an atom under consideration, then the volume of the shell is

given by

V =
4π

3
(r +∆r)3 − 4π

3
r3 ≈ 4πr2∆r (2.11)
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Figure 2.5: Computation of radial distribution function by making radial bins in the
system.
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Figure 2.6: Typical radial distribution function as a function of inter-atomic separation
for (a) gas (b) liquid and (d) solid.

To compute RDF for an atom, a series of concentric spheres are drawn around it at a

fixed interval of distance ∆ r, as shown in Figure 2.5. At desired time intervals, the

number of atoms in each shell is counted and stored. At the end of the simulation,

the average number of atoms in each shell is calculated and divided by the volume

of each cell and the average density of atoms in the system, i.e.

g(r) = n(r)/ρ4πr2∆r (2.12)

where g(r) is the radial distribution function, n(r) is the average number of atoms

in a shell of width ∆r at a distance r and ρ is the average atom density.

A typical RDF as a function of inter-atomic separation for gas, liquid and solid

[47] is shown in Figure 2.6.
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• At small values of r, the RDF is zero. This is due to strong repulsive forces as

atoms approach too close to each other.

• Occurrence of peaks at long range (large separations) indicates a high degree

of ordering.

• At high temperatures, thermal motion results in broad peaks, while at low

temperatures, the peaks are sharp.

• In crystalline materials where atoms are strongly confined in their positions,

RDF shows sharp peaks.

2.2.3 Structure factor

Experimentally, one can get the structure factor by x-ray diffraction that can be

used to identify the structure. For allowed reflections, the structure factor will be

non-zero and for forbidden reflections, it will be zero. Using the reciprocal lattice

vector corresponding to FCC, BCC and HCP, we can calculate the structure factor,

S(k), for FCC, BCC and HCP as follows:

S(k) =

√

[
∑

i cos(k.ri)]
2 + [

∑

i sin(k.ri)]
2

N
(2.13)

where k is the reciprocal lattice vector, ri is the position vector of the ith atom and

N is the total number of atoms in the system.

The reciprocal lattice vector (k) is given by

k = n1k1 + n2k2 + n3k3 (2.14)

where n1, n2 and n3 are integers and k1, k2 and k3 are the primitive translation

vectors of the reciprocal lattice.

The primitive translation vectors for reciprocal lattice of FCC lattice are given

by

k1 =
2π

a
(̂i+ ĵ− k̂),k2 =

2π

a
(−̂i+ ĵ + k̂),k3 =

2π

a
(̂i− ĵ+ k̂) (2.15)

The primitive translation vectors for reciprocal lattice of BCC lattice are given

by

k1 =
2π

a
(̂i+ ĵ),k2 =

2π

a
(̂j + k̂),k3 =

2π

a
(k̂ + î) (2.16)



Chapter 2: Simulation Technique 21

The primitive translation vectors for reciprocal lattice of HCP lattice are given

by

k1 =
2π

a
(
î√
3
+ ĵ),k2 =

2π

a
(− î√

3
+ ĵ),k3 =

2π

c
(k̂) (2.17)

where î, ĵ and k̂ are unit vectors along the x-, y- and z- directions.

Position vector (ri) of the ith atom is given by

ri = xia1 + yia2 + zia3 (2.18)

where a1, a2 and a3 are the primitive translation vectors of the direct lattice. Using

Eqn. 2.14 and Eqn. 2.18, Eqn. 2.13 becomes

S(k) =

√

[
∑

i cos 2π(n1xi + n2yi + n3zi)]2 + [
∑

i sin 2π(n1xi + n2yi + n3zi)]2

N
(2.19)

For allowed reflections, the rules for FCC, BCC and HCP crystals are as follows:

• FCC: all odd or all even values of n1, n2 and n3

• BCC: all even values of (n1 + n2 + n3)

• HCP:

– (n1 + 2n2) = 3m and n3 = even

– (n1 + 2n2) = 3m ± 1 and n3 = odd

– (n1 + 2n2) = 3m ± 1 and n3 = even

Choice of n1, n2 and n3 to perform structure factor calculations:

Ideally for all allowed sets of (n1n2n3) for a given crystal structure, the structure

factor should be equal. But due to thermal fluctuations, the structure factor will

not be equal for all allowed sets of (n1n2n3). To study the effect of temperature on

the structure factor for different allowed sets of (n1n2n3) for FCC crystal structure

(single crystal copper), we have performed NPT MD for a system of 5×5×5 unit

cells at different temperatures and 0 bar pressure. The thermal contribution to the

structure factor for different allowed sets of (n1n2n3) is shown in figure 2.7.

It is seen in figure 2.7 that the thermal contribution to the structure factor for

single crystal copper increases with (n2
1 + n2

2 + n2
3) at a constant temperature. It
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Figure 2.7: Thermal contribution to the structure factor for different allowed sets of
(n1n2n3) for single crystal copper. The simulation domain contains 500 atoms corre-
sponding to 5×5×5 unit cells.

is also seen in figure 2.7 that the thermal contribution to the structure factor at a

constant temperature is minimum for the smallest allowed value of the (n2
1 + n2

2 +

n2
3).

Also an expression for the thermal contribution to the structure factor is given

by

Sth =
√

exp(−2W ) (2.20)

where W is called the thermal factor and is given by [48]

W =
8π2ū2

3

sin2(θ)

λ2
=

8π2ū2

3
[
n2
1 + n2

2 + n2
3

4a2
] (2.21)

where ū2 is the mean square displacement of the atoms, λ is the wavelength of the

X-rays/neutrons and θ is the angle. It is seen in Eqn. 2.21 that as temperature

increases, the mean square displacement will increase leading to large thermal con-

tribution to the structure factor with an increase in the value of (n2
1 + n2

2 + n2
3).

Therefore, to perform the structure factor calculations for FCC, BCC and HCP

systems at a given temperature, the smallest allowed value of (n2
1 + n2

2 + n2
3) should

be used.

In this thesis, the structure factor calculations for FCC, BCC and HCP sys-

tems have been performed with (11̄1) value of (n1n2n3) for FCC and (110) value of

(n1n2n3) for BCC and HCP systems.
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Figure 2.8: Opposite pairs (same color) in FCC structure for central (brown color) atom.
There are six opposite pairs for central atom in FCC structure. Figure is adapted from [2].

2.2.4 Centro-Symmetry Parameter (CSP)

To distinguish between a perfect lattice and one having different types of defects

due to triaxial deformation at high strain rates, the CSP calculation [49] can be

used. It is known that centro-symmetric crystals (such as FCC and BCC) remain

centro-symmetric under a uniform elastic deformation. This fact is used to compute

centro-symmetric parameter for an atom. Each atom has pairs of equal and opposite

bonds with its nearest neighbours. During deformation there will be change in the

direction and/or length of the bonds, but they will remain equal and opposite within

the same pair. When a defect is close to an atom under consideration, centro-

symmetry will no longer hold and changes in the length and direction of the bonds

will contribute to the CSP. The CSP for an atom in the material is calculated as

follows [49]:

CSP =
∑

i=1,N/2

|Ri +Ri+N/2|2 (2.22)

where Ri and Ri+N/2 are the vectors which correspond to N/2 pairs (e.g. 6 pairs

in Figure 2.8 for FCC crystal) of opposite neighbours in the material and N is the

coordination number of the atom under consideration.

Zhao has defined limits on CSP [50] for single crystal copper, to distinguish

between a perfect lattice and different kinds of defects:
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• Perfect lattice: CSP < 0.5

• Partial dislocations: 0.5 < CSP < 3.0

• Stacking faults: 3.0 < CSP < 16.0

• Surface atoms: CSP > 16.0

This analysis allows detection of stacking faults in contrast to the energy method in

which it becomes difficult to observe stacking faults in the system.

2.2.5 Common neighbor analysis

Common neighbor analysis [2,51] has been used by various workers [52] to determine

the local crystal structure around an atom. In this method, the calculation of

number of nearest neighbours is used to distinguish between different structural

characteristics. The bonds between an atom and its nearest neighbours are examined

to determine whether the crystal structure is BCC, FCC, HCP, icosahedral or other

(i.e. atoms which do not belong to FCC, BCC, HCP and icosahedral environments).

In this method, three indices ”lmn” are assigned to each pair of nearest neighbor

where ”l” refers to the number of common neighbours, ”m” refers to the number of

bonds between common neighbours and ”n” refers to the longest chain formed by

the bonds of the common neighbours. The local structure around an atom depends

on the types of indices assigned for nearest neighbours. The local structure defined

by CNA method for an FCC atom is shown in Figure 2.9.

It is seen in Figure 2.9 that there are 4 common neighbours (k) of a pair of atoms

(i and j). There are two bonds between the common neighbours and the longest chain

formed by bonds of the common neighbours is 1. Therefore, the indices assigned for

each atom of the pair will be 421. All nearest neighbours of an atom belonging to

FCC structure have 421 indices.

The type of indices for FCC, HCP, BCC and Icosahedral structures [2, 53] are

shown in Table 2.1.
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Figure 2.9: Local structure defined by CNA method for FCC structure. Here brown (i)
and yellow (j) atoms are nearest neighbours which have 4 light-blue common neighbours
(k). The common neighbours have two bonds and the longest chain of the bonds between
the common neighbor is 1. Figure is adapted from [2].

Structure Indices Number of pairs

FCC 421 6

HCP 421 3

422 3

BCC 444 3

666 4

Icosahedral 555 6

Table 2.1: Indices used to determine local structure around an atom.

In the CNA calculation, the results can be sensitive to the specified cut-off value.

Therefore, an appropriate cut-off distance should be chosen for a given crystal struc-

ture. To get an appropriate cut-off distance, the following formulas can be used for
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CNA computation:

rfccc =
1

2
(

√
2

2
+ 1)a ≃ 0.8536a

rbccc =
1

2
(
√
2 + 1)a ≃ 1.207a

rhcpc =
1

2
(1 +

√
4 + 2x2

3
+ 1)a

For CNA analysis, values used to identify the crystal structure in LAMMPS code are

shown in Table 2.2. Note that CNA analysis is appropriate only for mono-component

CNA value Crystal structure

1 FCC

2 HCP

3 BCC

4 Icosahedral

5 Unknown

Table 2.2: CNA values to identify local crystal structure around an atom

systems.

2.2.6 Singular Value Decomposition (SVD) Analysis

Details of the singular value decomposition analysis are described in [54]. A brief

description of the method is presented here. In this technique, a matrix Am×n is

decomposed into three new matrices:

Am×n = Um×m Sm×n V T
n×n (2.23)

where UUT = I, VVT = I (i.e., U and V are orthogonal matrices); the columns of

U are the orthogonal eigen vectors of AAT , the columns of V are the orthogonal

eigen vectors of ATA and S is a diagonal matrix containing the square roots of eigen

values from U or V in descending order.
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Application to MD output

Matrix AMN generated from MD output is given as follows:

AMN =

























A11 A12 A13 · · · A1N

A21 A22 A23 · · · A2N

A31 A32 A33 · · · A3N

· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·
AM1 AM2 AM3 · · · AMN

























(2.24)

where M is the number of time steps for which atomic positions are output and N

= d Natoms, where Natoms is the number of atoms used in the MD simulation and d

is the dimension of the system. Therefore, we can write

A11 = x11, A12 = y11, A13 = z11;A14 = x12, A15 = y12, A16 = z12, ........

Rewriting the above matrix (Eqn. 2.24) as follows:

AMN =

























x11 y11 z11 x12 y12 z12 · · · x1N y1N z1N

x21 y21 z21 x22 y22 z22 · · · x2N y2N z2N

x31 y31 z31 x32 y32 z32 · · · x3N y3N z3N

· · · · · · · · · · · ·
· · · · · · · · · · · ·

xM1 yM1 zM1 xM2 yM2 zM2 · · · xMN yMN zMN

























(2.25)

here x, y and z are the atomic positions.

Decomposition of this matrix using SVD gives information on temporal variations

of atoms (U), information on spatial correlations amongst the atoms (V) and the

amplitude (S) of the modes excited in the system. As discussed above, the singular

values (S values) which are the representative of the amplitude of modes are arranged

in descending order which means that even fairly weak modes excited in the system

can be identified. For each mode, the V-vector gives information about spatial

distortions produced by the mode, while U gives the time series. FFT of the U-

vector gives the dominant frequencies associated with that mode.
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2.3 Visualization Tools

For the visualization of MD results, various open source visualization tools are avail-

able which are very useful for understanding and interpreting the results. Some

of the widely used visualization tools are Visual Molecular Dynamics (VMD) [3],

Atomeye [4], Ovito [55] etc.



Chapter 3

Application of a macroscopic void

nucleation and growth model at

the atomistic scales for perfect

crystal copper

3.1 Introduction

As mentioned in Chapter 1, hydrodynamic simulations divide the domain of interest

into computational cells and require the following:

1. An equation of state.

2. A model to predict the strength of the material during high strain-rate defor-

mation, i.e., the variation of yield strength and shear modulus of the material

with temperature, pressure, plastic strain, etc. [25, 26] and [27–31].

3. A dynamic fracture model, e.g., void nucleation and growth model, where

fracture properties depend upon the temperature and pressure values in the

cell [17].

For a given cell in the hydrodynamic simulations, the temperature and pressure are

taken to be constant during each hydrodynamic timestep.

This chapter focuses upon the third item, i.e., a dynamic fracture model.

29
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Existing macroscopic fracture models at high strain rates, such as the Nucleation

and Growth (NAG) [5] and Void Growth (VG) [56] models, involve several param-

eters, best-fit values of which are required for different materials. These best-fit

parameters are available in the literature only for a few materials. If some of these

parameters can be determined from first principles, the others can be determined by

comparison with experiments, e.g., spall produced by plate impact [6]. One way of

getting first principles data is to use ”Classical Molecular Dynamics” using known

potentials, e.g., the EAM potential for metals.

Due to limitations on computing power, Molecular Dynamics (MD) simulations

are restricted in terms of small sample size, short time scales and high loading

rates. Hence MD simulations cannot directly replace hydrodynamic simulations.

What these simulations can do is to provide the best-fit values of parameters in the

NAG model at high strain rates. These best-fit NAG parameters can be used in

hydrodynamic simulations to simulate fracture at the macro-scale.

In this chapter, we report on MD simulations to check the validity of the NAG

model at high strain rates for perfect crystal copper at atomistic scales. We also

attempt to determine best-fit values of NAG parameters.

3.2 Nucleation and Growth (NAG) Model

The Nucleation and Growth model (also known as DFRACT model) developed

at Stanford Research Institute [5] is a micro-physical, semi-empirical model which

describes the fracture processes that occur as a nucleation and growth of voids in

ductile materials. The model was developed to represent the nucleation and growth

rate processes in polycrystalline materials at (104 - 106/s) strain rates and tensile

durations of 10−6 to 10−8 s. The nucleation and growth rates of the voids in the

model are found to be independent of loading sources and describe the damage

resulting from impact, explosion and radiation deposition [1].

This model was proposed on the basis of the damage observations in the cross

sections of the target materials impacted using the gas gun experiments. The number

of voids was counted and void size distributions were obtained at different locations

of the target material. The number of voids was found to be increased as a function

of the stress intensity (which depends on the impact velocities) and stress duration

(which depends on specimen thicknesses). This model can predict many aspects of
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the spall fracture: modification of stress or free surface velocity (particle velocity

histories) by the development of damage and location, number and size of voids

throughout the material [1]. In this approach

• characteristic dimensions of the damage were from 1 µm to about 100 µm

• the damage was considered statistically, i.e. the voids are counted to get the

void size distributions and the NAG model was proposed on the basis of these

void size distributions, not on the basis of individual voids.

The nucleation rate of the voids is determined from the void densities obtained by

performing a set of experiments at different stress intensities and stress durations.

The growth rate of the voids is determined by comparing the void size distributions

with the stress histories at the same x-locations in the target material at different

stress durations. The void growth rate in the NAG model is consistent with the

growth equation derived by Poritsky [57] for expansion of a void under tension in a

viscous fluid.

The shortcoming of the NAG model is that it involves many parameters which

lead to difficulties in getting the best-fit values.

3.2.1 Why SRI-NAG model?

Apart from the SRI NAG model, several other models are also available for high

strain rate fracture in the literature [56, 58]. The SRI model describes not only the

evolution of void volume fraction (damage) but also the void concentration as a

function of distance (or time). All other NAG models, on the other hand, describe

only the evolution of void volume fraction. Now, information regarding the size and

number of voids allows for a closer comparison with experiment. That is why the

SRI-NAG model was chosen for this study.

3.2.2 Nucleation

When the tensile pressure Ps in the solid material exceeds the nucleation threshold

Pn0 of the material, new voids are created. The rate of nucleation is given by

Ṅ = Ṅ0 exp

[

Ps − Pn0

P1

]

, Ps > Pn0 (3.1)
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Ṅ = 0, Ps ≤ Pn0 (3.2)

where Ṅ0 is the threshold nucleation rate and P1 is the pressure sensitivity for

nucleation. Both Ṅ0 and P1 are material constants. Note that Ps is the tensile

pressure and not the average pressure in the system.

The volume of the voids nucleated in a time interval, ∆t, is given by

∆Vn = 8πṄ∆tR3
n (3.3)

where Rn is a material parameter known as nucleation size parameter.

3.2.3 Growth

The existing voids grow if the tensile pressure in the material exceeds the threshold

for void growth Pg0. The void volume at the end of a timestep is given by

Vg = Vv0 exp

[

3

4

Ps − Pg0

η
∆t

]

(3.4)

where Vv0 is the void volume at the beginning of the time interval and η is the

material viscosity.

The total void volume at the end of the timestep, taking into account both

nucleation and growth, is thus given by

Vv = Vv0 exp

[

3

4

Ps − Pg0

η
∆t

]

+∆Vn (3.5)

3.3 Why Triaxial expansion for MD simulations?

In high velocity impact experiments, the interaction of release waves from projectile

and target free surfaces leads to a triaxial state of stress following a uniaxial state of

strain. This triaxial state of stress results in the nucleation, growth and coalescence

of voids [7, 8].

To check whether there is a transition from uniaxial state of strain to triaxial

state of stress during the interaction of release waves, we have performed an MD

simulation of the impact of copper plates at an impact velocity of 1.5 km/s. We

see in Figure 3.1 that the normal stress components (σxx, σyy and σzz) overlap each

other after the interaction of release waves from the flyer and target free surfaces.
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Figure 3.1: Transition from uniaxial state of strain to triaxial state of stress for the
impact of copper plates at 1.5 km/s impact velocity. Results from MD simulations.

We can, therefore, say that it is hydrodynamic tensile pressure which results in the

nucleation, growth and coalescence of voids.

Because of the connection of triaxial expansion with shock-induced dynamic

fracture of materials, we have performed triaxial expansion of the material to study

the nucleation, growth and coalescence of the voids in single crystal copper.

3.4 Why Copper?

We want to generate best-fit NAG parameters for materials of interest. In the

present study, we have chosen copper as a test material, for the following reasons:

• Availability of experimental data: Data from a number of spall experiments

on single crystal copper have been published by several workers. The results

of these experiments vary with the presence of defect density and purity of the

crystal along with other factors such as strain-rate, temperature, etc. Hence

there is sufficient experimental data for comparison with MD results.

• Previous MD simulations on crystal copper: Many workers have performed

molecular dynamics simulations on single crystal copper to study the fracture
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at high strain-rate. Those studies have pointed out grey areas for further work.

3.5 Computational Technique for Triaxial Defor-

mation

3.5.1 Initial Set up

We have triaxially expanded single crystal copper in the manner done by Belak

et al [13]. The simulations have been done using the molecular dynamics code,

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [59] for

this study. A typical computation domain contains 4×106 atoms corresponding

to 100×100×100 unit cells. The number of atoms is chosen such that any further

increase does not change the results, as explained in detail in Section 3.5.3.

The Embedded-Atom Method (EAM) [39, 40] potential parameters obtained by

Foiles et al [60] have been used for this study. To integrate the equations of mo-

tion, we have used velocity Verlet algorithm with a timestep of 1 femto-second (fs).

We have found that the results do not change for timesteps ≤ 1 fs, as shown in

Section 3.5.4. The computational domain is replicated in all three directions using

periodic boundary conditions. Atomic velocities are initialized using a Gaussian

distribution with 300 K temperature. Before starting the actual simulation, NPT

relaxation is performed at 0 bar and 300 K to relax the system. Nose-Hoover ther-

mostat and barostat [44,45] have been used to control the temperature and pressure

of the system.

After the pressure and temperature thermalize, we have turned off the barostat

and a strain rate of 5×109/s has been applied to expand the system triaxially at

constant temperature. This is done by rescaling the atomic positions within the

simulation domain, which is extended in all three directions as follows:

L(t) = L(0)(1 + ǫ̇× t) (3.6)

where L(t) is the instantaneous length of one side of the system, L(0) is the original

length of one side of the system, ǫ̇ is the engineering strain rate and t is the elapsed

time. The rescaling is carried out every 0.1 ps (100 timesteps) because rescaling

after every time step would hinder the dynamics of atoms. By deforming a box

of length L(0) as explained in Eqn. 3.6, the inter-atomic distance changes by dL
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(e.g., L(0) = 361.0 Å and dL = 0.0018 Å) and would allow the atoms a couple of

oscillations to equilibrate to the new pressure conditions.

3.5.2 Calculation of tensile pressure (Ps) from the average

pressure (P)

The formula for computing the total pressure of the system (P) in LAMMPS is given

by

P =
NkBT

V
+

∑N
i ri · fi
d V

(3.7)

where N is the number of atoms in the domain, kB is the Boltzmann constant, T is

the temperature, d is the dimensionality of the system, V is the system volume, ri

is the position vector of ith atom and fi is the force on ith atom. The first term in

this equation is the kinetic contribution to the pressure and the second term gives

the virial contribution.

MD simulations yield the average pressure. Once voids appear in the system,

the true (tensile) pressure in the solid can be calculated as follows [17]

P = Ps (1− Vvf ) (3.8)

where Vvf is the void volume fraction in the domain. Details of this calculation have

been given in Chapter 2.2.1.

We are simulating a perfect single crystal in which no defect is present. This

means that there are no pre-existing voids, unlike polycrystalline materials which

have some empty space between grain boundaries. Therefore, until void nucleation

occurs, the average pressure in the system is the same as the tensile. Once nucleation

and growth start, the tensile pressure is higher than the average pressure. For a

typical problem, the average and tensile pressures as functions of time are shown in

Figure 3.2.

3.5.3 Domain size effect

In order to study the domain size effect, we have performed a series of simulations

by varying the number of atoms from 105 to 107. Figure 3.3 shows the temporal

evolution of void volume fraction at a strain rate of 5×109/s. It can be seen in

Figure 3.3 that for simulation domains containing N = 2,916,000 atoms (90×90×90
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Figure 3.2: Comparison of average pressure (P) and tensile pressure (Ps) for single crystal
copper expanded triaxially at high strain rate (5×109/s) at T=300 K. The simulation is
done using N = 4×106 atoms.

unit cells), N = 4,000,000 atoms (100×100×100 unit cells), and N = 10,976,000

atoms (140×140×140 unit cells), the void volume fraction seems to be converged.

This signifies that our results will not change for simulation domains with N >

2,916,000. Therefore, we have simulated isotropic triaxial tension in single crystal

copper using N = 4,000,000 atoms to determine optimized NAG parameters.

3.5.4 Timestep optimization

We have performed several exercises to study the choice of timestep which has to be

used in the simulation. The simulation domain for this study is taken as N = 4×106.

Single crystal copper is triaxially deformed at 5×109/s strain rate with timesteps:

0.25 fs, 0.5 fs, 1.0 fs, 3.5 fs, and 9.5 fs. The resulting data is post-processed. A

comparison of void volume fraction as a function of time for various timesteps (0.25

fs, 0.5 fs, 1.0 fs, 3.5 fs and 9.5 fs) is shown in Figure 3.4. It is seen that for timesteps

0.25 fs, 0.5 fs, and 1.0 fs, the void volume curves are almost identical. Therefore,

1.0 fs is chosen as the optimal timestep for subsequent simulations.
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Figure 3.3: Void volume fraction as a function of time for domains of different sizes.
Note that for N > 2916000, the void volume fraction does not change.

3.5.5 Effect of EAM parameters on results

Belak [13] performed molecular dynamics simulations for a domain of 32×32×32

unit cells corresponding to 131,072 atoms. That study used the EAM potential

parameters obtained by Oh and Johnson [61] and simulated isotropic tension in

single crystal copper with a 5.0 fs timestep. Therefore, to see the effect of various

EAM potential parameters on the results, we have performed an exercise with the

same domain (32×32×32 unit cells) and timestep (5.0 fs) as taken by Belak. We

have used potential parameters obtained by Foiles et al [60], Adams et al [62], Zhou

et al [63], and Mishin et al [64].

The pressure-time history for all four EAM parameters is shown in Figure 3.5.

The pressure-time curves are almost the same in all cases upto the turn-around

point, except with Zhou’s parameters. We have not explored why Zhou’s potential

parameters yield such different results. Broadly speaking, it appears that changes

in the EAM potential affect the results only to a limited extent.
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Figure 3.4: Void volume fraction as a function of time for a single crystal copper deformed
triaxially at 5×109/s strain rate with timesteps: 0.25 fs, 0.5 fs, 1.0 fs, 3.5 fs, and 9.5 fs. N
= 4×106.

3.6 Results and Discussion for Triaxial Deforma-

tion

3.6.1 Pressure-time profile

The resulting internal pressure (P = -1/3(σxx+σyy+σzz)) as a function of time during

triaxial deformation of single crystal copper at 300 K, with N = 4×106, for a strain

rate of 5×109/s, is shown in Figure 3.6. As we can see in Figure 3.6, the magnitude

of pressure increases continuously upto 168 kbar, after which it turns around and

decreases with further expansion. The turn-around of pressure is the result of stress

relaxation due to nucleation and growth of voids. Note that nucleation of more than

one void takes place in our simulated volume (Figure 3.7).

It is noteworthy that the turn-around of pressure in Figure 3.6 is taking place at

168 kbar, close to the value determined by Seppala et al [8] in their study of triaxial

expansion of single crystal copper at 109/s strain rate.

The pressure-time profile (Figure 3.6) can be divided into three regions:

1. Void nucleation region (region AB in Figure 3.6): This region corresponds
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Figure 3.5: Pressure-time history for single crystal copper deformed triaxially at 5×109/s
strain rate with various EAM potential parameters.

to the nucleation of voids. In this region, void volume generation due to the

nucleation of voids dominates that due to growth of voids. The tensile pressure

in this region is always higher than the threshold pressure for void nucleation.

2. Growth region (region BC in Figure 3.6): This region corresponds to growth

of voids. Void volume generation due to growth of voids dominates that due

to nucleation. The tensile pressure in this region is higher than the nucleation

threshold for a few ps, following which void nucleation stops and only growth

takes place. The threshold for void growth in this region is always lower than

the tensile pressure in the system, leading to continuous growth of the voids.

3. Coalescence region (region beyond C in Figure 3.6): This region corresponds

to coalescence of voids. In this region, the void volume due to coalescence of

the voids dominates over growth of voids.

Some snapshots of void distribution in the domain created using [3], showing nucle-

ation, growth and coalescence at different times, are given in Figure 3.7.
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Figure 3.6: Internal pressure as a function of time for single crystal copper deformed
triaxially at 5×109/s strain rate; N = 4×106. The region AB is the nucleation region,
region BC is the growth region and the region beyond C is the coalescence region

3.6.2 Independent voids and void clusters

By independent voids, we refer to stand-alone voids which do not have any adja-

cent voids. Void clusters consist of more than one adjoining voids, as illustrated

in Figure 3.8(a). Many independent voids and void clusters are created under the

triaxial deformation of single crystal copper at 5×109/s strain rate. Uniform triaxial

expansion of the crystal leads first to the nucleation of independent voids. These

voids grow in time and eventually coalesce. Hence we expect the number of indi-

vidual voids to initially grow, reach a maximum, and then start decreasing. The

same holds for the number of void clusters. These trends can indeed be seen from

Figure 3.8(b).

3.6.3 Nucleation and Growth (NAG) parameters

For a given (assumed) set of NAG parameters, the pressure-time profile yielded by

MD simulations, and corrected to get the tensile pressure, can be used to determine

the number of nuclei and the total void volume due to nucleation and growth as a

function of time. It should be noted that in a pure single crystal, there is no pre-
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(a) (b)

(c) (d)

(e) (f)

Figure 3.7: Snapshots (created using VMD [3]) of void distribution for single crystal
copper triaxially deformed at 5×109/s strain rate with 300 K. (a) 17.7 ps, (b) 18.5 ps (c)
18.7 ps (d) 18.9 ps (e) 19.3 ps (f) 21.9 ps. This image is shown at one x-y cross-section
through the domain.
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Figure 3.8: (a) Illustration of independent voids and void clusters. (b) Temporal evo-
lution of the number of independent voids and void clusters for single crystal copper
uniformly expanded at 5×109/s strain rate at 300 K.

existing void. The total void volume obtained from NAG model (Eqn. 3.5) is then

compared with the post-processed MD output. An overall minimization procedure

is then used to determine best-fit NAG parameters (Pn0, P1, Ṅ0, Pg0, and η). Note

that we have not used Eqn. 3.3 for the void volume (∆Vn) nucleated in ∆t time

interval. In our results, we have used Ṅ∆tR3
n for the void volume (∆Vn) nucleated

in ∆t time interval.

The relative error (φ) at any time point is defined as

φ = 1− Vpp

VNAG

(3.9)

where Vpp is the total void volume obtained by the post-processor (Chapter 2.2.1)

and VNAG is the total void volume obtained by NAG model.

The square root of average squared relative error (Σ) is defined as

Σ =

√

∑M
i=1 φ

2

M
(3.10)

where M is the total number of data points.

The best-fit NAG parameters for single crystal copper deformed at 5×109/s

strain rate with 300 K are shown in Table 3.1. Also shown for comparison are the

values for polycrystalline OFHC copper.



Chapter 3: Application of a macroscopic void nucleation and growth model

for polycrystallites at the atomistic scales for perfect crystal copper 43

NAG parameters Single crystal copper OFHC copper [5]

Pn0 (kbar) -160.4 -5.0

P1 (kbar) -0.167 -2.0

Ṅ0 ( m−3/s) 7.1×1018 2.8×1018

Pg0 (kbar) -21.2 -5.0

η (bar-sec) -3.4×10−8 -7.5×10−5

Table 3.1: Comparison of best-fit NAG parameters obtained for single crystal copper
with the experimental values for polycrystalline copper [5]. Σ = 0.19; N = 4×106.

From Table 3.1, it can be seen that

• The threshold for void nucleation (Pn0) is much higher for single crystal copper

than that for polycrystalline copper. This is reasonable, because in polycrys-

talline copper, there are weak points, e.g., grain junctions, which can lead to

void nucleation at lower tensile pressures [13]. This difference in nucleation

thresholds may also be the result of differences in the strain rates used in

experiments and MD simulations. Our void nucleation threshold (160 kbar

at 300 K) is very close to the spall strength (156 kbar) measured by Moshe

et al [65] under laser shock experiments on copper foils with thickness in the

range (1 - 10) µm and strain rate in the range (1.5 - 4.5)×108/s. Moshe et al

used polycrystalline copper for their study. However, with a thickness of only

a few microns, it is possible that in the axial direction, it could still be a single

crystal, although that is not certain.

Many workers [6,66–70] have performed experiments on single crystal copper.

The spall strength measured by Tonks et al [66] for<100> single crystal copper

is 73.0 kbar at 9.8×106/s strain rate. The spall strength measured by Kanel

et al [6,67,68] for single crystal copper is in the range of (33 - 45) kbar for an

impact velocity of (660±20) m/s. McQueen et al [70] performed experiments

on single crystal copper for the shock pressure in the range of (300 - 600)

kbar and found that the spall strength of single crystal copper is in the range

of (50 - 150) kbar. Razorenov et al [69] in their spall experiments on single

crystal copper in the range of impact velocities (600 - 700) m/s found that the

spall strength of single crystal copper is 53 kbar at 300 K temperature. The

experimentally measured spall strength of single crystal copper is summarized



Chapter 3: Application of a macroscopic void nucleation and growth model

for polycrystallites at the atomistic scales for perfect crystal copper 44

in Table 3.2.

Spall strength References

(kbar)

33.0-45.0 [6, 67, 68]

54.0 [69]

73.0 [66]

50.0-150.0 [70]

Table 3.2: Experimentally measured spall strength of single crystal copper

The difference between these experiments and simulations could be due to two

reasons:

– Single crystals used in experiments have defects and impurities

– Strain rates in the experiments are different as compared to the simula-

tions.

The important effect of pre-existing defects on fracture thresholds is examined

later in this thesis.

• The value of the pressure sensitivity parameter for nucleation (P1) is lower for

single crystals, which means that the nucleation rate in single crystals is much

more sensitive to pressure than that for polycrystalline material, i.e. void

nucleation in single crystal copper takes place very rapidly once the tensile

pressure exceeds the nucleation threshold. Now, there are no preferred sites

for nucleation in a perfect crystal. Hence, if inter-atomic ‘bonds’ are stretched

far enough to cause one bond to fail, the other bonds would also be on the

verge of failure. Hence the low value of P1 is intuitively correct.

• The material viscosity of single crystal is very low compared to polycrystalline

material. This signifies that growth of the nucleated voids takes place very

rapidly once the nucleation threshold is crossed.

• The nucleation threshold (Pn0) is very high compared to the growth threshold

(Pg0) for single crystal copper, while thresholds for nucleation and growth

for polycrystalline copper [5] are the same. For aluminum [5], the nucleation



Chapter 3: Application of a macroscopic void nucleation and growth model

for polycrystallites at the atomistic scales for perfect crystal copper 45

threshold is lower than the growth threshold, while in case of mild steel [17] the

nucleation threshold is 5 times higher than the growth threshold. Therefore,

it is not necessary that the nucleation threshold should be equal to the growth

threshold.

As far as P1 and Ṅ0 are concerned, multiple combinations of these parameters

could yield a similar level of match between NAG and MD results. Hence it will not

be appropriate to read physical meaning into the variations in Ṅ0 and P1.

A comparison of void volume fraction, VNAG, obtained by NAG model using the

above best-fit parameters (Table 3.1) and that by post-processor (Chapter 2.2.1),

VPP , is shown in Figure 3.9. It can be seen in Figure 3.9 that there is qualitative
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Figure 3.9: Comparison of void volume fraction obtained by NAG model and that ob-
tained using the post-processor (Chapter 2.2.1) for single crystal copper expanded triaxi-
ally at 5×109/s strain rate with 300 K.

match of nucleating, exponentially growing and leveling off. This signifies that the

NAG model is valid at atomistic scale for crystals at high strain rates. The relative

error at each data point is shown in Figure 3.10. The root mean square value of

relative error (Eqn. 3.10) is 19%.

To determine the uncertainties in the best-fit NAG parameters, we have per-

formed some exercises by varying one parameter at a time, keeping the others the

same at their optimal values. For example, the value of void nucleation threshold
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Figure 3.10: Relative error at each data point for single crystal copper triaxially deformed
at 5×109/s strain rate.

(Pn0) is varied over a small range, keeping the other parameters (Pg0, P1, η, Ṅ0) at

their optimal values. This will lead to a sensitivity of each parameter for a given

tolerance in the RMS error. The change in each parameter for 10 %, 20% and 50%

increase in the RMS value of 0.19 is shown in Table 3.3.

It is seen in Table 3.3 that for each tolerance in the RMS value of 0.19, the

change in the value of pressure sensitivity parameter (P1) is very small compared to

other parameters indicating that the NAG model for single crystal copper is very

much sensitive to P1. It is also seen that the change in the value of void growth

threshold (Pg0) is quite large compared to others. This means that the NAG model

for single crystal copper is not very much sensitive to void growth threshold.

3.7 Shock Wave Simulation

We have seen that the best-fit void nucleation threshold pressure for perfect single

crystal copper is 160 kbar (Table 3.1), much higher than experimental data (Ta-

ble 3.2). This is understandable, since “real” single crystals have many defects and

impurities which tend to lower the threshold. It is necessary to check if, at least

for perfect single crystals, the best-fit threshold applies under more complex strain
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Change in Increase in RMS value of 0.19

NAG parameters 10 % 20% 50%

∆Pn0 (kbar) 0.016 0.024 0.042

∆P1 (kbar) 0.00038 0.00057 0.00102

∆Pg0(kbar) 0.60 1.0 2.2

∆η (bar-s)×10−8 0.04 0.066 0.127

∆Ṅ0 (/(m3-s))×1018 0.56 0.82 1.28

Table 3.3: Change in NAG parameters for single crystal copper with increase in the RMS
value of 0.19.

conditions, such as those that arise during impact-driven spall.

To validate the best-fit nucleation threshold, we have performed an MD simula-

tion of high-velocity symmetric impact of copper using LAMMPS. Before starting

the impact simulation, the simulations have been validated by reproducing the Shock

Hugoniot for crystal copper [71].

3.7.1 Initial Set up

A cubic cell containing N = 1.08×106 atoms is created by replicating the 300×30×30

FCC unit cells along the X, Y, and Z- axes. The embedded-atom method [39,40] with

parameters obtained by Foiles et al [60] is used for our simulation. The equations of

motion are integrated with a timestep of 0.5 fs using the velocity-Verlet algorithm.

The periodic boundary conditions are used along Y- and Z- directions and free

boundary conditions are used along X-direction. Thickness of the copper flyer is

361.5 Å (100 unit cells) and that of the target is 723 Å (200 unit cells). Impact is

done along the X-direction with impact velocities of 950 m/s and 1100 m/s. The

impact velocity of 1100 m/s is the minimum velocity at which spall of the material

takes place. In this set up, the target is kept at rest and a velocity is given to the

flyer so that it can transfer momentum to the target.

To analyse the shock-wave propagation, the system is divided into bins along the

X-axis. The width of the bin used to analyse the shock wave is taken as 10.83 Å (3

unit cells).
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3.7.2 Comparison of spall and no-spall cases

A comparison of spall and no-spall cases at two different impact velocities (950 m/s

and 1100 m/s) is shown in Figure 3.11. It is seen in Figure 3.11 that for an impact
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Figure 3.11: Free surface velocity of the target as a function time for a symmetric impact
of copper at 1100 m/s.

velocity of 950 m/s, there is no pull-back in the free surface velocity of the target.

Since pullback is considered the signature of spall [12], it is clear that no spallation

occurs at 950 m/s. Spall occurs at an impact velocity of 1100 m/s, which can be

seen by the pull back in the free surface velocity of the target.

3.7.3 Free surface velocity

The impact produces shocks traveling in opposite directions in the flyer and target.

When the shocks reach the respective free boundaries, they reflect as rarefactions.

Coalescence of the rarefactions within the target leads to a tensile pressure, causing

spall [5]. The free surface velocity of the target as a function of time is shown in

Figure 3.11. The point A in Figure 3.11 refers to the arrival of the shock wave at

the free surface. It gets reflected from the free surface and propagates as a release

wave into the target material. The reflection of the shock wave accelerates the free

surface of the target to approximately twice of the particle velocity behind the shock
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front [72] (point B in Figure 3.11). The CE region corresponds to the pull back in

the free surface velocity. Point D refers to void nucleation due to the tension created

by the coalescence of the release waves from flyer plate and target. In the ideal rear

surface velocity [11], the point D corresponds to point where spall of the material

takes place. The compressive wave is created as a result of the spall of the material

which travels towards the free surface and accelerate it. This wave is also known as

spall pulse (region EF in Figure 3.11). After that the shock and release waves are

trapped between the spall plane and the free surface giving reverberations in the

free surface. The period of oscillations in the free surface velocity can be used to

calculate the thickness of the scab ejected from the target.

In the acoustic approximation, it is considered that the shock and rarefaction

waves are weak and their velocities are considered to be equal to the sound veloc-

ity [11]. Within the acoustic approximation [11], the spall strength is given by

Psp = −1

2
ρ0c∆ufs (3.11)

where ∆ufs = (uC - uE) is the pullback velocity, ρ is the initial density of the system,

c is the sound velocity, uC is the peak free surface velocity and uE is the free surface

velocity corresponding to first minimum of the velocity-time profile (Figure 3.11).

The strain rate using the same approximation [11] is given by

ǫ̇ =
1

2c

∆ufs

∆t
(3.12)

where ∆t is the time interval corresponding to the region CE in the velocity-time

profile (Figure 3.11).

The typical strain rate (Eqn. 3.12) in this simulation is ∼O(109/s), comparable

with the triaxial strain simulation (Section 3.5) and the spall strength (Eqn. 3.11)

is found to be 170 kbar. This validates the best-fit NAG value obtained during

uniform triaxial expansion.

3.7.4 Pressure-time profile

The pressure-time profile in the region where spall occurs is shown in Figure 3.12. It

is seen that spall occurs as soon as the tensile pressure exceeds the material thresh-

old (160 kbar). There is no significant nucleation of voids in the neighboring regions

where the magnitude of the pressure stays below 160 kbar. Void nucleation was
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Figure 3.12: Pressure as a function of time in the region where spall occurs for the
symmetric impact of copper at 1100 m/s impact velocity.

not observed at lower impact velocities, where the peak tensile pressure stays below

160 kbar. Thus the impact simulations validate the nucleation threshold obtained

for single crystal copper under the triaxial deformation at 5×109/s strain rate (Sec-

tion 3.5). Luo et al [73] performed MD simulation to investigate the spallation in

single crystal copper at (1010 - 1011)/s strain rates and estimated the spall strength

at 300 K as 159 kbar, which is closer to our results.

In Figure 3.12, it can be seen that the pressure flattens off around zero after 37

ps which is the indication of the spall of the material.

3.7.5 Centro-symmetry parameter (CSP)

To distinguish between the perfect lattice and different kinds of defects created, we

have used centro-symmetry parameter (described in Chapter 2.2.4) filter described

by Zhao et al [50]. The temporal evolution of fraction of atoms belonging to perfect

lattice, dislocations, stacking faults and surface atoms in the region where spall

occurs is shown in Figure 3.13. The tensile pressure created as a result of the

coalescence of the release waves generates many defects in the system. When the

tensile pressure exceeds the tensile strength of the material, the spall of the material
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takes place. It is seen in Figure 3.13 that the surface atoms appear when the tensile

pressure in the system exceeds the threshold for void nucleation (160 kbar).

3.8 Analysis of characteristic modes

In real materials, there are various pre-existing void nucleation sites (impurities,

dislocations etc). In perfect single crystals, there are no pre-existing void nucleation

sites and when a perfect single crystal is expanded uniformly, one nucleation site

should be as good as any other. Hence it is of interest to examine why nucleation

first occurs at certain sites. As triaxial expansion takes places, the characteristic

modes of the crystal are likely to be excited. We speculate that the constructive

interference of these modes at certain points leads to slightly higher inter-atomic

gaps, leading to local bond breaking.

A complete analysis of this process lies beyond the scope of this thesis. As a first

step in this direction, however, we attempt to determine the characteristic modes of

the crystal before and after nucleation.
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We have performed singular value decomposition analysis (SVD) to determine

the characteristic modes excited in the system, including their frequencies and associ-

ated distortions. A brief introduction to the singular value decomposition technique

is given in Chapter 2.2.6.

Atomic position data for the SVD analysis is generated using a LAMMPS simula-

tion of uniform triaxial expansion of a perfect crystal. Periodic boundary conditions

are applied along all three directions. Since the attempt is only to get a ‘feel’ for

the modes, rather than accurate quantitative analysis, we have chosen a very small

domain, consisting of 360 atoms, corresponding to 10×3×3 unit cells. The system

is first relaxed to 300 K and 0 bar pressure using an NPT simulation. A time step

of 1 femto-second is used.

3.8.1 Excited characteristic modes before and after the void

nucleation

Using the atomic coordinates output every 5 femto-seconds, we have performed the

SVD analysis [74] to determine the characteristic modes excited in the system during

deformation. For 360 atoms in the system, all 1080 modes are obtained using SVD.

The variation of amplitude of modes excited in the system uniformly deformed at

5×109/s strain-rate before the void nucleation and after the first void nucleation is

shown in Figure 3.14 (a) and Figure 3.14 (b), respectively.
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Figure 3.14: Amplitude of modes (singular values ’S’) as a function of mode number (a)
before the nucleation of a void (b) after the nucleation of a first void.
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3.8.2 Frequency Spectrum before and after the void nucle-

ation

The comparison of frequency spectrum for first and fourth modes before and after the

nucleation of first void is shown in Figure 3.15 (a) and Figure 3.15 (b), respectively.

It is seen in Figure 3.15 (b) that a shift in the frequency occurs after the nucleation

of a void. In addition to this, some new frequencies also appear after the first

void nucleation. The creation of new frequencies and a shift in frequencies are the

signature of the nucleation of a void.
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3.8.3 Temporal variation after the void nucleation

The temporal variation of the first strong mode after the first void nucleation is

shown in Figure 3.16. A sudden growth in the amplitude of the mode (Figure 3.16)

refers to the nucleation of a void in the system.
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Figure 3.16: Temporal variation of the first mode after the first void nucleation.

3.8.4 Spatial variation before and after the void nucleation

The spatial variation of first four modes excited in the system before and after the

first void nucleation is shown in Figure 3.17 (a) and Figure 3.17 (b), respectively.
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Figure 3.17: Spatial variation of modes (a) before the void nucleation (b) after the void
nucleation.These snapshots are created using [3].

The first strong mode before and after the void nucleation corresponds to the

wavelength of λ. Other weak modes correspond to the wavelengths of 3λ/2 and

5λ/2. Note that hierarchy of the modes has changed after the nucleation of the first

void.

3.9 Limitations of this work

1. DFRACT model used for present study does not include the coalescence of

the voids.

2. The best-fit NAG parameters presented here are for perfect crystal copper,

while experimental single crystals contain various kinds of defects. Therefore,

before comparing these results with the experimental data, a systematic study

of effect of impurities and defects on the void nucleation threshold should be

performed. The effect of pre-existing defects is studied later in this thesis.
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3.10 Conclusions

Molecular dynamics simulations have been performed to study the nucleation and

growth processes in perfect single crystal copper under high strain-rate deformation.

From our simulations, we conclude the following:

1. The Nucleation and Growth (NAG) model, which was originally developed for

polycrystalline materials at (104-106)/s strain rates, is also applicable at high

strain rates (5×109/s) at atomistic scales for perfect single crystals.

2. The void nucleation threshold for perfect single crystal copper is much higher

than that for polycrystalline copper, which is due to the absence of various

kinds of defects in our simulated volume compared to real polycrystalline ma-

terials. The lower value of the viscosity parameter indicates that as soon as

the nucleation threshold is crossed, the growth of the voids takes place very

rapidly. The lower value of pressure sensitive parameter indicates that the

void nucleation processes are very sensitive for perfect single crystal copper

for pressures above the void nucleation threshold than that for polycrystalline

copper.

3. The symmetric impact of copper plates at 1100 m/s validate the best-fit void

nucleation threshold (160 kbar) obtained for perfect crystal copper deformed

triaxially at 5×109/s strain rate.

4. A Singular Value Decomposition analysis for single crystal copper triaxially

deformed at 5×109/s shows that after the nucleation of first void

(a) there is a shift in the frequencies of modes

(b) new frequencies are created

(c) strong modes correspond to the wavelength of λ, 3λ/2 and 5λ/2.

(d) the hierarchy of modes changes after the void nucleation



Chapter 4

Temperature sensitivity of void

nucleation and growth parameters

for single crystal copper: A

molecular dynamics study

4.1 Introduction

In the previous chapter, we obtained NAG parameters at a temperature of 300 K. In

real life, the material undergoing spall could be at any temperature. For example,

during the passage of the shock in the material, there can be a significant rise in

local temperature. Now, the nucleation, growth and coalescence of voids leads to

spall of materials [5]. Therefore, by studying the temperature dependence of NAG

parameters, the dependence of spall strength on temperature can be determined.

The parameters of interest are:

• Pn0: The ambient pressure threshold for void nucleation.

• P1: pressure sensitivity for nucleation.

• Ṅ0: nucleation rate at threshold.

• Pg0: threshold for void growth.

• η: material viscosity.

58
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Spall experiments have been performed by many workers [69, 75–77] to inves-

tigate the effect of temperature on spall strength. Kanel et al [75], in their spall

experiments on aluminum AD1 at different temperatures, showed that the spall

strength decreases with increase in temperature. Zaretsky [77], in his planar impact

experiments on cobalt with temperatures in the range of 300 K - 1400 K, found

that the spall strength of cobalt decreases monotonically from 3.2 GPa at 300 K to

0.8 GPa at 1400 K. In experiments on aluminium single crystals with temperature

varying from 200C to 6480C, Kanel et al [76] reported that the spall strength was

independent of temperature upto ∼630oC. They noticed a slight decrease in the spall

strength as the temperature was further increased upto 6480C. Razorenov et al [69],

in their experiments with aluminum and copper single crystals, found that the spall

strength of copper single crystals decreased from 5.4 GPa at room temperature to

4.8 GPa at 4850C. These studies [75–77] show that the spall strength of polycrys-

talline materials decreases rapidly as the temperature of the samples approaches

the melting temperature. On the other hand, the spall strength of single crystals

remains high even fairly close to the melting point.

At atomistic scales, various workers [78–82] have performed MD simulations to

study the effect of temperature on the failure of perfect crystalline materials.

In this chapter, we attempt to determine the dependence of NAG parameters on

temperature, using MD simulations.

4.2 Nucleation and Growth parameters at differ-

ent temperatures

4.2.1 Pressure-time profile at different temperatures

MD simulations are carried out for single crystal copper deformed triaxially at

5×109/s strain rate, and at temperatures of 300 K, 600 K, 800 K, 1000K and 1250

K. The highest temperature is close to the melting point of copper, i.e, 1358 K [83].

The internal pressure at different temperatures is shown in Figure 4.1. We see that

as the temperature is increased, the turn-around value of pressure decreases. In all

cases except 1250 K, we observe a single minimum (turn around) in the pressure-time

profile. However, in the 1250 K case, we observe two minima in the pressure-time

profile. It is seen that the mean stress in the system increases continuously upto a
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Figure 4.1: Temporal evolution of internal pressure for single crystal copper triaxially
deformed at (5×109/s) strain rate, at different temperatures. The points A, B, C and
D in the pressure-time profile for 300 K corresponds to the time points for which radial
distribution function (RDF) is calculated, while for 1250 K the RDF calculations are
performed at A, E, F and G time points.

time point. Triaxial expansion pulls the atoms away from their equilibrium posi-

tions, leading to an increase in the pressure of the system. The increased volume

implies a drop in the density of the system. Further expansion leads to bond break-

ing and the nucleation of voids which are nothing but small disordered regions [13]

nucleated due to the lattice instability, as discussed by Wang et al [21]. We note that

more than a single void nucleates within the volume being simulated (Figure 4.2).

This nucleation of voids causes a reduction of pressure due to relaxation of the built

up stress. This turn-around in pressure is followed by a rapid reduction of pressure

due to the exponential growth of voids. Finally, the rapid reduction in pressure

stops and it begins to fluctuate around a small negative value corresponding to the

pressure threshold for void growth (Pg0).

As the system is triaxially deformed with increasing temperatures, the turn-

around of pressure takes place not only at a lower value of pressure, but also at

earlier times. Therefore, the increase in temperature lowers the magnitude of the

pressure threshold for void nucleation. It can also be seen that there is a single

dip in the pressure-time profile for all temperatures except 1250 K, which has two
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Figure 4.2: Nucleation of many voids in single crystal copper deformed triaxially at high
strain rate (5×109/s) with 300 K. This snapshot is created using [4].

minima.

The void volume fraction at the above temperatures is plotted in Figure 4.3.

Note that the void volume fraction becomes significant only after the time at which

pressure turns around (Figure 4.1). The void volume fraction increases exponentially

due to the growth of voids upto a time point and after then increases linearly. The

onset of the linear region corresponds to the pressure threshold for void growth

(Pg0). For the case of 1250 K, which has two minima in the pressure-time profile,

the significant contribution to void volume fraction comes only after the second

minimum in the pressure-time profile. The void volume fraction vs time graph can

be divided into the following regions:

• The initial part of the curve is the region where the void volume generated by

nucleation dominates over that generated by growth.
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Figure 4.3: Void volume fraction for single crystal copper deformed triaxially at high
strain rate (5×109/s) at different temperatures.

• The region where void volume grows exponentially with time. Here void vol-

ume generated by growth dominates over that by nucleation.

• Linear region, where the magnitude of tensile pressure in the system is no

longer greater than that of the pressure threshold for void growth. The increase

in void volume fraction is due to coalescence.

4.2.2 NAG parameters

The detailed procedure for getting best-fit NAG parameters is described in Chap-

ter 3.6.3. The best-fit NAG parameters obtained for single crystal copper at different

temperatures are presented in Table 4.1.
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NAG parameters Temperature (K)

300 600 800 1000 1250

Pn0 (kbar) -160.4 -124.0 -113.7 -80.0 -58.8

P1 (kbar) -0.167 -0.366 -0.119 -0.398 -0.156

Ṅ0 (m−3/s) 7.1×1018 3.1×1020 3.1×1018 1.0×1017 4.6×1016

Pg0 (kbar) -21.2 -18.5 -16.0 -12.2 -10.0

η (bar-s) -3.4×10−8 -2.8×10−8 -2.5×10−8 -2.2×10−8 -2.3×10−8

Average squared

relative error (Σ) 0.19 0.14 0.16 0.24 0.11

Table 4.1: Comparison of best-fit NAG parameters obtained for single crystal copper (N
= 4×106 atoms) with the experimental values for polycrystalline copper (Pn0 = -5.0 kbar,
P1 = -2.0 kbar, Ṅ0 = 2.8×1018 m−3/s, Pg0 = -5.0 kbar, η = -7.5×10−5 bar-s and Rn =
1.0×10−6 m) [5]. The value of nucleation size parameter (Rn) in our simulation is 3.64 Å,
which is the length dimension of the small cubic cell.

From Table 4.1, it can be seen that there is a monotonic decrease in the values

of the void nucleation threshold (Pn0) and void growth threshold (Pg0) with increase

in temperature. The enhanced atomic motions and increased average inter-atomic

separation at higher temperature are responsible for decrease in these thresholds.

Figure 4.4 compares the void volume fraction obtained by two methods. The

first, VNAG, is computed using the above NAG parameters along with the pressure-

time history yielded by MD simulations. The second, VPP , is generated using post-

processing of atomic coordinates yielded by the MD simulation, as described in

Chapter 2.2.1. Results are shown for temperatures of 600, 800, 1000 and 1250 K.
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Figure 4.4: Comparison of void volume fraction obtained by NAG model and that ob-
tained by post-processor for a single crystal copper deformed triaxially at high (5×109/s)
strain rate, at temperatures of (a) 600 K, (b) 800 K, (c) 1000 K (d) 1250 K.

A comparison of the relative error between VNAG and VPP at different tempera-

tures is shown in Figure 4.5.

4.3 Analysis of double dip in pressure-time profile

at 1250 K

The internal pressure as a function of time for 300 K and 1250 K is shown in Fig-

ure 4.1. This behaviour, which seems to appear only near the melting point, is

analyzed below using several techniques, viz., by calculating the Radial Distribution

Function (RDF), Structure Factor, Centro-Symmetry Parameter (CSP) and Com-

mon Neighbor Analysis (CNA). For comparison, the same calculations have been

done for 300 K.
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Figure 4.5: Comparison of relative error between VNAG and VPP for single crystal copper
deformed at 5×109/s, at different temperatures.

4.3.1 Radial distribution function (RDF)

We have taken a small volume (∼ 76 Å3) from the centre of the simulation domain

to compute the radial distribution function. This is because computation for all

atoms in the domain becomes computationally demanding. At 300 K, the RDF has

been calculated for A (0 ps), B (18 ps), C (19 ps) and D (20 ps) time points in

the pressure-time profile (Figure 4.1) and shown in Figure 4.6. The RDF at 0 ps

shows long-range order. After 18 ps, the RDF shows only short-range order. This

short-range order is the result of stacking faults and the creation and growth of the

voids due to which the system becomes disordered.

At 1250 K, the RDF is calculated for A (0 ps), E (8 ps), F (10 ps) and G (12

ps) time points in the pressure-time profile (Figure 4.1) and is shown in Figure 4.7.

Note that 8 ps, 10 ps and 12 ps are the time points which cover the double-dip in

the pressure-time profile (Figure 4.1).

At 0 ps, the RDF shows long-range order. However, this long-range order disap-

pears after 8 ps, which also corresponds to the first minimum in the pressure-time

profile (Figure 4.1). If we see the void volume fraction in Figure 4.3, it becomes

significant only from 12 ps onwards. This means that the first minimum in the
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Figure 4.6: Radial distribution function as a function of distance at different time points.
The plots for 18 ps, 19 ps, and 20 ps are shifted along the ordinate for easy comparison.
Points A, B, C and D correspond to the time points in Figure 4.1. T = 300 K

pressure-time profile (Figure 4.1) corresponds to the loss of long range order, while

the second minimum results from the nucleation and incipient growth of voids.

4.3.2 Structure factor

The calculation of structure factor will provide not only another check for the ex-

istence of crystalline order, but also indicates the kind of crystal structure, e.g.

FCC/BCC/HCP. The structure factor for FCC, BCC and HCP is calculated for 300

and 1250 K and is shown in Figure 4.8.

At 300 K, the structure factor for FCC rapidly drops after 18 ps, as shown in

Figure 4.8(a). This indicates that upto 18 ps, the system maintains FCC structure

and after that it becomes disordered. This is due to the nucleation and incipient

growth of voids. At 1250 K, the structure factor for FCC starts decreasing after 8

ps and vanishes after 11 ps (Figure 4.8 (d)). This means that the first minimum in

the pressure-time profile corresponds to the order-to-disorder transition. However,

this does not correspond to the nucleation and incipient growth of voids as we

have mentioned in RDF analysis in Section 4.3.1 and as observed in Figure 4.3.

In Figures 4.8 (b), 4.8 (c), 4.8 (e), and 4.8 (f), very small values of the structure
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Figure 4.7: RDF as a function of distance at different time points. The plots for 8 ps,
10 ps, and 12 ps are shifted along the ordinate for easy comparison. Points A, E, F and
G correspond to the time points in Figure 4.1. T = 1250 K.

factor signify that the loss of FCC structure in both cases does not correspond to

the creation of BCC and HCP structures.

4.3.3 Centro-symmetry parameter (CSP)

To study the defects created in our system due to triaxial deformation at 5×109/s

strain rate, we have calculated the centro-symmetry parameter for the cases of 300

and 1250 K. A brief introduction of centro-symmetry parameter is given in Chap-

ter 2.2.4.

Zhao [50] has specified limits on CSP to distinguish between different kinds of

defects:

• Perfect lattice: CSP < 0.5

• Partial dislocations: 0.5 < CSP < 3.0

• Stacking faults: 3.0 < CSP < 16.0

• Surface atoms: CSP > 16.0
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Figure 4.8: Structure factor as a function of time for single crystal copper. For 300 K:
(a) FCC, (b) BCC, (c) HCP and for 1250 K: (d) FCC, (e) BCC, (f) HCP.
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The CSP filter for single crystal copper given by Zhao et al [50] is for 0 K temper-

ature. This does not take into account the effect of temperature. Therefore, for

non-zero temperatures, it is necessary to determine corrected values, since particle

displacements from their mean positions change with temperature. Firstly, we have

verified using common neighbor analysis (Section 4.3.4) and structure factor (Sec-

tion 4.3.2) calculations at 300 K that the domain is a perfect crystal with an FCC

structure. For this case, we have determined the threshold value of CSP for the

perfect lattice at 300 K, after performing NPT MD for single-crystal Cu at 1 atm

pressure. This is found to be 3.4 Å2. With this new threshold value for defining a

perfect lattice, and using CSP limits 3.4 < CSP <16.0 for partial dislocations and

stacking faults and CSP > 16.0 for surface atoms, the centro-symmetry parameter

is computed for 300 and 1250 K and is shown in Figure 4.9 and Figure 4.10.
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Figure 4.9: Centro-symmetry parameter as a function of time for a single crystal copper
triaxially deformed at high strain rate (5×109/s) with 300 K. Perfect lattice: CSP < 3.4,
partial dislocations and stacking faults: 3.4 < CSP < 16.0, surface atoms: CSP > 16.0

If we compare the centro-symmetry parameter for both cases, it can be seen that

• At t = 0 ps, the lattice for 300 K is free from any defect, while at 1250 K,

partial dislocations and stacking faults are present at t = 0 ps. The reason for

the computed presence of defects is that CSP has limitations due to thermal

vibrations.
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Figure 4.10: Centro-symmetry parameter as a function of time for a single crystal copper
triaxially deformed at high strain rate (5×109/s) with 1250 K. Perfect lattice: CSP < 3.4,
partial dislocations and stacking faults: 3.4 < CSP < 16.0, surface atoms: CSP > 16.0

• Stacking faults and dislocations for the 300 K case come into the picture

significantly after some time point (∼10 ps) and suddenly increase after 18

ps, which is the time at which pressure turns around (Figure 4.1). Note that

there are no defects at the start of the simulation for this case. For the 1250

K case, stacking faults and dislocations are already present in the system at

this temperature; hence, as triaxial expansion is applied, the defect density

increases linearly and flattens off after 10 ps, which corresponds to the time

at which maximum occurs between two minima in the pressure-time profile

(Figure 4.1).

• Surface atoms for 300 K are observed after 18 ps. This is the time at which

pressure turns around in the pressure-time profile (Figure 4.1). Our post-

processor (Chapter 2.2.1) also indicates that the void volume fraction becomes

significant after this time point (Figure 4.3). For 1250 K, surface atoms appear

after 12 ps. This indicates that the second minimum in Figure 4.1 corresponds

to the nucleation and incipient growth of voids.

After this analysis, we can conclude that the number and type of different defects
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created are affected by temperature. The presence of surface atoms for 1250 K after

12 ps (second minimum in Figure 4.1) indicates that nucleation and incipient growth

of voids take place around this time but not corresponding to the first minimum in

the pressure-time profile (Figure 4.1).

Note that the deviations of atom positions from the mean (Eqn. 2.22) can change

the CSP limits. At high temperatures, these deviations increase and the ranges

change. For example, the maximum CSP for perfect crystal at 1250 K is 14.9

Å2 from our simulations, which makes it within the range of partial dislocations.

However, structure factor calculations show that lattice is FCC at t = 0 at 1250 K.

Therefore, we conclude that CSP is not a good indicator for differentiating perfect

lattice and partial dislocations at high temperatures.

4.3.4 Common Neighbor Analysis (CNA)

During the triaxial deformation of single crystal copper at high strain rate, numerous

particle configurations are created that have different structural characteristics. In

order to identify these structures, Common Neighbor Analysis (CNA) [2,51] is very

useful. A brief introduction to the CNA method is given in Chapter 2.2.5.

We have computed the CNA pattern for each atom in the system for both 300 and

1250 K. The time evolution of fraction of atoms belonging to each crystal structure

is shown in Figure 4.11 and Figure 4.12.

The CNA method shows that

• Loss of FCC structure at 1250 K does not result in the formation of BCC, HCP

and Icosahedral structures, but results into an unknown structure (possibly

amorphous). This method also supports the idea that FCC structure is lost

at a time corresponding to the first minimum in the pressure-time profile

(Figure 4.1).

• For 300 K, the system is a perfect FCC crystal corresponding to t = 0 ps, while

for 1250 K only about 24% atoms belong to FCC crystal structure. It must

be remembered that CNA analysis has limitations due to thermal vibrations,

which become large at higher temperatures.

• For 300 K, most of the atoms belong to an unknown structure corresponding

to t = 19 ps, while for 1250 K, all the atoms are part of unknown structure

after t = 10 ps.
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Figure 4.11: Fraction of atoms as a function of time. Common Neighbor Analysis has
been done to identify the local crystal structure around an atom during triaxial deforma-
tion of single crystal copper at 5×109/s strain rate with 300 K. FCC (CNA = 1), HCP
(CNA = 2), BCC (CNA = 3), Icosahedral (CNA = 4), Unknown (CNA = 5)

Thus, the analysis by CNA and CSP methods shows that for 1250 K, 100 % atoms

belong to stacking faults at t = 10 ps, based on CSP analysis. Furthermore, CNA

analysis reveals that they correspond to an unknown structure.

We have calculated structure factor, radial distribution function, centro-symmetry

parameter and common neighbor analysis for single crystal copper at 300 K and 1250

K. All of these calculations show that, as expected, the system under study is a per-

fect FCC crystal at 300 K at t = 0 ps. For 1250 K, the structure factor calculation

shows that it is FCC at t = 0 but CNA analysis does not show perfect FCC at this

time and CSP analysis shows the presence of defects. The reason for this is that

both CSP and CNA analysis have limitations due to atomic vibrations, and hence

indicate defects at t = 0 for 1250 K.

4.3.5 Potential Energy of the system

The potential energy of the system as a function of time for 300 and 1250 K is shown

in Figure 4.13 and Figure 4.14, respectively.



Chapter 4: Temperature sensitivity of void nucleation and growth

parameters for single crystal copper: A molecular dynamics study 73

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  2  4  6  8  10  12  14  16  18  20

F
ra

ct
io

n 
of

 a
to

m
s

Time (ps)

1250 K

FCC 
HCP 
BCC 

ICOSAHEDRAL 
UNKOWN 

Figure 4.12: Fraction of atoms as a function of time. Common Neighbor Analysis has
been done to identify the local crystal structure around an atom during triaxial deforma-
tion of single crystal cooper at 5×109/s strain rate with 1250 K. FCC (CNA = 1), HCP
(CNA = 2), BCC (CNA = 3), Icosahedral (CNA = 4), Unknown (CNA = 5)
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Figure 4.13: Potential energy of the system as a function of time for T = 300 K. N =
4×106 atoms.

At 300 K, it can be seen that the potential energy of the system increases (neg-

ative value decreases) as the density decreases due to expansion of the system. The

potential energy peaks at 18 ps and after that drops suddenly, which is indicative of

the creation and enhancement of voids. The effective two-atom interaction becomes

stronger and the bond length shortens once the voids are nucleated, which results

in rapid drop in potential energy. At 1250 K, the potential energy of the system

also increases with time as mentioned above, but peaks only after 12 ps, not corre-

sponding to the first minimum in Figure 4.1. This also indicates that nucleation of

voids does not take place corresponding to the first minimum in the pressure-time

profile.

4.4 Conclusions

We have studied the effect of temperature on the nucleation and growth parameters

for single crystal copper deformed at 5×109/s. Best-fit NAG parameters have been

obtained at different temperatures. We find a systematic reduction in the magnitude

of nucleation and growth thresholds with rise in temperature.

As the melting point is approached, we observe a curious double-dip in the
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pressure-time profile. Analysis of this double-dip by structure factor, RDF, CSP

and CNA shows that the first minimum corresponds to the loss of the long-range

order due to the creation of stacking faults and an unknown structure and the system

no longer has a FCC structure. There is no nucleation of voids at this juncture. The

second minimum corresponds to the nucleation and incipient growth of voids.

In this chapter, we have shown:

1. The effect of temperature on the nucleation and growth parameters of the

DFRACT model for crystal copper.

2. Analysis of the structural changes of the crystal subjected to triaxial deforma-

tion at high strain rate at different temperatures.



Chapter 5

Effect of material damage on the

spallation threshold of single

crystal copper: A molecular

dynamics study

5.1 Introduction

The phenomenon of spallation takes place through the nucleation, growth and coa-

lescence of voids [5]. The high velocity impact of a flyer with a static target produces

compressive stress waves at the point of impact which travel toward the free ends of

the flyer and target. Upon reaching the free surfaces, these waves reflect as release

waves and interact at some location inside the target. The interaction of release

waves creates a state of extreme tension. If the tension created exceeds the spall

strength of the material, nucleation, growth and coalescence of the voids take place

leading to spall of the material.

Various workers have studied the phenomenon of spallation both experimentally

and theoretically. The most widely used experimental methods for spallation in

materials are plate impact [12, 84–86] and high power laser pulses [10, 11, 87–90].

Plate impact experiments [12,84–86] can give strain rates of (105-106)/s. Strain rates

exceeding 107/s can be achieved by shock loading of nanosecond laser pulses [10,

87, 88]. Shock loading by femto-second laser pulses can give ultra-high strain rates

(exceeding 108/s) [11, 89, 90]. A maximum strain rate of 1010/s using high power

76
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laser pulses has been reported in the literature [18].

Many theoretical models have been developed to describe spall fracture [5, 58,

91, 92]. These models deal with the nucleation and growth of voids and calculate

the void volume in the spall region to quantify the damage level.

Many workers have performed molecular dynamics (MD) simulations to study

spallation in metals. Bringa et al [71] simulated planar shocks in single crystal

copper using molecular dynamics and found the Hugoniot for single crystal copper

along various crystal directions. Srinivasan et al [93] performed MD simulation

of spallation in single crystal nickel and found that interaction of release waves

reflected from flyer and target creates crystals with different orientation and their

boundaries become nucleation sites for void nucleation. Dremov et al [94] performed

MD simulations to study spallation in single nanocrystals and polynanocrystals. In

their study of single nanocrystals, they found that there is a strong dependence

of micro-structures of the spall plane on the direction of shock loading relative to

the lattice orientation. They also found that in poly-nanocrystals, void nucleation

occurs along the grain boundaries, whereas in nanocrystals nucleation of voids occur

at the stacking fault intersections. In the study of spallation in single crystal copper

by Luo et al [73], the anisotropy in spall strength is found to be more for weak

shocks and is decreased for strong shocks.

In this chapter, we report on simulations of high velocity impact of copper plates

at impact velocities of 1100 m/s and 1000 m/s.

5.2 Computational Method

High velocity impact of copper plates has been simulated using the molecular dy-

namics code LAMMPS (Large-Scale Atomic/Molecular Massively Parallel Simula-

tor) [59]. A simulation domain containing 1.08×106 atoms has been created by

replicating 300 × 30 × 30 unit cells along the x-, y- and z- directions, respectively.

The cross-sectional area and the crystallographic orientation are the same for the

flyer as well as target plates. The thickness of the target plate (361.5 Å∼100 unit

cells) is taken as two times that of the flyer plate (723 Å∼200 unit cells). The

direction (x-direction) of shock loading corresponds to the <100> crystal direction,

and the transverse directions (y and z), are along <010> and <001>, respectively.

In this set up, the target plate is kept at rest and an initial velocity is given to the



Chapter 5:Effect of material damage on the spallation threshold of single

crystal copper: A molecular dynamics study 78

flyer plate. In the first setup, the flyer plate starts out in contact with the target

plate.

We have used embedded atom method (EAM) [39,40] potential parameters gen-

erated by Foiles et al [60]. Periodic boundary conditions are applied along the y-

and z- directions and free boundary conditions are applied along the direction of

impact (x-direction). Energy minimization followed by NVE simulations have been

performed for 100 pico-second (ps) for the impact at 1100 m/s and 300 ps for im-

pact at 1000 m/s. A shorter run (100 ps) is performed for impact at 1100 m/s since

spall occurs at around 50 ps, whereas no spall occurs in the 1000 m/s case. In the

1000 m/s case, the shock reverberates through the system, creating defects; hence

a longer run is required to study nucleation and growth of voids. The equations of

motion are integrated with a time step of 0.5 femto-second using the velocity-Verlet

algorithm.

In order to quantitatively analyse shock wave propagation through the system,

the whole simulation domain at a given time is divided into bins along the direction

of impact (x-direction) and pressure and centro-symmetry parameter are computed

in each bin. The velocities of atoms in the last bin of the target is output as the

free-surface velocity. The initial width of each bin is 10.83 Å (3 unit cells).

5.3 Impact at 1100 m/s

5.3.1 Free surface velocity

To understand the physical process of spallation, the wave propagation in the target

is shown in Figure 5.1 and the corresponding free surface velocity of the copper target

as a function of time is shown in Figure 5.2. The impact produces compressive

stress waves that move toward the respective free surfaces of the target and flyer.

When they reach the free surface of the target, they reflect as release waves. This

process accelerates the free surface of the target by twice of the particle velocity [1].

The arrival of the shock at the free surface of the target is shown in Figure 5.1 (a).

In Figure 5.1 (a), the shock reaches the free surface of the target at time 14 ps.

This time point corresponds to point A in Figure 5.2. The interaction of the release

waves reflected from the free surfaces of the flyer and target is shown in Figure 5.1

(b). It is seen that at time 20.5 ps, the interaction of the release waves takes place.
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Figure 5.1: Propagation of waves in the target for an impact velocity of 1100 m/s.
(a) Compressive waves move toward the free surface of the target and reflect back as
release waves (b) Interaction of release waves reflected from the respective free surfaces
of the target and flyer (c) Propagation of tension towards the free surface of the target
(d) Propagation of the compressive waves resulting from the nucleation and growth of the
voids toward the free ends of flyer and target

This time point corresponds to point B in the velocity-time profile (Figure 5.2).

The interaction of the release waves leads to tension in the target. The tension

created propagates towards the free surface of the target (Figure 5.1(c)) and when

this reaches the free surface at 28 ps, the free surface velocity starts to decrease.

This time point corresponds to point C in Figure 5.2. If the tensile strength of

the material is exceeded by the tension created, it leads to nucleation, growth and

coalescence of voids which, in turn, leads to spall of the material. In Figure 5.1 (d),

it is seen that there are two peaks (peak 1 and peak 2) resulting from the stress

relaxation due to creation of voids. This time point (35 ps) is shown by point D in

Figure 5.2. The snapshot corresponding to point D is also shown in the side panel of
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of 1100 m/s. Points A, B, C and D correspond to shock wave propagation in figure 5.1
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snapshots in the side panel of the Figure are created using [4].

Figure 5.2. It is seen in Figure 5.2 that the nucleation of multiple voids takes place

at different locations (x1 and x2) in the target. The growth of voids at x1 dominates

that at x2 and leads to spall of the material. The point E in Figure 5.2 corresponds

to the spall of the material. The two waves (peak ’1’ and peak ’2’ in Figure 5.1

(d)) created due to nucleation and growth of the voids interact constructively and

destructively and therefore result in generation of waves of different amplitudes

(points F and G in Figure 5.2).

5.3.2 Pressure-time profile

Figure 5.3 shows the pressure-time in the region where spall occurs. At time point

K, the shock arrives in the region where spall occurs. The flat region LM is the time

duration during which the spall region remains in the compressed state. At time
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point M, the release wave reaches the spall region and decompresses the material.

The interaction of release waves around the center of the target creates tension in

the system. Point N corresponds to the onset of tension in the spall region and

region NP corresponds to the time upto which the spall region remains in tension.

During this time duration, the tension exceeds the void nucleation threshold (160

kbar) [95] leading to nucleation and growth of the voids. The rapid growth of voids

results in a sudden drop in pressure to zero. After that there is a flat region (beyond

Q) indicating spall of the material.
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Figure 5.3: Pressure as a function of time in the spall region for an impact velocity of
1100 m/s.

5.3.3 Defects created at 1100 m/s

To study the various kinds of defects created due to shock, we have calculated the

centro-symmetry parameter (CSP) as defined in Chapter 2.2.4. We have used Zhao’s

CSP limits [50] for single crystal copper to distinguish between different kinds of

defects: Perfect lattice: CSP < 0.5, Partial dislocations: 0.5 < CSP < 3.0, Stacking

faults: 3.0 < CSP < 16.0, Surface atoms: CSP > 16.0.

Surface atoms indicate either an external surface or the presence of voids. We

have ignored the last bin (free surface) in the target to exclude the contribution to
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the CSP by atoms at the free surface. The time evolution of the fraction of perfect

lattice atoms and fraction of atoms which are part of various defects in the target is

shown in Figure 5.4. In Figure 5.4 (d), the fraction of surface atoms peaks at 37.5

 0.55

 0.6

 0.65

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

 0  20  40  60  80  100  120  140  160  180  200

F
ra

ct
io

n 
of

 a
to

m
s

Time (ps)

Spall

perfect, 1100 m/s

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0  20  40  60  80  100  120  140  160  180  200

F
ra

ct
io

n 
of

 a
to

m
s

Time (ps)

Spall

 Partial dislocations, 1100 m/s

(a) (b)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0  20  40  60  80  100  120  140  160  180  200

F
ra

ct
io

n 
of

 a
to

m
s

Time (ps)

Spall

stacking faults, 1100 m/s

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.006

 0.007

 0  20  40  60  80  100  120  140  160  180  200

F
ra

ct
io

n 
of

 a
to

m
s

Time (ps)

Spall

surface atoms, 1100 m/s

(c) (d)

Figure 5.4: Time evolution of fraction of perfect lattice atoms and fraction of atoms
which are part of defects in the target. High velocity impact of copper flyer on a copper
target has been done with an impact velocity of 1100 m/s. (a) Perfect lattice (b) Partial
dislocations (c) Stacking faults (d) Surface atoms.

ps due to nucleation, growth and coalescence of multiple voids. The flat portion

after 60 ps in Figure 5.4 (d) corresponds to the fraction of atoms of the two free

surfaces created after spall. The intermediate region between 37.5 ps to 60 ps can

be understood by the following discussion:

The time evolution of defects at locations x1 (spall region) and x2 in Figure 5.2

are shown in Figure 5.5 and Figure 5.6, respectively. With the onset of tension at

around 22.6 ps, the fraction of perfect lattice atoms drops rapidly over a few ps and

rapid creation of stacking faults and partial dislocations is seen. The drop in partial

dislocations at x1 corresponds to the creation of voids around 34 ps. The partial
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dislocations first drop rapidly between 30 and 33 ps, followed by a slower drop

beyond 33 ps. The slower drop corresponds to the formation of voids. In region

x1, this is followed by quick conversion of stacking faults to partial dislocations,

whereas at x2 the voids heal to form partial dislocations and stacking faults convert

to partial dislocations on a slower timescale. Spallation occurs at x1. The surface

atoms at location x1 become constant after the spall of the material (Figure 5.5

d). The constant value of void fraction corresponds to the fraction of atoms of the

two free surfaces created after spall. At location x2, the fraction of surface atoms

becomes zero after 60 ps (Figure 5.6 d) indicating ‘healing’ of the voids after the

spall at location x1 in the target material.
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Figure 5.5: Time evolution of defects at location x1 (spall region in Figure 5.2) for
the impact of copper plates at 1100 m/s. (a) Perfect lattice (b) Partial dislocations (c)
Stacking faults (d) Surface atoms.
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Figure 5.6: Time evolution of defects at location x2 (Figure 5.2) for the impact of
copper plates at 1100 m/s. (a) Perfect lattice (b) Partial dislocations (c) Stacking faults
(d) Surface atoms.

5.3.4 Effect of domain size on the results

Bringa et al [71] performed MD simulations with a cross-section of 25×25 unit cells

and compared the results with larger domain sizes. They found that the results do

not change with system size. To study the effect of domain size on the evolution of

defects, we have repeated our simulations with different domain sizes (300×30×30,

300×40×40, 300×50×50, and 300×100×100 unit cells). The time evolution of per-

fect lattice and defects in the full target (excluding the last bin, i.e., the free surface

of the target) is shown in Figure 5.7. It is seen in Figure 5.7 that we see significant

quantitative change in the fraction of stacking faults and surface atoms (Figure 5.7

(c) and Figure 5.7 (d)) for domain of 300×100×100 unit cells, except in the fraction

of atoms corresponding to partial dislocations (Figure 5.7 (b)). However, there is no

qualitative change. To see if there is any change in the spall threshold for the do-
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Figure 5.7: Comparison of temporal evolution of defects in full target (excluding last
bin, i.e., the free surface) for the impact of copper plates at 1100 m/s. (a) Perfect lattice
(b) Partial dislocations (c) Stacking faults (d) Surface atoms.

main of 300×100×100 unit cells, we have computed pressure in different bins of the

target. A comparison of pressure-time histories in the spall regions for the domains

of 300×30×30 and 300×100× 100 unit cells is shown in Figure 5.8. It is seen in

Figure 5.8 that there is no change in the spall threshold of the material. This means

that results do not change with the increase in domain size. This is in agreement

with Bringa’s results.

5.3.5 Effect of non-contact of flyer-target system on results

In the simulations so far, the flyer starts in contact with the target. In an actual

spall experiment, there would be an initial gap. Hence we have also studied the

non-contact case, i.e., when the flyer and target are not initially in contact with

each other. As the flyer approaches the target, the impacting atoms will not be in
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Figure 5.8: Comparison of pressure-time histories in the spall regions for the domains of
300×30×30 and 300×100×100 unit cells. Impact velocity is 1100 m/s.

corresponding FCC atom sites of the target atoms. This will lead to lack of perfect

alignment between the two lattices and possible creation of defects at the impact

locations. Any imperfections in the crystal are likely to reduce the threshold for

nucleation. Hence we expect that the threshold for nucleation would be lower in

the non-contact case. The flyer is started three unit cells away from the target, just

beyond the cut-off distance of the EAM potential.

The free surface velocity of the target and pressure-time profile in the spall region,

for the no-contact case, are shown in Figure 5.9 (a) and Figure 5.9 (b), respectively.

The impact velocity is taken as 1100 m/s. As shown in Figure 5.9 (b), spall occurs

at a lower value of tensile pressure (112 kbar) compared to the 160 kbar observed

in the flyer-target contact case (Figure 5.3).
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Figure 5.9: (a) Free surface velocity. The snapshots in the side panel of the figure are
created using [4]. (b) pressure-time history in the spall region for an impact velocity of
1100 m/s. The flyer is kept three unit cells away from the target before impact.
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To understand the difference between the two cases, we have estimated the mo-

tion of the shock front and the creation of defects during the passage of the shock.

The motion of the shock front and the centro-symmetry parameter are computed

using the binning analysis at the middle of the target, as shown in Figure 5.10 (a).

The shock front motion and the creation of defects for the cases of no gap between
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Figure 5.10: (a) Binning region for shock front and defects estimation (b) motion of
shock front and defects creation for the contact case (no gap between the flyer and target
before the impact) (c) shock front and defects creation for no-contact case (flyer is kept 3
unit cells away from the target before impact). Impact velocity is 1100 m/s.

the flyer and target and a gap of 3 unit cells between the flyer and target are shown

in Figure 5.10 (b) and Figure 5.10 (c), respectively. It is seen in Figure 5.10 (b)

(no gap between the flyer and target), the defects are created corresponding to the

tension resulting from the interaction of release waves. No defect is created during

the shock propagation. In the non-contact case, on the other hand, (Figure 5.10

(c)), defects are created during the shock propagation itself. These defects become

preferred void nucleation sites at the time of interaction of release waves, leading to

spall of the material at lower tensile pressure (Figure 5.9 (b)). This is in line with

what we expected on physical grounds.
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5.4 Impact at 1000 m/s

5.4.1 Pressure-time profile

The pressure-time profile in the region where voids nucleate is shown in Figure 5.11.
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Figure 5.11: Pressure as a function of time in the region where voids nucleate for an
impact velocity of 1000 m/s

The shock arrives at a time denoted by point A. Region BC is the time interval

during which this region remains in a state of compression. Region CD corresponds

to the release wave which decompresses the material in this region. After that

the material goes into tension (region DE). In Chapter 3, we have shown that the

void nucleation threshold for perfect crystal copper at 300 K is 160 kbar [95]. In

Figure 5.11, it can be seen that tension corresponding to first traversal of shock

stays below 160 kbar and, therefore, there is no void nucleation (region DE). Note

that in the case of impact velocity of 1100 m/s (Section 5.3.2), the tensile pressure

exceeds the threshold pressure (160 kbar) (Figure 5.3) and therefore results in the

nucleation, growth and coalescence of voids, leading to spall of the material. In the

1000 m/s case (Figure 5.11), the flat region EF around zero indicates that material

is not under any state of compression.

Region FG corresponds to the second traversal of the shock. Time point F
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indicates the arrival of the compressive wave in this region and hence the material

again goes into a compressed state. Interaction of release waves again leads to a

state of tension in the material. Void nucleation and growth occur, corresponding

to this tension created by second reverberation of the shock, at a lower value of

tensile pressure (region GH). The reason for this is that various kinds of defects

(dislocations, stacking faults, etc) are created during the first traversal of the shock

(region DE) in the material. The time evolution of the defects created is shown

in Figure 5.12. It is seen that partial dislocations and stacking faults are created
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Figure 5.12: Time evolution of fraction of perfect lattice atoms, and fraction of atoms
that are a part of defects, in the target. Impact velocity is 1000 m/s. Perfect lattice:
CSP<0.5, Partial dislocations: 0.5 < CSP<3.0, Stacking faults: 3.0 < CSP<16.0, Surface
atoms: CSP >16.0

corresponding to the tension developed during the first traversal of the shock. Note

also that no surface atoms are created during this time, which means that no voids

are created. These defects accumulate and become void nucleation sites in the

target, leading to void nucleation at a lower value of tensile pressure during the
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second traversal of the shock. As soon as the nucleation and growth of the voids

take place, the pressure in the region drops rapidly to zero.

The creation of voids generates compressive waves resulting from stress relax-

ation. These waves move toward the free surfaces of the flyer and target. In Fig-

ure 5.13 (a), peak 1 corresponds to the compressive wave resulting from the nucle-

ation and growth of the voids. Note that in Figure 5.1 (d), there are two peaks

resulting from the creation of voids at two locations in the target. In Figure 5.13

(a), peak 1 resulting from the stress relaxation is not sharp. This means that there

is more than one void which nucleates and grows. A snapshot of the voids at 87.5

ps is shown in Figure 5.13 (b).
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Figure 5.13: (a) Propagation of compressive wave resulting from the nucleation and
growth of the voids (b) Snapshot of voids at 87.5 ps created for an impact velocity of 1000
m/s. The snapshot is created using [4].

In Figure 5.11, the flat region HI around zero is the signature of the presence of

voids. Pressure peak J indicates the healing of the voids.
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5.4.2 Physical interpretation of free surface velocity varia-

tion

There is a somewhat complex behaviour of the free-surface velocity in the 1000

m/s impact case. This can be physically understood in terms of the distance-time

graph shown in Figure 5.14, which illustrates the motion of the shock front and the

release wave. The free surface velocity of the target as a function of time is shown

in Figure 5.15.
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Figure 5.14: x-t graph for an impact velocity of 1000 m/s.

Impact at 1000 m/s produces compressive waves which travel toward the re-

spective free surfaces of the flyer and target. In Figure 5.14, the compressive wave

arrives at the free surface of the target at time t1. This time point corresponds to

the time T1 in the free surface velocity of the target (Figure 5.15). The arrival of

the shock at the free surface accelerates it by twice the particle velocity as shown

in Figure 5.15 [1]. When the compressive waves reach the free surfaces of the flyer

and target, they reflect back as release waves. These release waves decompress the

material which is compressed by the passage of the shock and interact around the

centre of the target. The interaction of the release waves creates tension in the
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Figure 5.15: Velocity-time profile at the free surface of the copper target impacted by
copper flyer with an impact velocity of 1000 m/s. The snapshots in the side panel of the
Figure are created using [4].

target. If the tension created exceeds the dynamic strength of the material, spall

of the material takes place. In Figure 5.14, the tension reaches the free surface of

the target at time t2. As the tension reaches the free surface of the target, the

free surface velocity starts to decrease. This time point corresponds to point T2 in

Figure 5.15. When the release waves reach the free surfaces of the flyer and target,

they get reflected and return back as compressive waves. Note that in Figure 5.15,

there is no pullback in the free surface velocity of the target which is the signature

of the spall [12]. This means that there is no spall during the first traversal of the

shock, as discussed in the previous section.

The compressive waves resulting from the reflection of release waves from respec-

tive free surfaces of the flyer and target interact around the interface of the flyer and

target (point P in Figure 5.14) and result in high-intensity compressive waves which
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travel toward the free surfaces of the flyer and target. This high intensity compres-

sive wave reach the free surface of the target at time t3 and accelerates it. This time

point corresponds to point T3 in Figure 5.15. These compressive waves again get

reflected from the free surfaces of the flyer and target and return as release waves.

The interaction of release waves leads to tension in the material, which results in

nucleation and growth of voids. The compressive waves resulting from stress relax-

ation due to nucleation and growth of voids move toward the free surfaces of the

flyer and target. The compressive wave reaches the free surface of the target at time

t4 in Figure 5.14 and accelerates it. This time point corresponds to time T4 in the

free surface velocity (Figure 5.15). Note that there is a pullback in the free surface

velocity at T4. This is due to the creation of voids (point Q, Figure 5.14), not due

to spall of the material. In this case the voids grow and coalesce leading to incipient

spall-like conditions [12]. However, spallation does not take place. The nucleation,

growth and coalescence of voids are shown in the side panels of Figure 5.15. Note

that the growth and coalescence of voids between time points T5 to T7 lead to the

formation of almost two parts, but there is no complete spallation of the material.

Time points t5, t6, t7 and t8 in Figure 5.14 correspond to the points T5, T6, T7 and

T8 in Figure 5.15. The compressive wave resulting from stress relaxation due to

creation of voids reverberates between the void surface and the free surface of the

target. The time period between two consecutive peaks (region between points T4

to T7) in the free surface velocity of the target shows that the velocity of the wave

corresponds to the speed of sound in copper.

As seen in Figure 5.15, the growth and coalescence of voids between 90 ps to

130 ps lead to the formation of a big void. This results in the trapping of the shock

between the void surface and the free surface of the flyer. Shock propagation between

the surface of the void and the free surface of the flyer are shown in Figure 5.16.

Sound reverberations on the other side of the void can also be seen in Figure 5.16.

The void heals at 157 ps and the shock couples with the reverberation on the other

side of the void (Figure 5.16). This is the reason for the big peak seen in Figure 5.15

at 165 ps and also the subsequent pattern of the peaks in the free surface velocity

of the target. Point A in Figure 5.14 corresponds to the healing of the void. This

time point corresponds to the point T9 in the free surface velocity of the target

(Figure 5.15).



Chapter 5:Effect of material damage on the spallation threshold of single

crystal copper: A molecular dynamics study 95

−100

−50

 0

 50

 100

 150

 200

 250

 300  400  500  600  700  800  900  1000  1100

P
re

ss
u

re
 (

kb
a

r)

Target Thickness (Å)

103 ps
106 ps
110 ps
123 ps

Shock wave

Sound wave

Void

Figure 5.16: Shock wave and sound wave propagation on the two sides of the void at
110 ps.

5.4.3 Effect of crystal orientation and grain boundary

It is important to study the effect of crystal orientation and grain boundary on

fracture properties. Simulations have been performed for the impact of copper

plates at 1000 m/s for two sets of crystal orientations:

• <110> is the direction of impact (x-direction), while y- and z- directions

(transverse directions) are along <1̄10> and <001>, respectively.

• <111> is the direction of impact (x-direction), while y- and z- directions

(transverse directions) are along <11̄0> and <112̄>, respectively.

The simulation domain in both of cases involves 300×30×30 unit cells. The free

surface velocities for both cases are shown in Figure 5.17.



Chapter 5:Effect of material damage on the spallation threshold of single

crystal copper: A molecular dynamics study 96

-200

 0

 200

 400

 600

 800

 1000

 1200

 0  20  40  60  80  100  120  140  160  180  200

Fr
ee

 su
rfa

ce
 ve

loc
ity

 (m
/s)

Time (ps)

1000 m/s

Flyer Target

Ta
rg

et
Fl

ye
r

Flyer Target

-200

 0

 200

 400

 600

 800

 1000

 1200

 0  20  40  60  80  100  120

Fr
ee

 su
rfa

ce
 ve

loc
ity

 (m
/s)

Time (ps)

1000 m/s

Flyer Target

Ta
rg

et
Fl

ye
r

Flyer Target

(b)

(a)

Figure 5.17: Free surface velocity as a function of time for the impact of copper plates
at 1000 m/s along (a) <110> direction (b) <111> direction. The snapshots in the side
panel of the figure are created using [4].

In both cases (Figure 5.17 (a) and Figure 5.17 (b)), nucleation and growth of the

voids take place corresponding to first traversal of the shock and spall occurs only

at late times. In the case of impact along <100> direction (Figure 5.15), nucleation

and growth of voids correspond to the second traversal of the shock and no spall

occurs.
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To study the effect of grain boundary on the free surface velocity of the target,

we have simulated the impact of bicrystal copper plates at 1000 m/s. The direction

of impact (x-direction) is taken along the <100> direction, which is the tilt axis.

The grain boundary normals are <021> and <021̄> which correspond to the y-axes.

The z-axes are along the <01̄2> direction for grain 1 and <012> direction for grain

2. The angle of misorientation (θ) about the tilt axis (<100>) is 36.87◦, which is

calculated as follows:

cos θ =
h1h2 + k1k2 + l1l2

(
√

h2
1 + k2

1 + l21)(
√

h2
2 + k2

2 + l22)
(5.1)

where <h1k1l1> and <h2k2l2> correspond to <021> and <021̄> directions, respec-

tively. The simulation domain contains 3×106 atoms corresponding to 300×50×50

unit cells. The resulting free surface velocity as a function of time is shown in

Figure 5.18.
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Figure 5.18: Free surface velocity as a function of time for the impact of bicrystal copper
plates at 1000 m/s. The snapshots in the side panel of the figure are created using [4].

Snapshots are also shown in the side panel of the Figure 5.18. It is seen in

Figure 5.18 that nucleation and growth of voids take place along the grain boundary,

which is due to the presence of nucleation sites (defects) at the grain boundary. This
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nucleation and growth correspond to the first traversal of the shock, as in case of

impact involving crystals oriented along <110> and <111> directions (Figure 5.17)

and spall occurs at late times. This is different from the impact along <100>

direction (Figure 5.15), in which nucleation and growth of the voids take place

corresponding to second traversal of the shock and no spall occurs. It is also seen

in Figure 5.18 that there is a rapid damping in free surface velocity as compared to

the impact involving single crystal copper plates. This is due to the presence of a

large number of defects which lead to rapid dissipation of energy.

5.4.4 Study of stochastic effect

In a real system, thermal motion will lead to stochastic effects. This has been simu-

lated at 1000 m/s by perturbing initial atomic coordinates. The initial x-coordinates

of the atoms are randomly perturbed between ± 0.001 Å. No perturbation is applied

to the y and z coordinates. The results are discussed below.

Free surface velocity

The free surface velocity of the target is shown in Figure 5.19 (a). There is no

pullback in the free surface velocity of the target corresponding to first traversal of

the shock. Pullback occurs after 80 ps due to nucleation and growth of voids. In

this case, growth and coalescence of the voids lead to the spall. Note that no spall

had occurred in the case of impact at the same velocity, but without perturbing the

initial coordinates (Section 5.4.1 – Figure 5.11). The compressive wave resulting

from stress relaxation due to spall of the material reverberates between the free

surface and spall surface of the scab. The ringing in the free surface velocity after

90 ps (Figure 5.19 (a)) corresponds to reverberations of the trapped compressive

wave. The snapshots at different time points in the free surface velocity are shown

in the side panel of the Figure 5.19 (a).

Pressure-time history

The pressure as a function of time in the spall region is shown in Figure 5.19

(b). No void nucleation occurs during the tension created by first traversal of the

shock. However, various defects (partial dislocations, stacking faults, etc) are cre-

ated. These defects become void nucleation sites for the tension corresponding to
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second traversal of the wave and hence lead to the nucleation and growth of voids

at very low tensile pressure. This, in turn, results in spall. Therefore we see that,

close to the spall threshold of the material, a small change in the atomic coordinates

affects the spallation process of the material.
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Figure 5.19: (a) Free surface velocity of the target for an impact velocity of 1000 m/s.
The snapshots in the side panel of the figure are created using [4] (b) Pressure as a function
of time in the spall region



Chapter 5:Effect of material damage on the spallation threshold of single

crystal copper: A molecular dynamics study 100

5.5 Conclusions

We have simulated high velocity impact of one copper plate on another with impact

velocities of 1100 m/s and 1000 m/s. For impact at 1100 m/s, voids are nucleated

at two locations in the target. The growth of voids at the spall location (x1 in Fig-

ure 5.2) is faster than that at other locations (x2 in Figure 5.2) in the target material

and hence leads to spall of the material. A comparison of contact configuration of

flyer-target system and non-contact configuration of flyer-target system is addressed.

It is found that the non-contact configuration leads to spall at lower value of tensile

pressure, which is due to the presence of defects (nucleation sites) in advance for

the tension resulting from the interaction of release waves. However, this does not

happen for the contact configuration of flyer and target system in which defects are

created during the tension developed by the interaction of release waves.

For impact at 1000 m/s along <100> direction, the nucleation and growth of

voids take place corresponding to the second traversal of the shock. An analysis

based on the centro-symmetry parameter shows that partial dislocations and stack-

ing faults are generated due to the tension created by the first traversal of the shock.

These defects become void nucleation sites for the tension due to second traversal

of the shock and thus lower the void nucleation threshold. This indicates that the

high strain-rate history of the material affects the void nucleation threshold of the

material.

The effect of crystal orientation and grain boundary on the free surface velocity

of the target at 1000 m/s has been studied. It has been found that nucleation and

growth of the voids correspond to the first traversal of the shock and material spalls

at late times. For impact at 1000 m/s along the <100> direction, we find that

a spall like signal is generated which corresponds to the stress relaxation resulting

from the nucleation and growth of the voids and not due to spall of the material.

Damage creation for a given impact velocity depends on the crystal orientation and

in a macroscopic metal with polycrystallites, all these effects come into play.

Stochastic effects on the spallation process have been studied by simulating im-

pact at 1000 m/s. We find that a small change in the initial atomic coordinates

affects the spallation process. This means that for impact velocities close to the

spall threshold, the spallation process is stochastic. This effect must be taken into

account during numerical determination of the threshold velocity for spall.



Chapter 6

Multi-scale simulations of damage

of single crystal copper at high

strain rates

Laser induced shock waves in materials can create high strain rates in solids, of the

order of (107 - 1010)/s [11, 18, 87, 89]. Dynamics of atoms/molecules subjected to

such high strain-rates can be computationally investigated by molecular dynamics

which is well suited to study the evolution of systems containing several millions of

atoms for several nanoseconds. The information gleaned at the atomistic scales can

be used to generate parameters that serve as inputs to simulations at macro-scales,

within a multi-scale modeling paradigm.

In Chapter 3, NAG parameters have been determined for single crystal copper

deformed triaxially at 5×109/s strain-rate. We have also studied the dependence

of these parameters on temperature in Chapter 4. Those studies were performed

on perfect single crystal copper. However, the nucleation threshold of ∼ 160 kbar,

obtained from those simulations for single crystal copper at 300 K, is well above

the experimental values [6, 66, 68]. This mismatch arises due to the absence of pre-

existing defects that would be present in a real single crystal. The effect of different

kinds of defects on the NAG parameters, specifically on the nucleation threshold, is

the subject of this chapter.

In this chapter, we study the role of pre-existing defects on fracture properties of

single crystals. The results are used for hydrodynamic simulations at macro-scales.

101
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6.1 Molecular dynamics simulation

Isotropic tension in single crystal copper, with various kinds of pre-existing defects,

is simulated at 5×109/s strain rate with 300 K temperature. The method used has

been explained in Chapter 3.5.1.

To study the effect of pre-existing defects on the NAG parameters, we have

created the following kinds of defects in single crystal copper:

• Vacancies: Vacancies are created by deleting atoms from different locations in

the simulation domain, as shown in Figure 6.1 (a).

• Edge dislocations: We have created dislocations of different lengths. On the

basis of their lengths, we have categorized dislocations as follows:

– Edge dislocation-1: This dislocation is created by removing 3 atomic rows

in the YZ plane and has a height of one tenth of the side length of the

simulation domain (361 Å) along the Z-axis, as shown in Figure 6.1 (b).

– Edge dislocation-2: This dislocation is created by removing 4 atomic rows

in the YZ plane and has a height of half the side length of the simulation

domain along the Z-axis as shown in Figure 6.1 (d).

– Edge dislocation-3: This dislocation is created by removing all atomic

rows in the YZ plane and has a height of half the side length of the

simulation domain along the Z-axis as shown in Figure 6.1 (e).

• Edge dislocation-1 with few vacancies: Edge dislocation-1 is created in the

domain along with a few vacancies to see the combined effect of edge disloca-

tions and vacancies on the results. The initial setup of this defect is shown in

Figure 6.1 (c).
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Figure 6.1: Single crystal copper is deformed triaxially at 5×109/s strain rate with
(a) vacancies (b) edge dislocation-1 of length equal to one tenth of the side length of the
simulation domain (c) edge dislocation-1 and few vacancies (d) edge dislocation-2 of length
equal to half of the side length of the simulation domain (only 4 atomic planes are taken)
(e) edge dislocation-3 of length equal to half of the side length of the simulation domain.
These snapshots are created using [4].
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Following the introduction of these defects, the system is thermalized using NPT

at 300 K and 0 bar pressure. This leads to some change in the defect structure.

Figure 6.2 shows the configuration of defects both before and after relaxation, for

edge dislocation-3 for a domain of 20×20×20 unit cells. These defects behave as

void nucleation sites and thus lead to nucleation of voids at lower values of tensile

pressure than in perfect crystals.

(a) (b)

Figure 6.2: (a) Snapshot of system after removing half plane from the simulation do-
main (20×20×20 unit cells) creating edge dislocation-3. This snapshot is taken before
performing NPT relaxation (b) Snapshot after performing NPT at 300 K and 0 bar.

6.1.1 Pressure-time profile

The pressure-time profile for single crystal copper triaxially deformed at 5×109/s

strain rate with pre-existing defects is shown in Figure 6.3 (a). The void volume

fraction as a function of time is also shown in Figure 6.3 (b).
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Figure 6.3: (a) Pressure-time profile for single crystal copper deformed triaxially at
5×109/s strain rate with pre-existing defects (b) Void volume fraction as a function of
time for different defects in single crystal copper.

It is seen in Figure 6.3 (a) that as the system is triaxially expanded, the tensile

pressure in the system is continuously increasing and becomes maximum at some
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time point. After that it turns around and rapidly flattens off around some small

value of tensile pressure. This turn around of pressure is due to stress relaxation

resulting from the nucleation and growth of voids. Note that the turn around peak

is not sharp – it is rounded due to inertial effects [96]. The nucleation and growth of

voids result in a stress relaxation wave which takes time to reach the simulation box

boundary to account for the stress relaxation in the domain. Due to this reason,

the turn-around peak is rounded in all cases in Figure 6.3 (a). In perfect single

crystal copper, there are no pre-existing nucleation sites. The nucleation sites in

perfect crystal copper are created during the deformation itself and thus facilitate

nucleation of voids. Once nucleation occurs, the growth of the voids takes place

very rapidly. In Figure 6.3 (b) for a perfect single crystal, it is seen that there is a

exponential growth of the voids. In this case, the growth rate of the voids is very

high compared to expansion rate of the simulation domain. This is also true for the

case of only vacancies in the domain. In these cases, coalescence of voids takes place

at later times. When dislocations of different sizes are present in the domain as

pre-existing defects, the exponential part of the void volume fraction in Figure 6.3

(b) approaches a linear shape as the size of the dislocation increases. The reason

is that as the size of the dislocation increases, the number of nucleation sites also

increases. Once the nucleation threshold is crossed, the growth and coalescence of

voids take place rapidly, unlike coalescence of voids in perfect crystal copper at later

times. For edge dislocation-3, the void volume fraction vs time graph (Figure 6.3

(b)) is linear. This indicates that the growth rate of the big voids resulting due to

coalescence becomes equal to the expansion rate of the simulation domain.

For single crystal copper with pre-existing vacancies, the turn around of the

pressure takes place at lower values of tensile pressure (166 kbar) compared to

perfect crystal copper (168 kbar). This is due to the presence of vacancies in crystal

copper which serve as void nucleation sites .

Snapshots (created using [4]) for single crystal copper at t=20 ps in Figure 6.3

(a) with pre-existing vacancies and dislocations are shown in Figure 6.4.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.4: Snapshots showing nucleation, growth and coalescence in single crystal cop-
per at 20 ps in Figure 6.3 (a) with defects: (a) Perfect crystal (b) Vacancies only – the black
spots in the Figure show the locations of the vacancies in the domain (c) edge dislocation-1
(d) edge dislocation-1 and a few vacancies, shown by blue spots (e) edge dislocation-2, and
(f) edge dislocation-3. The black line in the Figure shows the extra half plane.
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6.1.2 Nucleation and Growth (NAG) parameters

The procedure for determination of best-fit NAG parameters is described in Chap-

ter 3.6.3. The NAG parameters for single crystal copper deformed triaxially with

pre-existing defects are shown in Table 6.1. It is seen in Table 6.1 that the void

Single NAG parameters Relative

crystal copper error

Pn0 Pg0 P1 Ṅ0 η (%)

(kbar) (kbar) (kbar) (m−3- s−1) (bar-s)

Perfect 160.0 21.2 0.167 7.1×1018 3.4×10−8 19.0

Vacancies only 160.0 20.6 1.09 1.3×1029 6.7×10−8 9.4

Edge dislocation-1 127.0 21.0 7.76 4.6×1029 2.3×10−7 10.7

Edge dislocation-1 123.0 21.0 8.48 3.5×1029 2.0×10−7 9.0

and few vacancies

Edge dislocation-2 80.7 19.0 7.37 4.9×1029 3.4×10−7 10.5

Edge dislocation-3 42.7 47.0 3.85 2.7×1020 2.0×10−7 13.5

Table 6.1: Best-fit NAG parameters for single crystal copper deformed triaxially at
5×109/s strain rate with pre-existing defects. N = 4×106

.

nucleation threshold decreases with increase in size of the dislocation. The compar-

ison of void volume fraction obtained by NAG model and that by post-processor

(Section 2.2.1) is shown in Figure 6.5 and the corresponding relative error at each

data point for all the cases is shown in Figure 6.5 (f).
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Figure 6.5: Comparison of void volume fraction obtained by NAG model and that by
post-processor (Chapter 2.2.1) for single crystal copper deformed triaxially at 5×109/s
strain rate with (a) vacancies only (b) edge dislocation-1 (c) edge dislocation-1 and few
vacancies (d) edge dislocation-2, and (e) edge dislocation-3. (f) Relative error at each
data point.
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6.2 Hydrodynamic simulation

In the above section (Section 6.1.2), we have obtained NAG parameters for single

crystal copper with different kinds of defects, such as dislocations and vacancies.

We have used these parameters in a macro-scale hydrodynamic simulation, using a

one dimensional Lagrangian hydrocode, to generate spall data. An impact-loaded

spallation experiment involving single crystal copper [6] has been simulated using

the code. To compute pressure in the computational cells, a six parameter equation

of state [17] for copper has been used. We have used the Steinberg-Guinan strain-

rate independent dynamic strength model [17] to compute the variation of yield

strength and shear modulus with pressure, temperature and plastic strain in the

material. The DFRACT model (NAG model), with model parameters obtained

from atomistic simulations (Section 6.1.2), has been used to compute damage or

porosity. The free surface velocity-time history obtained from simulation is used to

derive spall threshold and scab thickness [17].

6.2.1 Perfect crystal copper: No spall

A slab of single crystal copper is impacted by an aluminum flyer with an impact

velocity of 660 m/s. The free surface velocity of perfect crystal copper (target)

obtained using our simulations and published experiments [6] is shown in Figure 6.6.
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Figure 6.6: Comparison of free surface velocities of target (single crystal copper) obtained
from hydrodynamic simulation and experiment. Aluminum flyer impacts single crystal
copper with an impact velocity of 660 m/s.
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It can be seen that in the simulation, there is no pull back in the free surface

velocity of perfect single crystal copper. Now, pull back in free surface velocity is the

signature of the spall [12]. This means that no spallation is observed in simulations

for perfect crystal copper. Spall in real single crystals, therefore, must be due to the

presence of various kinds of defects.

6.2.2 Single crystal copper wth pre-existing edge dislocation-

1 and edge dislocation-2: Incipient spall

A comparison of free surface velocities for single crystal copper with pre-existing

edge dislocation-1 (Figure 6.1 (b)) and edge dislocation-2 (Figure 6.1 (d)) is shown

in Figure 6.7 (a) and Figure 6.7 (b), respectively.

In this case, simulations show pull back in the free surface velocities (Figure 6.7)

of the target material, but no complete spall occurs. The pull back in the free surface

velocity is due to the growth of the pre-existing voids. Note that in reality, voids

nucleate near dislocations, stacking faults etc. Since the dislocation mechanism is

missing in the hydrocode, the pre-existing voids are introduced to account for it.

For the case of NAG parameters for edge dislocations 1 and 2, the tensile pressure

in the material stays below the void nucleation threshold and therefore, no void

nucleates. However, the tensile pressure exceeds the void growth threshold, leading

to incipient spall of the material.



Chapter 6:Multi-scale simulations of damage of single crystal copper at high

strain rates 112

 0

 100

 200

 300

 400

 500

 600

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

F
re

e 
su

rf
ac

e 
ve

lo
ci

ty
 (

m
/s

)

Time(µs)

Edge dislocation1

simulation
experiment

(a)

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

F
re

e 
su

rf
ac

e 
ve

lo
ci

ty
 (

m
/s

)

Time(µs)

Edge dislocation2

simulation
experiment

(b)

Figure 6.7: Comparison of free surface velocities obtained from hydrodynamic simulation
and experiment for single crystal copper with pre-existing (a) edge dislocation-1 and (b)
edge dislocation-2.

6.2.3 Single crystal copper with pre-existing edge dislocation-

3: Complete spall

A comparison of free surface velocities obtained from simulation and experiment for

single crystal copper with pre-existing edge dislocation-3 is shown in Figure 6.8 (a)

and void volume fraction as a function of target thickness is shown in Figure 6.8

(b).
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Figure 6.8: (a) Comparison of free surface velocities obtained from hydrodynamic sim-
ulation and experiment for single crystal copper with pre-existing edge dislocation-3 (b)
Void volume fraction as a function of target thickness.

In Figure 6.8 (a), a clear pull back is seen in the free surface velocity of the target

and complete spall of the material is observed. A comparison of spall strength and

spall thickness obtained from simulation for single crystal copper with experiment [6]

is shown in Table 6.2. It is seen in Table 6.2 that results agree reasonably well with

published experimental results [6] within an error of 20%.
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Parameters

Method Spall strength Spall thickness

(kbar) (mm)

Simulation 48.0 0.32

Experiment 39.5± 0.1 0.3 (10%)

Table 6.2: Comparison of spall strength and spall thickness obtained from hydrodynamic
simulation with the experiment [6].

6.3 Conclusion

We have performed MD simulations to simulate isotropic tension in single crystal

copper with pre-existing defects, such as dislocations and vacancies. Best-fit NAG

parameters are obtained. These parameters are then used in a macro-scale hydrody-

namic simulation to generate spall data. The results are compared with published

experimental data for single crystal copper. We find that our results come closest to

published experimental results, within an error of 20%, for the case of a pre-existing

edge dislocation (edge dislocation-3) defect. Other kinds of defects lead to larger

variations in the free surface velocity.

The conclusions of the present work are as follows:

• Amulti-scale model has been developed where NAG parameters obtained using

MD simulations for single crystal copper with pre-existing defects is used in a

macroscopic hydrodynamic code to simulate shock in single crystal.

• For a particular kinds of defect, multi-scale results match with experimental

results within 20% error.



Chapter 7

High strain deformation of single

crystal copper: Experiments and

MD simulations

As mentioned in Chapter 1, hydrodynamic simulations require three main inputs to

simulate impact and shock wave problems:

• Fracture parameters.

• Material strength during high strain-rate deformation.

• Equation of state.

All previous chapters have dealt with fracture. In this chapter, material strength

parameters for single-crystal copper have been obtained by performing experiments

at 103/s strain rate, using the Split Hopkinson Pressure Bar (SHPB) method [97].

Several workers [98–100] have performed experiments on single crystal copper

to study the various aspects, such as activation of slip systems, under quasi-static

loading. Here single crystal copper is uniaxially deformed at 103/s strain rate to get

material strength parameters.
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7.1 Split Hopkinson Pressure Bar

7.1.1 Theory

An SHPB consists of a compressed gas-gun, a striker bar, pressure bars (incident and

transmission bars), specimen and data acquisition system, as shown in Figure 7.1.

To record the incident, reflected and transmitted waves, strain gauges are mounted

on the incident and transmission bars. The striker bar, accelerated by gas, hits the

Figure 7.1: Schematic of split-Hopkinson pressure bar

incident bar, producing compressive stress waves at the point of impact. These waves

move toward the free surfaces of the striker bar and the other end of the incident

bar attached to the specimen. When the compressive wave reaches the free surface

of the striker bar, it reflects as a tension wave. When this tension wave reaches the

striker bar-incident bar interface, the striker bar gets separated out since tension

can not pass through the interface. This leads to the creation of a compressive

wave in the incident bar having a wave length (spatial duration) equal to twice the

length of the striker bar. When the compressive wave reaches the incident bar-

specimen interface, impedance mismatch occurs at the interface, leading to partial

reflection of the wave as a tension wave in the incident bar and partial transmission

of the compressive wave into the specimen. When the compressive wave reaches the

specimen-transmission bar interface, again due to impedance mismatch, the wave is

partially reflected as a compressive wave and partially transmitted as a compressive

wave to the transmission bar. During this process, a compressive wave is trapped

in the specimen which, by multiple reverberations, leads to plastic deformation of

the specimen.

Using one-dimensional elastic wave propagation theory [101], assuming homo-

geneous deformation of the specimen under uniaxial stress conditions, the average
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or engineering strain, stress and strain-rate in the specimen are given by

es(t) = −2
c0
l

∫ t

0

ǫR(t)dt (7.1)

ss(t) = E
A

As
ǫT (t) (7.2)

ės(t) = −2
c0
l
ǫR(t) (7.3)

where l is the initial length of the specimen, c0 is the elastic wave velocity in the

pressure bars (c0 =
√

E/ρ), A is the cross-sectional area of the bar and As is the

cross-sectional area of the specimen, E is the Young’s modulus of the bar, t is

the time duration, ǫR and ǫT are the axial strains obtained from the reflected and

transmitted pulses, respectively.

The true stress, true strain and true strain-rate in the specimen [102] are given

by

σs = ss(t)[1− es(t)] (7.4)

ǫs(t) = − ln[1− es(t)] (7.5)

ǫ̇s =
ės(t)

1− es(t)
(7.6)

7.1.2 Strain gauge output

The raw output obtained from strain gauges mounted on the incident and trans-

mission bars for single crystal copper deformed at ∼103/s strain rate is shown in

Figure 7.2(a). The strain and stress produced in the specimen due to the impact of

striker bar on the incident bar are obtained by using the following relations [103]

ǫ =
2∆V

V0kG
(7.7)

σ =
2∆V E

V0kG
(7.8)

where ∆V is the signal from the strain gauges mounted on the bars, E is the elastic

modulus of the bar, V0 is the excitation voltage, k is the gage factor and G is the gain.

The incident, reflected and transmitted stress waves are shown in Figure 7.2(b).
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Figure 7.2: (a) Strain gauge raw output obtained from incident and transmission bars for
high strain rate test on single crystal copper at room temperature for an impact velocity
of 9.4 m/s in SHPB (b) Strain gauge raw output converted to stress for the impact velocity
of 9.4 m/s.
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7.1.3 Maximum stress generated in the incident bar and

pulse duration

The maximum stress generated due to the impact of the striker bar on the incident

bar is given by [104]

σmax =
ρc0v

2
(7.9)

where v is the velocity of the striker bar, ρ (7746 kg/m3) is the density of the pressure

bars and c0 (4793 m/s) is the elastic wave velocity in the pressure bars.

For an impact velocity of 9.4 m/s, the maximum stress generated is given by

σmax =
7746× 4793× 9.4

2
= 174MPa (7.10)

This is in agreement with the maximum stress obtained from the experiment on

single crystal copper, as shown in Figure 7.2 (b).

The duration of the pulse generated is given by

∆t =
2L

c0
=

2× 0.5

4793
= 208µs (7.11)

where L is the length of the striker bar. The pulse duration calculated is also in

agreement with that obtained from the experiment, as shown in Figure 7.2 (b).

7.2 Experimental Procedure

7.2.1 Preparation of single crystal specimens for SHPB

A single crystal copper of dimension 25.0 mm (diameter)× 20.0 mm (height) was

grown by Bridgman method1 (Figure 7.3). The neutron diffraction method has been

used to determine the crystalline perfection and orientation of the copper sample.

The instruments used were a Triple Axis Neutron Spectrometer (TAS) [105], and

a Filter Detector Neutron Spectrometer (FDS) at Dhruva reactor, BARC. In these

spectrometers, the (111) reflection of large copper single crystals are used to obtain a

monochromatic neutron beam. The collimator in the monochromatic beam allows a

beam cross section of 5.0 cm × 5.0 cm onto the sample and the horizontal divergence

would be 1◦ [106].

1Single crystal copper is provided by Prof. Thamizhavel from Tata Institute of Fundamental

Research (TIFR), Mumbai, India. This contribution is gratefully acknowledged.
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L = 20.0 mm D = 25.0 mm

Figure 7.3: Cylindrical single crystal copper of dimension 25.0 mm (diameter)×20.0 mm
(height).

The methodology employed is the measurement of a neutron diffraction rocking

curve. This is the measurement of the intensity of an ”hkl” reflection as the crystal

is turned around its vertical axis, in order to characterize the quality of the crystal

regarding its mosaicity ∆θ – the planes that theoretically should be parallel to each

other differ in reality by an angle ∆θ. In general, this rocking curve shows overlap-

ping peaks if crystalline domains (closely aligned in the direction of measurement)

are present in the crystal.

During the measurement, the neutron detector remains in a fixed position at the

scattering angle 2θhkl relative to the incident beam. The wavelength of the neutrons

used was 2.3 Å. The crystal to be investigated was attached firmly to the head of

a two-axis goniometer, with the cylinder axis vertical. The goniometer was then

placed on the sample table of the spectrometer. Careful orientation of the crystal

in the neutron beam was carried out in order to obtain the maximum intensity of

the (111) and (200) reflections. The rocking curve was obtained by rotating the

crystal in steps of 0.1◦ with a count time of 10 s for each step. The determined

orientation of the copper crystal has helped in marking the <100> direction as well

as confirming the <01̄1>/<011̄> to be along the axis of the cylinder. The direction

marked crystal copper is shown in Figure 7.4.

The rocking curve of the (200) reflection measured on the FDS is shown in

Figure 7.5. In Figure 7.5, it is seen that only two good peaks are observed during

the whole rotation of the sample. These peaks indicate that the single crystal copper

is not a polycrystalline copper. In the inset of Figure 7.5, an expanded scale of the

counts (intensity) axis is also shown. In the inset, it is seen that there are small
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D = 25.0 mm L = 20.0 mm

[100]

or
[011]

[011]

Figure 7.4: Direction marked single crystal copper (L×D = 20.0 mm ×25.0 mm).

peaks in between the two good (big) peaks. The presence of small peaks between

the two big peaks signifies the presence of crystallites which are not aligned with

the main ones. The rocking curve of (111) reflection (Figure 7.6) also shows the

presence of small peaks in-between the big peaks. The rocking curve of the (200)

reflection with an expanded scale of sample angle axis is shown in Figure 7.7. A

Gaussian fit of the data (Figure 7.7) gives the width to be around 0.9◦, which is a

measure of the mosaicity of the crystal.

7.2.2 Energy Dispersive X-ray (EDX) Analysis

This technique is used to identify impurities in the specimen. In this technique, an

electron beam is used to bombard the specimen. These electrons collide with atoms

of different elements present in the specimen. Due to collisions with bombarded

electrons, the inner shell electrons in the sample are ejected, leading to vacant po-

sitions in the inner shells. These vacant positions are occupied by the high energy

electrons from the outer shells of the atoms. The transfer of outer shell electrons to

inner shells leads to the release of energy by emitting X-rays. The amount of energy

released depends on the energy difference between the energy levels (energy level

from where the electron is ejected and that from which the electron is transferred to
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Figure 7.5: Rocking curve of (200) reflection for single crystal copper (Figure 7.3).

occupy the vacant position). The atoms of each element emit X-rays with a unique

amount of energy. The measurement of amount of energy present in X-rays is used

to identify the atoms present in the specimen.

The EDX spectrum for single crystal copper is shown in Figure 7.8. It is seen in

Figure 7.8 that each of the peaks is unique to an atom and hence corresponds to a

single element. As expected, the copper peak is the highest, which is a signature of

high concentration of the element present in the specimen. Only a few impurities

(C, O, Cl and Si) are present in the single crystal copper.

7.3 Johnson-Cook Material Model

The Johnson-Cook (JC) model [27] is a phenomenological model used to reproduce

the response of the materials under impact and penetration conditions. The model

connects the quasi-static and dynamic mechanical properties of the materials. The

material responses which are described by this model are strain hardening, strain

rate effect and thermal softening. In this model, the equivalent von Mises stress is
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Figure 7.6: Rocking curve of (111) reflection for single crystal copper (Figure 7.3).

given by

σe = [A +B(ǫpe)
n][1 + C ln ǫ̇∗][1− T ∗m] (7.12)

where A is the quasi-static yield stress, B is the modulus of strain hardening, n is

the strain hardening exponent, C is the strain rate hardening constant and m is the

thermal softening constant, all of which are material constants. ǫpe is the equivalent

plastic strain, ǫ̇∗ = ǫ̇pe
ǫ̇0

is the plastic strain rate, ǫ̇0 is the user-defined reference strain

rate used to determine A, B, and n.

T ∗ =
T − TR

TM − TR

is the dimensionless temperature called the homologous temperature, TM is the

melting temperature and TR is the reference temperature (room temperature) used

to determine A, B and n.

There are three terms in parentheses on the right hand side of Eqn. 7.12:

• The first term [ A + B (ǫpe)
n] represents the material properties under quasi-

static loading.

• The second term [1 + C lnǫ̇∗] describes the effect of strain-rate hardening.



Chapter 7: High strain-rate deformation of single crystal copper:

Experiments and MD simulations 124

Sample Angle (degree)

C
ou

nt
s/

10
 s

Figure 7.7: Rocking curve of (111) reflection for single crystal copper (Figure 7.3)

• The third term [1 - T∗m] describes the thermal softening effect due to imposed

temperature.

If thermal softening effects are ignored, i.e. T∗ = 0 for T = TR, then Eqn. 7.12

becomes

σe = [A+B(ǫpe)
n][1 + C ln ǫ̇∗] (7.13)

If strain-rate effect and thermal softening effects are ignored, i.e. ǫ̇∗ = 1.0 and T∗ =

0, then Eqn. 7.12 becomes

σe = [A+B(ǫpe)
n] (7.14)

This describes the relationship between stress and strain under quasi-static loading.

7.4 Results and Discussion

To determine the strength properties, quasi-static experiments using Universal Test-

ing Machine (UTM) and dynamic experiments using SHPB have been performed on

single crystal copper loaded along <100> and <110> directions. The details of
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Figure 7.8: EDX spectrum for single crystal copper.

the quasi-static and dynamic compression experiments on single crystal copper are

shown in Table 7.1 and Table 7.2, respectively.

Test No Specimen size Orientation Strain rate

L×D (mm) (/s)

1 3.94×4.04 100 0.0033

2 3.96×4.06 110 0.0033

Table 7.1: Experimental details for single crystal copper deformed under quasi-static
loading at 300 K.

A comparison of true stress as a function of true strain for <100> and <110>

loading directions under quasi-static loading is shown in Figure 7.9.
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Test Specimen Orientation Temperature Gas gun Striker bar Average

No. size (K) pressure velocity strain

L×D (bar) (m/s) rate

(mm) (/s)

1 3.88×4.04 100 300 1.5 9.38 2300

2 3.94×4.08 100 300 2.0 11.72 3000

3 3.94×4.06 100 300 2.5 13.33 3500

4 3.96×4.0 100 373 2.0 11.72 3000

5 3.96×4.0 100 473 2.0 11.72 3000

6 4.00×4.10 110 300 1.5 9.38 2200

7 3.94×4.10 110 300 2.5 13.33 3500

8 3.96×4.10 110 300 3.0 14.71 4200

9 4.0×4.02 110 373 2.0 11.72 3000

10 3.94×4.0 110 473 2.0 11.72 3000

Table 7.2: Experimental details for single crystal copper deformed under dynamic loading
using SHPB.
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It is seen in Figure 7.9 that single crystal copper, deformed along the <110>

direction, shows more hardening than that deformed along <100> direction.

True stress as a function of true strain at different strain rates is shown in

Figure 7.10. Note that the strain rate under dynamic loading is not constant during

the deformation.
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Figure 7.10: Deformation of single crystal copper at 300 K using UTM and SHPB. (a)
True stress as a function of true strain for single crystal copper deformed along <100>
direction (b) True strain rate-true strain curve for loading along <100> direction (c) True
stress-true strain curve for loading along <110> direction (d) True strain rate-true strain
curve for loading along <110> direction.

The quasi-static data for single crystal copper is used to get three parameters

(A, B and n) for the JC model. The strain rate coefficient (C) is obtained by using

stress-strain data at different strain rates, while the thermal softening coefficient

(m) is obtained by using stress-strain data at different temperatures for a constant

strain rate. JC model parameters for single crystal copper deformed along <100>

and <110> directions are shown in Table 7.3. For experiments performed at room
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JC model parameters Orientation

<100> <110>

A (MPa) 35.0 55.0

B (MPa) 355.3 537.8

n 0.46 0.62

C 0.022 0.0009

m 0.85 0.9

Table 7.3: JC model parameters for single crystal copper deformed at 103/s strain rate
along <100> and <110> directions.

temperature (i.e., T = TR), Eqn. 7.13 becomes

σe =







[35.0 + 355.3(ǫpe)
0.46][1 + 0.022 ln ǫ̇∗] for < 100 >

[55.0 + 537.8(ǫpe)
0.62][1 + 0.0009 ln ǫ̇∗] for < 110 >

(7.15)

For single crystal copper deformed along<100> and<110> directions, a comparison

of true stress-true strain curves obtained from experiments and that using Eqn. 7.15

is shown in Figure 7.11.
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Figure 7.11: Comparison of true stress-true strain curves obtained from experiments
and that using Eqn. 7.15 for single crystal copper deformed at 103/ strain rate along (a)
<100> direction (b) <110> direction.

As mentioned above, by performing experiments at different temperatures at

constant average strain rate, the thermal softening coefficient is determined. There-

fore, Eqn. 7.13 becomes

σe =







[35.0 + 355.3(ǫpe)
0.46][1 + 0.022 ln ǫ̇∗][1− T ∗0.85] for < 100 >

[55.0 + 537.8(ǫpe)
0.62][1 + 0.0009 ln ǫ̇∗][1− T ∗0.9] for < 110 >

(7.16)
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Comparison of true stress-true strain curves obtained from experiments and that us-

ing Eqn. 7.16 for single crystal copper deformed along <100> and <110> directions

at different temperatures and different strain rates is shown in Figure 7.12.
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Figure 7.12: Comparison of true stress-true strain curves obtained from experiments
and that using Eqn. 7.16 for single crystal copper deformed at 103/ strain rate along (a)
<100> direction (b) <110> direction.

It can be seen from Figure 7.12 that there is good agreement between the stress-

strain curves obtained by experiments and that obtained using Eqn. 7.16.
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7.5 Estimation of dislocation density

To estimate the dislocation density in single crystal copper, neutron diffraction

analysis has been carried out before and after the deformation of single crystal copper

at 103/s strain rate. The analysis has been done for single crystal copper deformed

along <100> direction. The neutron diffraction analysis method is described in

Section 7.2.1.

The true stress-true strain curves and true strain rate-true strain curves for two

specimens (specimen12 and specimen 13), deformed at two impact velocities of the

striker bar, are shown in Figure 7.13.
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Figure 7.13: (a) True stress-true strain curves for specimen 12 and specimen 13 (b) True
strain-rate as a function of true strain for specimen 12 and specimen 13.
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The rocking curves of (200) and (220) reflections for specimen 12 and specimen

13, before and after the deformation, are shown in Figure 7.14.

The full width at half maximum (FWHM) for specimen 12 and specimen 13,

before and after the deformation, is calculated using the rocking curves as shown in

Figure 7.15 and Figure 7.16, respectively.
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Figure 7.14: Rocking curve of (a) (200) reflections for specimen 12 (b) (220) reflections
for specimen 12 (c) (200) reflections for specimen 13 (d) (220) reflections for specimen 13.

Assuming a random distribution of the dislocations on all possible slip systems,

the average dislocation density (D) [107] is given by

D =
β2

9b2
(7.17)

where β is the FWHM of the rocking curves measured by neutron diffraction, and

b is the Burger vector (here b = a
2
<110> = 0.255 nm, a = 0.361 nm). Using

Eqn. 7.17, the dislocation density for single crystal copper deformed along <100>

and <110> directions is shown in Table 7.4.
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Figure 7.15: FWHM for specimen 12 (a) before deformation for (200) reflections (b)
after deformation for (200) reflections (c) before deformation for (220) reflections and (d)
after deformation for (220) reflections. Specimen 12 is deformed at 103/s (Figure 7.13)
along <100> crystal direction.

7.6 Molecular dynamics simulation

To understand the shape changes observed in experiments on single crystal copper

and to reproduce the number of active slip directions during deformation of single

crystal copper loaded along <100> and <110> directions, MD simulations have

been performed at high strain rate under uniaxial stress loading.

The simulation domain contains 100×100×100 unit cells along x-, y- and z-

directions. Periodic boundary conditions are used along each direction. Equations

of motion are integrated with a time step of 0.5 femto-second using velocity Verlet

algorithm. After relaxing the system at 300 K temperature and 0 bar pressure for

100 pico-second, uniaxial compression at 5×109/s strain rate has been applied along

the x-direction. The pressure along y- and z-directions has been controlled at 0
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Figure 7.16: FWHM for specimen 13 (a) before deformation for (200) reflections (b)
after deformation for (200) reflections (c) before deformation for (220) reflections and (d)
after deformation for (220) reflections. Specimen 13 is deformed at 103/s (Figure 7.13)
along <100> crystal direction.

pressure using an NPT ensemble, thereby letting the solid change shape and size

along these directions.

7.6.1 Number of slip systems activated

Single crystal copper uniaxially compressed along <100> and <110> directions at

5×109/s strain rate first deforms elastically and then plastically once the threshold

for dislocation nucleation is crossed. The deformation along the <100> direction

leads to the activation of 8 slip systems and that along the <110> direction activates

4 slip systems [108] out of 12 active slip systems in FCC metals. In order to study

the slip systems activated during dynamic deformation, Burger vectors have been

calculated using the DXA code [109]. These Burger vectors are then used to get
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Sample (200) reflection (220) reflection

Average Average

FWHM dislocation FWHM dislocation

(degree) density (/m2) (degree) density (/m2)

12
Before deformation 0.65 2.2×1014 0.62 2.0×1014

After deformation 4.08 86.6×1014 3.3 56.6×1014

13
Before deformation 0.71 2.6×1014 0.74 2.8×1014

After deformation 8.62 386.7×1014 10.1 530.9×1014

Table 7.4: FWHM and average dislocation density for specimen 12 and specimen 13
before and after the deformation of single crystal copper obtained from rocking curves
(Figure 7.15 and Figure 7.16).

the slip directions. The number of slip directions activated in single crystal copper

deformed along <100> and <110> directions are shown in Figure 7.17.

It is seen in Figure 7.17 (a) that there are 8 sets of h, k and l values which

indicate the activation of 8 slip directions. In Figure 7.17 (b), there are 4 sets of

h, k and l values which indicate the activation of 4 slip directions in single crystal

copper deformed along <110> direction. This reproduces the number of active slip

directions observed by [108].
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Figure 7.17: Number of slip directions activated during deformation of perfect single
crystal copper at 5×109/s strain rate with 300K along (a) <100> direction (b) <110>
direction.

7.6.2 Shape changes in the deformation of single crystal

copper

The Poisson ratio as a function of strain for single crystal copper deformed at

5×109/s strain rate along <100> and <110> directions is shown in Figure 7.18.
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Figure 7.18: Poisson ratio as a function of strain in the direction of compression for
single crystal copper deformed at 5×109 strain rate along (a) <100> direction (b) <110>
direction.

The arrow in Figure 7.18 indicates the onset of plastic deformation due to ho-

mogeneous nucleation of dislocations. It is seen in Figure 7.18 (a) that for <100>

loading direction, the Poisson ratio is negative for both y- and z-directions. This

indicates the expansion of the crystal along y- and z-directions due to compres-

sion along x-direction. This supports the shape changes observed in experiments

on cylindrical single crystal copper specimens loaded along <100> direction. The
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image of single crystal copper specimen deformed along <100> direction at 103/s

strain rate using SHPB is shown in Figure 7.19(a).

For loading along the <110> direction, the Poisson ratio is positive along the

y-direction and negative along the z-direction, as shown in Figure 7.18(b). This

indicates that during elastic deformation, the crystal contracts along the y-direction

and expands along the z-direction due to compression in x-direction. Note that

deformation of single crystal copper is large along the z-direction compared to y-

direction. Note also that during plastic deformation, single crystal copper expands

along both y- and z-directions, but with larger deformation along the z-direction.

The image of the specimen deformed along <110> direction at 103/s strain-rate

using SHPB is shown in Figure 7.19(b).

Thus, the shape changes observed in SHPB experiments on single crystal copper

are validated by MD simulations.

(a) (b)

Figure 7.19: Single crystal copper deformed at 103/s strain rate using SHPB along (a)
<100> direction (b) <110> direction.

To understand the shape changes of the above samples, Schmid factor calcula-

tions have been performed on the (111) slip plane to determine the activation of slip

directions. It is known that shear stresses are produced when load is applied on the

material [110]. The shear stress produced leads to slip in the material if it reaches

a threshold value called critical resolved shear stress (CRSS). The critical resolved

shear stress (τ) is given by

τR = σ cosφ cosλ (7.18)

where σ is the axial stress, φ is the angle between normal to slip plane and the ten-
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sion/compression axis, λ is the angle between slip direction and tension/compression

direction. Here cosφ cosλ is called the Schmid factor (m). The value of Schmid fac-

tor determines activation of the slip systems. The slip systems which have highest

Schmid factor will activate first.

Shape changes when deformed along <100> direction

For (111) slip plane and <100> compression axis, the angle between the two is given

by

cosφ =
(1)(1) + (1)(0) + (1)(0)√
12 + 12 + 12

√
12 + 02 + 02

=
1√
3

(7.19)

The slip plane (111) contains three slip directions: <1̄10>, <1̄01> and <01̄1>.

Therefore, the angle between slip directions and the compression axis (<100>) is

given by

cosλ =
(1̄)(1) + (1)(0) + (0)(0)

√

(1̄)2 + 12 + 02
√
12 + 02 + 02

= − 1√
2

for < 1̄10 > (7.20)

cosλ =
(1̄)(1) + (0)(0) + (1)(0)

√

(1̄)2 + 02 + 12
√
12 + 02 + 02

= − 1√
2

for < 1̄01 > (7.21)

cosλ =
(0)(1) + (1̄)(0) + (1)(0)

√

02 + (1̄)2 + 12
√
12 + 02 + 02

= 0 for < 01̄1 > (7.22)

Therefore, the Schmid factor (m) for <1̄10> slip direction is given by

m<1̄10> = cosφ cosλ = (
1√
3
)(− 1√

2
) = − 1√

6
= −0.408 (7.23)

Similarly, for <1̄01> and <01̄1> slip directions, the Schmid factor is given by

m<1̄01> = cosφ cosλ = (
1√
3
)(− 1√

2
) = − 1√

6
= −0.408 (7.24)

m<01̄1> = cosφ cosλ = (
1√
3
)(0) = 0 (7.25)

It is seen from Eqn. 7.23 and Eqn. 7.24 that the Schmid factor for <1̄10> and <1̄01>

is equal and non-zero, which means that both these slip directions will activate

simultaneously. For <01̄1> slip direction, the Schmid factor is zero which means

that no slip will occur along this direction since there is no shear stress along this

direction (Eqn. 7.18). This is the reason why single crystal copper expands along y-
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and z-directions when deformed along <100> direction (x-direction). The graphical

representation of activation of slip directions on 4 active slip planes for single crystal

copper deformed along <100> direction is shown in Figure 7.20 and the details of

the slip systems are tabulated in Table 7.5.

(111)

(111)

(111)

<010>

<001>

(111)

<100>

<001>

<010>

z

y

Direction of compression

x

Activated slip direction

No slip

Figure 7.20: Graphical representation of activation of slip directions on 4 active slip
planes for single crystal copper deformed along <100> direction.

Shape changes when deformed along <110> direction

The angle between (111) slip plane and <110> slip direction is given by

cosφ =
(1)(1) + (1)(1) + (1)(0)√
12 + 12 + 12

√
12 + 12 + 02

=
2√
6

(7.26)
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Slip system Schmid factor

Slip plane normal cosφ Slip direction cosλ (m)

(n) (n.c) (s) (s.c)

(111)
0.577 <1̄10> -0.707 -0.408

<1̄01> -0.707 -0.408

(11̄1)
0.577 <1̄01> -0.707 -0.408

<1̄1̄0> -0.707 -0.408

(11̄1̄)
0.577 <1̄01̄> -0.707 -0.408

<1̄1̄0> -0.707 -0.408

(111̄)
0.577 <1̄01̄> -0.707 -0.408

<1̄10> -0.707 -0.408

Table 7.5: All 8 slip systems which activate during the deformation of single crystal cop-
per when deformed along <100> direction. Here c indicates the direction of compression
(<100>).

The angle between slip directions (<1̄10>, <1̄01> and <01̄1>) and compression

axis (<110>) is given by

cosλ =
(1̄)(1) + (1)(1) + (0)(0)

√

(1̄)2 + 12 + 02
√
12 + 12 + 02

=
0√
6
= 0 for < 1̄10 > (7.27)

cosλ =
(1̄)(1) + (0)(1) + (1)(0)

√

(1̄)2 + 02 + 12
√
12 + 12 + 02

=
−1√
4
=

−1

2
for < 1̄01 > (7.28)

cosλ =
(0)(1) + (1̄)(1) + (1)(0)

√

02 + (1̄)2 + 12
√
12 + 12 + 02

=
−1√
4
=

−1

2
for < 01̄1 > (7.29)

Therefore, the Schmid factor for <1̄10>, <1̄01> and <01̄1> slip directions is given

by

m<1̄10> = cosφ cosλ = (
2√
6
)(0) = 0 (7.30)

m<1̄01> = cos φ cosλ = (
2√
6
)(−1

2
) = − 1√

6
= −0.408 (7.31)

m<01̄1> = cos φ cosλ = (
2√
6
)(−1

2
) = − 1√

6
= −0.408 (7.32)
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It is seen in Eqn. 7.30 that the Schmid factor is zero for <1̄10> slip direction,

while it is non-zero for <1̄01> and <01̄1> slip directions. Therefore, slip will occur

along <1̄01> and <01̄1> directions leading to expansion along z-direction. This

is the reason why more deformation takes place along z-direction. The graphical

representation of activation of slip directions on 2 active slip planes for single crystal

copper deformed along <110> direction is shown in Figure 7.21 and details of the

slip systems are tabulated in Table 7.6.

(111)

<110>

<010>

<001>

<110>

Direction of Compression 

z

z
x

y

<010>

<001>

(111)

<100>

Activated slip direction

No slip

Figure 7.21: Graphical representation of activation of slip directions on 2 active slip
planes for single crystal copper deformed along <110> direction.
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Slip system Schmid factor

Slip plane normal cosφ Slip direction cosλ (m)

(n) (n.c) (s) (s.c)

(111)
0.816 <1̄01> -0.50 -0.408

<01̄1> -0.50 -0.408

(111̄)
0.816 <1̄01̄> -0.50 -0.408

<01̄1̄> -0.50 -0.408

Table 7.6: All 4 slip systems which activate during the deformation of single crystal cop-
per when deformed along <110> direction. Here c indicates the direction of compression
(<110>).

7.7 Conclusions

The conclusions are as follows:

• The strength parameters for Johnson-Cook model have been obtained for sin-

gle crystal copper deformed at 103/s strain rate along <100> and <110>

directions. The value of yield strength and strain hardening parameter for

single crystal copper deformed along the <110> direction is high compared to

that deformed along the <100> direction.

• Neutron diffraction studies before and after the impact show the broadening

of the diffraction peaks which is the signature of increased density of defects.

The change in the diffraction peaks have been correlated with dislocations in

the sample.

• Using MD simulations, the number of slip directions activated during the

deformation of single crystal copper has been reproduced by computing the

Burger vector for homogeneous nucleation of dislocations. Furthermore, shape

changes observed in the experiments on single crystal copper have been val-

idated by computing the Poisson ratio. The shape changes are understood

in terms of the activation of preferred slip systems by performing the Schmid

factor calculations.
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Conclusions and Future Scope

8.1 Conclusions

Solid fracture and dynamic strength under high strain rate deformation is of in-

terest for high velocity impact and penetration problems. Existing fracture models

at high strain rates, such as the void Nucleation and Growth model, involve sev-

eral parameters. The best-fit values of those parameters are required for different

materials of interest. These parameters are available in the open literature for few

materials. The same applies to models for dynamic strength of solids. Therefore,

for predictive hydrodynamic simulations, it is required to generate best-fit values of

these parameters for different materials of interest.

This thesis studies the high strain rate deformation of single crystal copper, both

by simulations and experiments, and covers two inputs to hydrodynamic simulations:

1. Void NAG model, which is one of the fracture models. The parameters for

this model are determined by molecular dynamics simulations.

2. Johnson-Cook dynamic strength model. The parameters are obtained by per-

forming quasi-static and dynamic compression experiments on single crystal

copper using Universal Testing Machine and Split Hopkinson Pressure bar,

respectively.

In this thesis, we obtain the void Nucleation and Growth (NAG) parameters

for single crystal copper as well as their sensitivity to temperature. The effect of

pre-existing defects on the NAG parameters is also studied and a multi-scale model

is developed to generate spall data for single crystals. The void nucleation threshold

144
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obtained is validated by high velocity impact of copper plates. We have performed

these studies for single crystal copper, but the method of simulation is general

enough to be extended to any other material, simply by changing the inter-atomic

potential library. The important results of the present study are described below:

8.1.1 Application of a macroscopic void nucleation and growth

model at the atomistic scales for perfect crystal cop-

per

Molecular dynamics simulations are performed to study the nucleation and growth

processes in single crystal copper under high strain rate deformation.

From the simulations, we conclude

• The Nucleation and Growth (NAG) model, originally developed for polycrys-

talline materials at (104-106)/s strain rates, is also applicable at high strain

rates (5×109/s) at atomistic scales for perfect single crystals. The best-fit

NAG parameters have been obtained for perfect single crystal copper at 300

K temperature.

• A comparison of NAG parameters for perfect single crystal copper with those

obtained experimentally for polycrystalline copper, which are available in the

literature, shows that

– The threshold for void nucleation (160 kbar) is very high for single crystal

copper as compared to that for polycrystalline copper (5 kbar). This is

reasonable, since there are weak points in polycrystalline materials, e.g.

grain junctions, which can lead to void nucleation at lower value of tensile

pressure. This difference in void nucleation thresholds may also be the

result of differences between the strain rates used in experiments and in

MD simulations.

– The low value of pressure sensitivity for void nucleation for single crys-

tal copper, as compared to polycrystalline copper, indicates the rapid

nucleation of voids for pressure above the void nucleation threshold.

– The low value of material viscosity for single crystal copper indicates the

rapid growth of voids once the void nucleation threshold is crossed.
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• Perfect single crystals are not available for experiments. Real single crystals

used in experiments contain defects. This could lead to a significant difference

between experimental and MD values of nucleation threshold for single crys-

tals. Hence, in order to validate the nucleation threshold obtained above, we

have performed shock-wave simulations at the atomistic scales and determined

the threshold tensile pressure at which nucleation starts. A good match has

been found.

• The singular value decomposition analysis for single crystal copper triaxially

deformed at 5×109/s shows that after the nucleation of first void

– there is a shift in the frequencies of modes

– new frequencies are created

– strong modes correspond to the wavelength of λ, 3λ/2 and 5λ/2.

– the hierarchy of modes changes after the void nucleation

8.1.2 Temperature sensitivity of void nucleation and growth

parameters for single crystal copper- A molecular dy-

namics study

The effect of temperature on the nucleation and growth parameters have been stud-

ied for single crystal copper deformed at 5×109/s. The conclusions of this chapter

are as follows:

• Best-fit NAG parameters have been obtained for single crystal copper deformed

triaxially at 5×109/s strain rate with different temperatures. A systematic

reduction in the magnitude of void nucleation and growth thresholds have

been observed with rise in temperature.

• As the melting temperature of the single crystal copper is approached, a cu-

rious double-dip is observed in the pressure-time profile. A detailed of this

anomaly has been performed, using statistical measures such as the structure

factor, RDF, CSP and CNA. The study shows that the first minimum cor-

responds to the loss of the long-range order due to the creation of stacking
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faults and an unknown structure and the system no longer has a FCC struc-

ture. There is no nucleation of voids at this juncture. The second minimum

corresponds to the nucleation and incipient growth of voids.

In this chapter, we have shown (1) the effect of temperature on the nucleation

and growth parameters of the DFRACT model for crystal copper and (2) analysis

of the structural changes of the crystal subjected to high strain rate at different

temperatures.

8.1.3 Effect of material damage on the spallation threshold

of single crystal copper-A molecular dynamics study

High velocity impact of copper plates has been performed at impact velocities of

1100 m/s and 1000 m/s. The conclusions of this chapter are as follows:

• For impact at 1100 m/s impact velocity, the nucleation of voids takes place at

two locations (x1 and x2) in the target. The CSP analysis for defects created

shows that the stacking faults created rapidly converts to partial dislocations

at location x1 compared to that at location x2. It is known that the dislocations

soften the material surrounding the void and lead to growth of the voids. The

rapid growth of voids at location x1 is due to availability of many dislocations

surrounding the voids leads to the spall of the material. Due to spall at location

x1, a compressive wave is generated which heals the voids at location x2.

• For the non-contact impact of flyer-target system, spallation occurs at lower

value of tensile pressure (112 kbar). This is due to the presence of defects which

are created during initial passage of the shock. When the reflected release

waves from the free surface interact subsequently causing tension, due to the

defects, the nucleation threshold of voids decreases. For the in-contact impact

of flyer-target system, defects are created only during the tension resulting

from the interaction of release waves and not during initial passage of the

shock. This means that there are no defects in advance to the tension in

the contact case. These then lead to the nucleation of voids at higher value

of tensile pressure (160 kbar) and hence spallation occurs at higher value of

tensile pressure.
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• Impact at 1000 m/s along the <100> direction shows that the nucleation and

growth of voids take place at lower value of tensile pressure (124 kbar) cor-

responding to the tension resulting due to second traversal of the shock. For

impact at 1100 m/s, nucleation and growth of voids take place at high ten-

sile pressure (160 kbar) corresponding to the tension resulting from the first

traversal of the shock. CSP analysis shows that partial dislocations and stack-

ing faults are created during the tension created by first traversal of the shock

and these defects become void nucleation sites for the tension resulting due

to second traversal of the shock and thus lower the void nucleation thresh-

old. This implies that high strain-rate history of the material affects the void

nucleation threshold of the material.

• For impact at 1000 m/s along the <100> direction, a spall like signal which

is a signature of spallation appears in the free surface velocity of the target.

This is due to the stress relaxation resulting from the nucleation and growth of

voids (which occur corresponding to second traversal of the shock) and not due

to spallation of the material. When impact at 1000 m/s is performed along

different crystal orientations (<110> and <111>), and with a simple grain

boundary (bi-crystal), the nucleation and growth of voids occurs during the

tension resulting from the first traversal of the shock and material undergoes

spallation at late times.

• For impact at 1000 m/s along the <100> direction with a small change in

the initial atomic positions along impact direction, the nucleation and growth

of voids take place during the tension resulting due to second traversal of

the shock and spallation occurs. This is different from the impact at 1000

m/s along <100> direction without perturbing initial atomic positions where

nucleation and growth of voids take place during the tension due to second

traversal of the shock and no spall occurs. This shows that for impact velocities

close to spall threshold, spallation process is stochastic.

8.1.4 Multi-scale simulations of damage in single crystal

copper with pre-existing defects

MD simulations have been performed to simulate isotropic tension in single crystal

copper with pre-existing defects. The main conclusions are as follows:
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• Best-fit NAG parameters have been obtained for single crystal copper triaxially

deformed at 5×109/s strain rate with different defects (dislocations of different

lengths and vacancies). The void nucleation threshold obtained decreases with

increase in the length of the dislocation.

• The NAG parameters are then used in a macro-scale hydrodynamic simulation

to generate spall data. Hydrodynamic simulation results for shock in single

crystal copper show that

– For NAG parameters obtained for perfect single crystal copper, no spalla-

tion occurs. Experimental single crystal spalls due to presence of defects.

– For NAG parameters obtained for a pre-existing edge-dislocation hav-

ing length equal to half of the side length of the simulation domain and

containing only four atomic rows, pre-existing voids grow but no com-

plete spall occurs. In this case, tensile pressure in the system exceeds the

growth threshold of the material leading to incipient spall of the mate-

rial [12].

– For NAG parameters obtained for a pre-existing edge-dislocation having

length equal to half the side length of the simulation domain and con-

taining all atomic rows, nucleation and growth of the voids leads to the

spall of the material. The results obtained match with the published

experimental results [6] with 20% error.

• Amulti-scale model has been developed where NAG parameters obtained using

MD simulations for crystal copper with defects are used in a macroscopic

hydrodynamic code to simulate shock in single crystal.

8.1.5 High strain rate deformation of single crystal copper-

Experiments and MD simulations

Quasi-static and dynamic compression experiments have been performed on single

crystal copper to obtain material strength parameters. Neutron diffraction analysis

has been done to estimate the dislocation density in single crystal copper. MD

simulations have been performed to reproduce active slip directions and to validate

shape changes observed in experiments on single crystal copper. The conclusions

are as follows:
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• Johnson-Cook model parameters have been obtained for single crystal copper

deformed at 103/s strain rate along <100> and <110> directions using SHPB.

The value of yield strength and strain hardening parameter for single crystal

copper deformed at 103/s strain rate along <110> direction is large compared

to that deformed along <100> direction.

• Neutron diffraction studies before and after the impact show the broadening

of the diffraction peaks which is the signature of increased density of defects.

The change in the diffraction peaks has been correlated with the dislocations

in the sample.

• Using MD simulations, the number of slip directions activated during the defor-

mation of single crystal copper has been reproduced by computing the Burger

vector for homogeneous nucleation of dislocations and shape changes observed

in the experiments on single crystal copper have been validated by computing

the Poisson ratio. The shape changes are understood in terms of activation of

preferred slip systems by performing the Schmid factor calculations.

8.2 Future scope

The following studies can be performed to understand the failure of materials at

high strain rates.

• We have used SRI-NAG model (also known as DFRACT model) to get the

best-fit value of void nucleation and growth parameters for single crystal cop-

per. Note that this model does not include the coalescence of voids. The study

should be repeated after extending the model to include coalescence.

• Using SVD analysis, we have seen a shift in the frequency of the modes due

to nucleation of first void. The linkage between the change in mode behaviour

(before and after void nucleation) and the nucleation process itself needs to

be quantified and to be understood in physical terms.

• Under triaxial deformation of single crystal copper at high strain rate (5×109/s),

many voids nucleate. The detailed analysis of the void sizes, their morphology

and their temperature dependence can be done in future.
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• We have used edge dislocations in our study. The study needs to be repeated

with with other defects such as stacking faults, twinning and screw disloca-

tions. In a real-life single crystal, there would be a statistical distribution of

different kinds of defects. The study must be repeated with randomly-chosen

distributions of defect type and size, and for a large enough number of combi-

nations, to yield results with practical relevance.

• The multi-scale model developed is applied here for single crystal copper only.

The study can be performed with other single crystals of different materials

to generalize the method.

• This study involves single crystal and bicrystal only. The study can be ex-

tended to polycrystalline materials with few grain boundaries.

• Experiments performed on single crystal copper do not include microscopic

analysis of deformed samples. The microscopic analysis can be performed to

study the changes in the microscopic properties due to deformation.
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