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ABSTRACT OF THE DISSERTATION

Molecular Dynamics Simulations of the
Deformation of Nano-Structured Materials

by

Lan Li
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2007
Professor Nasr M. Ghoniem, Chair

The strength of nano-layered materials is dictated by dislocation confinement at
interfaces, when an external stress is applied. In materials composed of nano-
layered duplex structures, several factors influence the maximum value of the
externally-applied stress before dislocations can move across the interface, and
thus slip confinement is lost. The strengthening effect is a result of elastic modulus
mismatch across the interface (the Koehler barrier), lattice resistance mismatch
influencing the core structure (the gamma surface effect), and any coherency

strains.

Recently, it has been experimentally shown that nano-twinned copper can be
produced by pulsed electro-plating, and that the strength is several GPa without

significant loss of electrical conductivity.

The objective of our research is to use large-scale Molecular Dynamics mod-
elling methods to study the mechanisms of dislocation motion in multi-layer nano-
structure and the interactions of dislocation with interfaces and twin boundaries.
Those methods used the Embedded Atom Method for the calculation of poten-
tials of Cu, Ni.
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We present here studies of dislocation motion in Cu/Ni nano-layers utilizing
Molecular Dynamics (MD) simulations, where we observed that the interfaces
act as barriers for dislocation transmission, which accelerate or decelerate the
motion of its partials.

We present another study of the mechanism of twin boundary migration (TBM)
in copper crystals with a nano-twinned structure. We show that the mechanism
of twin boundary migration is a consequence of the nucleation and motion of
Schockley partial dislocations across the twin boundary.

We also studied the size effects on the deformation of nano-twinned copper. The
deformation behaviors of nano-twinned Cu with different twin thickness are com-
pared under several loading methods. The stacking fault density and the number
of nucleated dislocations are compared for different size lamellae of twin struc-
tures. The present simulations reveal the origins of strengthening caused by
nano-twins as the restriction of dissociated dislocation loop motion in narrow
channels. A Critical twin thickness for the maximum strength in twinned copper
is found to be around 4 nm.

After the introduction of the background, we presents a literature review on
the theory of Molecular Dynamics Modelling and the applications of MD on the
Nano-materials. The research progress and results will be discussed next and

followed by a Conclusion and Summary.
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CHAPTER 1

Introduction and Thesis Objectives

1.1 Brief Overview of Nano Materials

1.1.1 What are Nanomaterials?

Nanomaterials (nanocrystalline materials) are materials possessing grain sizes on
the order of a billionth of a meter. They manifest extremely fascinating and useful
properties, which can be exploited for a variety of structural and non-structural
applications. All materials are composed of grains, which in turn comprise many
atoms. An average human hair is about 100 gum in diameter. A nanocrystalline
material has grains with size on the order of 1 to 100 nm. The average size of
an atom is on the order of 1 to 2 angstroms (A) in radius, and thus 1 nanometer
comprises 3 to 5 atoms, depending on the atomic radius.

Nanocrystalline materials are exceptionally strong, hard, ductile at high temper-
atures, wear-resistant, erosion-resistant, corrosion-resistant, and are chemically
very active. Nanocrystalline materials, or nanomaterials, are also much more
formable than their conventional, commercially available counterparts. Nanoma-
terials research literally exploded in mid-1980s in the U. S.

There are five widely known methods to produce nanomaterials, and they are as

follows:

Sol-gel synthesis, Inert gas condensation, Mechanical alloying or high-energy
ball milling, Plasma synthesis, and Electrodeposition. All these processes syn-

thesize nanomaterials to varying degrees of commercially-viable quantities.



1.1.2 Applications of Nanomaterials

Since nanomaterials possess unique, beneficial chemical, physical, and mechani-
cal properties, they can be used for a wide variety of applications. An important
problem which concerns the microelectronics industry is the reliable operation
of integrated circuits (IC’s), where the lifetime is limited by the failure of inter-
connect wires in between sub-micron semiconducting chips. In some cases, the
nucleation and growth of even a single nanovoid can cause interconnect failure.
Statistical mechanics cannot adequately address this situation. Future electronic
and optoelectronic devices are expected to be even smaller, with nanowires con-

necting nano-size memory and information storage and retrieval nanostructures.

The applications of Nanomaterials include, but are not limited to, the follow-

ing:
e Next-generation computer chips
e Kinetic Energy (KE) penetrators with enhanced lethality
e Better insulation materials
e Phosphors for high-definition TV
e Low-cost flat-panel displays
e Tougher and harder cutting tools
e Elimination of pollutants
e High energy density batteries
e High-power magnets

e High-sensitivity sensors



Automobiles with greater fuel efficiency

e Aecrospace components with enhanced performance characteristics

Better and future weapons platforms

Longer-lasting satellites

Longer-lasting medical implants

Ductile, machinable ceramics

Large electrochromic display devices

1.2 Nano-Laminates and Nano Twins

Materials with a nano-laminate structure have been manufactured to enable a
new class of optical structures that are ultra-lightweight, dimensionally stable,
resistant to environmental effects, have low cost and are fast to manufacture.
Also, more recently, using pulsed electrodeposition, copper samples have been
fabricated to have a unique nano-twinned structure. We will discuss here the

merits if these two material systems.

1.2.1 Nano-Laminates

Atom-by-atom deposition of different metals into many very thin layers opens the
door to the creation of a new realm of composite materials with incomparable
levels of strength and toughness. Nano-Laminates are man made layered struc-
tures synthesized atom by atom using sputter deposition technology. Another
fabrication method is severe deformation.

Figure 1.1 shows a Cross-section Transmission Electron Microscopy image of a

multi-period ZrC/Si Nano-Laminate fabricated by sputter deposition for X-ray



Optic Applications[85]. The thickest dark ZrC layers are 5.77 nm thick. The
thick Si layers are 6.73 nm thick. The thinnest layers (ZrC - 0.36 nm and Si -
0.42 nm) are not observable in this lower magnification image but are seen at

higher magnifications

100 nm

Figure 1.1: A multi-period ZrC/Si Nano-Laminate[85].

Another test sample shown here consists of thousands of alternating layers of
copper and niobium. Each layer has a thickness of only a few nanometers. At
these nanometer-scale layer thicknesses, the material deforms in ways that are

very different from that of conventional materials.

Nano-laminates are synthesized using atom by atom physical vapor deposition



sequential magnetron sputtering. Elemental materials, alloys or compounds are
sputtered producing individual layers having a thickness ranging from a single
monolayer (0.2 nm) to hundreds of monolayers (> 500 nm). Macroscopic sample
thickness up to 400 um has been demonstrated. Nanolaminates allow direct and

perfect replication off of a master tool.

Nano-laminates are a new class of materials that are capable of approaching
theoretical limits of strength. This property is important because high specific
strength produces a more durable material at smaller cross sectional areas and
supports surface quality. Additionally, as metals typically have stiffness larger
than that characteristic of glasses, metallic nano-laminate materials will perform
better as thin foil structures.

At these nanometer-scale layer thicknesses, the material deforms in ways that

Figure 1.2: A nano-laminate of copper and niobium



are very different from that of conventional materials. They show incomparable
strength, toughness, and unique deformation mechanisms. The present research is
aimed at the exploration of new concepts in the physics of strengthening of ultra-

fine scale materials. Figure 1.3 shows that composites of nano-layered metals can
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Figure 1.3: Strength (estimated as hardness divided by 3) vs. the layer thickness of
several Cu-based multi-layers, and compare to pure metals (estimated at 10 pm grain
size). [Data is from Los Alamos National Laboratory].

achieve strength levels that are 100 to 1000 times greater than the conventional
strength of individual components. This graph shows how strength depends on
layer thickness in several different combinations of layered composites. We see

that in some cases, but not all, the strength tends to reach a maximum.

1.2.2 Nano-Twinned Cu

Figure 1.4 shows the (111) plane in an face cubic crystal (FCC) structure. (111)
is the plane with the highest atomic packing factor, which means that the density
of atoms on this plane is the highest compared to any other plane in the FCC

crystal structure.

When adjacent parts of a crystal are regularly arranged such that one part is

a mirror image of the other, the two parts are said to be twin related.



Figure 1.5 shows a twin boundary structure within an FCC crystal.
Recently, high-purity Cu samples with nanoscale growth twins were synthe-
sized using a pulsed electrodeposition technique from an electrolyte of CuSOy4
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Figure 1.5: A twin boundary in FCC crystal



[48]. Transmission electron microscopy (TEM) observations (Fig. 1.6) indicated
that the as-deposited Cu consisted of irregular-shaped grains with random orien-
tations. The grain sizes were between 100 nm and 1 pm, with an average value
of about 400 nm (Fig. 1.6B). Each grain contained a high density of growth
twins of the 111/[112] type. Measurements of the lamella thickness along the
[110] orientation showed a wide distribution ranging from several nanometers to
about 150 nm (Fig. 1.6C), due to the fact that in this orientation, only (111)
and (111) twins are edge-on, whereas (111) and (111) twins are inclined to the
surface. The lamella thickness distribution showed a peak at about 15 nm, cor-
responding approximately to the average lamella thickness for the edge-on twins.
The length of twin lamellar geometry varied from about 100 nm to 1 gum (the
grain diameter). The high-density growth twins separated submicronsized grains
into nanometer-thick twin/matrix lamellar structures. Close TEM observations
and high-resolution TEM images showed that most TBs were perfectly coherent
and atomically sharp (Fig. 1.6 , D and E).

For conducting materials in many applications, high electrical conductivity
and high mechanical strength are often required simultaneously. However, pure
metals with high conductivities such as Ag, Cu, and Al are very soft. Strength-
ening the metals via various approaches, including solid solution alloying, cold
working, and grain refinement, leads to a pronounced decrease in conductivity.
For example, alloying pure Cu may increase the strength by two or three times,

but the electrical conductivity of Cu alloys is only 10 to 40% that of pure Cu.

Tensile tests of as-deposited Cu foils performed at ambient temperature showed
an extremely high strength (Fig. 1.7A) [48]. The tensile yield strength o, (at
0.2% offset) reached as high as 900 MPa, and the ultimate tensile strength (UTS)

was 1068 MPa. These values are at least one order of magnitude larger than those
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Thickness of twin lamellae (nm )

Figure 1.6: TEM observations of the typical microstructure in an as-deposited Cu
sample [48]. A bright-field TEM image (A) and the electron diffraction pattern (inset)
show roughly equiaxed submicrometer-sized grains with random orientations separated
by high-angle GBs. The statistical distributions for grain size (B) and for thickness of
the twin/matrix lamellae (C) were obtained from the many TEM images of the same
sample. Electron diffraction patterns [inset in (D)] indicate that the twins in each grain
are parallel to each other in 111 planes (D), and high-resolution TEM images (E) show
that the twins follow a sequence of ATATA..., with twinning elements, for example,
A:(111)/[112] and T:(111)/[112]



of the coarse-grained (grain size > 100um) Cu samples. The strength values are
higher than those reported for polycrystalline pure Cu with three-dimensional
grain sizes down into the nanometer scale (Fig. 1.7A).

Figure 1.7B displays the measured temperature dependence of the electrical re-
sistivity (p) for the as-deposited Cu sample with nanoscale twins in comparison
with the coarse-grained one. The electrical resistivity of the nanotwin Cu sample
is very close to that of the coarse-grained Cu specimen over the whole measured
temperature range. For comparison, the electrical resistivity of a nanocrystalline
Cu foil (with conventional Grain Boundaries and an average grain size of 15 nm)
made by means of magneto-sputtering was also measured in the same tempera-
ture range (Fig. 1.7B). The resistivity values in the whole temperature range were

at least one order of magnitude higher than that for the nano-twin Cu sample.
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Figure 1.7: (A) A typical tensile stress-strain curve for the as-deposited Cu sample
with nano-twins in comparison with that for a coarse-grained polycrystalline Cu sample
(with an average grain size larger than 100 um) and a nanocrystalline (nc) Cu sample
(mean grain size 30 nm) (11). The inset shows the geometry of the tensile sample
for the as-deposited nano-twin sample (R, radius of curvature). (B) The measured
temperature dependence of electrical resistivity () for the as-deposited nano-twin Cu
sample and the coarse-grained sample in a temperature range from 2 to 296 K. For
comparison, electrical resistivity measurement results in a nanocrystalline Cu sample
with a mean grain size of 15 nm are also included. Data taken from reference [48]
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1.2.3 Applications— the Strongest Metals Ever Known

Nano-scale design shows promise of synthesizing the strongest metals ever known
to mankind. Recent interest in nanotechnology is challenging the scientific com-
munity to analyse, develop and design nanometer to micrometer-sized devices
for applications in new generations of computers, electronics, photonics and drug

delivery systems. Some examples of the application areas are:

e Micro-electronics interconnects

e Opto-electronics Laser mirrors

e Aircrafts structures

e Rocket engine chamber walls Ultra-hard
e Nano-scale sensors and actuators

e Ultra-High Strength Materials

e Magnetic Transducers - GMR

e High Performance Tribological Coatings
e EUV, Soft X-ray and X-ray Optics

e Coatings for Gas Turbine Engines

e Microcircuit Lithography Development
e High Performance Visible Optics

e High Performance Capacitors

e Integrated Circuit Interconnects

11



e New Materials and New Devices Based on the Chemical and Structural

Control Available with Engineered Nano-Laminate Materials
e Basis for New Manufacturing Strategy

1.2.4 Why are Nano-Layered Structures so Strong?

The flow stress in nano-layered structures can approach to within 1/3 of the
theoretical shear strength of order /30, where yu is the shear modulus.

The strength mechanism is understood to be the result of restricting the motion
of dislocations from one layer to another. Understanding the mechanics of such
nano-engineered devices will enable high levels of reliability and useful lifetimes
to be achieved. Restricted motion of dislocations in nano-layered materials is a

result of several factors, as listed below:

Modulus Mismatch (Koehler Effect)

The Lattice Parameter Mismatch

The Chemical Mismatch (Stacking Fault Energy)

Slip plan geometry mismatch

Dislocation Core Spreading into the Interface

Misfit Dislocations at a Semi-coherent or Incoherent Interface

Undoubtedly, defects are expected to play a major role in these nanosystems
and microsystems owing to the crucial impact on the physical and mechanical

performance. Those defects effect could be:

e Unstable stacking fault energy of the incoming and outgoing slip planes

12



e Creation of a residual dislocation at a semi-coherent or incoherent interface

during transmission

e Dissociation of the dislocation into partials that can be separated or con-

tracted by non-glide components of stress (the Escaig effect)

e Ordering mismatch across interfaces

The present research is aimed at developing an understanding of the origins
of this behavior so that materials can be tailored to reach even higher strength

levels.

1.3 Computer Simulations on Materials

The development of ultra-strong, yet ductile materials by combining nano-layers
with different microstructure also requires detailed understanding of their me-
chanical properties. Such materials, if properly designed, may be candidates
for many demanding applications (e.g. micro-electronics, opto-electronics, laser

mirrors, aircraft structures, rocket engines, fuel cells, etc.).

The new exciting application areas require novel and sophisticated, physically
based approaches for design and performance prediction. Thus theory and mod-
elling are playing an ever-increasing role in this area to reduce development costs

and manufacturing times.

Experimental studies on Nano-materials have many limitations:

e The experiments always produce complex microstructures such as nano-
crystalline columnar grains, etc. All the microstructures exert an influence

on the results.

e Observation is due to many factors

13



e The influence of the substrate

Understanding the deformation mechanisms can help us to design nanostruc-
tured materials for both high strength and high ductility However, due to the
physical size restriction, the current experimental tools have been mainly limited
to only a few methods such as pointed indenters, scratch-type tests and bulge
tests.

Computer simulation of material behavior has become an indispensable tool, and
is now playing an increasingly significant role to complement traditional theoreti-
cal and experimental research. Large-scale computer simulations may provide an
additional investigative tool to augment, interpret and plan experimental tech-
niques for mechanical properties at nano- to micro- length scale.

Continuum methods for prediction of the mechanical properties of nano- struc-
tures fail to describe their plastic deformation and subsequent failure. Therefore,
fundamental models of plasticity, based on dislocation dynamics and atomistic
computer simulation methods are necessary to accurately predict the strength
and plastic deformation at the nano- length scales. Molecular dynamics (MD) is
a useful atomistic simulation method that can give out the full information about
each atoms.

In the following chapters, a literature survey for the related topics including ex-
perimental and theoretical research is reviewed in Chapter 2. The computational
method of molecular dynamics utilized throught this thesis is presented in Chap-
ter 3, and our results on nano-laminated Cu/Ni composites are given in Chapter
4. Results of MD simulations of the strength of nano-twinned copper are then
given in Chapter 5. Finally, conclusion and future directions are discussed in

chapter 6.
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1.4 Thesis Objectives

The overall objectives of this dissertation can be stated as follows:

e Gain understanding of the mechanics of ultra-strength of Nano-layered

structure materials.

e Develop a model for studying nano laminated Cu/Ni structure and nano

twinned Cu in single and polycrystalline configurations.
e Develop a method to distinguish twins from other defects

e Analyze the dislocation motion in nano-layered structures, the interaction of
dislocations with interfaces, and the conditions for confinement and trans-

mission.

e Ultimately determine the dependence of strength on nano-twin size, and
explain how material properties affect the strength, and gain a sense as
to what direction the manufacturing of the nano-structure materials must

proceed.
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CHAPTER 2

Review of Theoretical Research on the Strength
of Nano-structured Materials

In this chapter, we first briefly introduce the different length scales in the simu-
lation of nano-structured materials, followed by detailed review of the Molecular
Dynamics (MD) simulation method. We present the essential details of empirical
interatomic potentials, and introduce the idea of Multi-scale simulation. Then
we will review the current application of MD simulation in studies of the defor-
mation of nano-materials. Finally, we discus the various theoretical mechanisms

that attempt to explain the extraordinary strength of nano-structured materials.

2.1 Computational Methods for Studies of the Mechani-
cal Behavior of Nano-structured Materials

2.1.1 Ab-initio Simulations

Most of the low-energy physics, chemistry, materials science, and biology can be
explained by the quantum mechanics of electrons and ions. The quantum me-
chanical description of events on the atomic scale in most cases give the properties

and behavior of materials.

Without quantum-mechanical modelling, we can still solve many problems in
materials science. However, when one goes into the atomic world, the traditional
method is often limited. For instance, classical elasticity theory gives the under-
standing of the properties of dislocations, however, until recently, the nature of
the core of a dislocation or the effect of chemistry on the core was still known very

little, because this part of the dislocation requires detailed quantum-mechanical
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modelling.

Quantum mechanics has the ability to predict the total energy and the atomic
structure of a system of electrons and nuclei, which makes a quantum mechanical

calculation directly useful.

The Schrodinger equation can be used to calculate a wide range of physical
properties of materials. There are many methods to solve this equation requiring
only a specification of the ions present (by their atomic number). These methods

are usually referred to as ab initio methods.

2.1.2 Atomistic Simulations

The ab initio methods presented in Section (2.1.1) are rigorous but limited by
present day computers to systems containing a few hundred atoms at most. Such
methods serve two important purposes. First, they provide direct information on
the response of materials to external environments (e.g. force and temperature).
Second, they also generate a database of properties that can be used to construct
effective (empirical) interatomic potentials. To determine the properties of an
ensemble of atoms larger than what can be handled by computational quantum
mechanics, the description of the atomic interactions must be approximated. The
Molecular Dynamics (MD) method is developed to enable studies of the prop-
erties of material volumes containing millions to billions of atoms with effective
interatomic potentials. The basic idea is to eliminate all electronic degrees of free-
dom, and assume that the electrons are glued to the nuclei. Thus, the interaction
between two atoms is represented by a potential function that depends on the
atomic configuration (i.e. relative displacement) and the local environment (i.e.
electrons). Based on the electronic structure database, or alternatively using ex-

perimental measurements of specific properties, approximate effective potentials
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can be constructed. According to classical Newtonian mechanics, the dynamic
evolution of all atoms can be fully determined by numerical integration. In prin-
ciple, once the positions and velocities of atoms in the finite ensemble within the
simulation cell are known, all thermodynamic properties can be readily extracted.
There are two methods used to simulate dynamical ensembles of atomic systems
at larger length scales, and these are the Molecular Dynamics (MD) and Monte
Carlo (MC) methods.

2.1.3 Computational Mesomechanics

Studies of the mechanical behavior of materials at a length scale larger than
what can be handled by direct atomistic simulations, and smaller than what al-
lows macroscopic continuum averaging represent particular difficulties. When the
mechanical behavior is dominated by microstructure heterogeneity, the mechanics
problem can be greatly simplified if all atomic degrees of freedomwere adiabat-
ically eliminated, and only those associated with defects are retained. Because
the motion of all atoms in the material is not relevant, and only atoms around
defects determine the mechanical properties, one can just follow material regions
around defects. Since the density of defects is many orders of magnitude smaller
than the atomic density, two useful results emerge. First, defect interactions
can be accurately described by long-range elastic forces transmitted through the
atomic lattice. Second, the number of degrees of freedom required to describe
their topological evolution is many orders of magnitude smaller than those as-
sociated with atoms. Thanks to many computational advances during the past
two decades, the field has steadily moved from conceptual theory to practical
applications. While early research in defect mechanics focused on the nature of
the elastic field arising from defects in materials, recent computational modelling

has shifted the emphasis on defect ensemble evolution.
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Two of the most fascinating features of micro-scale plasticity are the spontaneous
formation of dislocation patterns, and the highly intermittent and spatially local-
ized nature of plastic ow. Dislocation patterns consist of alternating dislocation
rich and dislocation poor regions usually in the um range (e.g. dislocation cells,
sub-grains, bundles, veins, walls, and channels). On the other hand, the local
values of strain rates associated with intermittent dislocation avalanches are esti-
mated to be on the order of 1 to 10 million times greater than externally imposed
strain rates [63] [98]. Understanding the collective behavior of defects is impor-
tant because it provides a fundamental understanding of failure phenomena (e.g.
fatigue and fracture). It will also shed light on the physics of elf-organization and

the behavior of critical-state systems (e.g. avalanches, percolation, etc.)

2.2 Multi-scale Simulation and Atomistic/Continuum Cou-
pling Method

Recent research has focused on a multi-scale modelling approach to achieve a
comprehensive understanding of the mechanism of dislocation nucleation and
movement in stressed multi-layer structures. Here, the essence of the multi-scale
modelling approach is the proper choice of coupling between different length
scales, this can explain and guide the results of atomistic models and inversely

give a reasonable description of the parameters in the macroscopic level.

Appropriate validation experiments are crucial to model verification. Models
must predict the correct behavior at each length scale. However current nano
and micro-scale mechanical experiments have been mostly limited to indentation
[47] [94] and bulge tests [81] [6], and to non-contact tests such as X-ray residual
stress measurements [38] [78]. Multi-scale interconnected approaches will need

to be developed to interpret new and highly specialized nano / micro-mechanical
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tests. One of the advantages of these approaches is that, at each stage, physically
meaningful parameters are predicted and used in subsequent models, avoiding the

use of empiricism and fitting parameters.

As the material dimensions become smaller, its resistance to deformation is in-
creasingly determined by internal or external discontinuities (e.g. surfaces, grain
boundaries, dislocation cell walls, etc.). The Hall-Petch relationship has been
widely used to explain grain size effects, although the basis of the relationship is
strictly related to dislocation pileups at grain boundaries. Recent experimental
observations on nano-crystalline materials with grains of the order of 10 to 20
nm indicate that the material is weaker than what would be expected from the
Hall-Petch relationship [20] [12]. Thus, the interplay between interfacial or grain
boundary effects and slip mechanisms within a single crystal grain may result
in either strength or weakness, depending on their relative sizes. Although ex-
perimental observations of plastic deformation heterogeneities are not new, the
significance of these observations has not been addressed till very recently. In
same metallic alloys, regular patterns of highly localized deformation zones, sur-
rounded by vast material volumes which contain little or no deformation, are
frequently seen [57] [58] [2]. The length scale associated with these patterns
(e.g. typically the size of dislocation cells, the ladder spacing in persistent slip
bands (PSB’s), or the spacing between coarse shear bands) controls the material
strength and ductility. As it may not be possible to homogenize such types of mi-
crostructure in an average sense using either atomistic simulations or continuum

theories, new intermediate approaches will be needed.

20



2.3 Theoretical Mechanisms for the Strength of nano-
structured Materials

2.3.1 Hall-Petch Approach

The Hall-Petch relationship has been widely used to explain grain size effects.
When a queue of dislocations is forced against some obstacle by the applied
stress, the queue is called a dislocation pileup. Figure 2.1 shows an example of
the pileup of edge dislocations pushed against an interface, which blocks the mo-
tion of the leading dislocation. The leading dislocation is acted upon not only by
the applied stress, but also by the interaction force with the other dislocations
in the pileup. The pileup concentrates on the leading dislocation a large force
proportional to the applied stress and to the number of dislocations in the pileup.
An inverse square root dependence of the flow stress (or by analogy, the hard-
ness and ultimate tensile strength) on the layer thickness in the nanolaminate is
predicted with the Happ-Petch mechanism. Recent experimental observations on
nano-crystalline materials with grains of the order of 10 to 20 nm indicate that
the material is weaker than what would be expected from the Hall-Petch rela-
tionship The theory must be modified to account for two facts, first that, when
d is small, the number of dislocations in a pile up is small and discrete. And
second, the interface barrier itself depends strongly on d. The first modification
progressively reduces the Hall-petch slope as d decreases, eventually to zero at
the saturation point, when dislocations cross interfaces unaided by pileups. The
second modification, that is not a constant but falls as d falls, creates a peak in
the plot of stress against thickness, this peak defines the strongest size for the

multilayer.
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The shear stress at the tip of the pileup is approximately given by

7, x N7, (2.1)

where 7, is the shear stress at the tip of the pileup, N is the number of
dislocations in the pileup, and 7, the applied shear stress. It can be shown that
the shear strength of the pileup, 74 p, which is resisted by the interface barrier

strength 7%, is given by

k
THPIT()-F% (2.2)
br*
kwp = | & (2.3)
s
where 7y is the lattice resistance stress.
~sf=—== Ta

Ta

Figure 2.1: Hall-Petch approach

2.3.2 The Koehler Barrier

The Barrier Strength of the Interfaces 7 is a result of several factors, as listed

below:

e The Modulus Mismatch (Koehler Effect)

22



e The Lattice Parameter Mismatch
e The Chemical Mismatch

e Geometrical Mismatch

In the Hall-Petch model, the most important parameter is the barrier strength,
7*, which may be thought to have four separate components resulting from four
mismatches between adjacent layers. The energy of a dislocation must rise as
it passes from a layer with low p to one with high u. Consequently, a force
opposes this passage. Van der Merwe dislocations at the interface block a glissile
dislocation crossing the interface and cause it to bow between the mismatch
dislocations. The line energy of a dislocation depends on its core structure and
the width of its stacking fault. An increase in this core energy from one layer to
another generates a barrier at the interface. If the slip planes or Burgers vectors
do not match on the two sides of an interface, the glissile dislocation may leave
a difference dislocatoin in the interface, or acquire jogs, or , in the case of a
screw crossing a twin interface, may cross-slip. The dislocations are attracted to
the lower modulus material, and accumulate within that layer if transmission is
possible and will pileup along the interface if transmission is not possible. Elastic
analysis of dislocation transmission across two semi-infinite layers of different
shear moduli (p1 and p9) predicts an inverse first power relationship between the

maximum shear strength, 7%, and the layer thickness, h:

* N1<N2 — Ml)b
— /Are 7 2.4
K=t 1 )b (24)

2.3.3 The Peierls-Nabarro Model

While the continuum elasticity theory predicts well the long range elastic field of

a dislocation, it suddenly breaks down within a few atomic spacings surrounding
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the dislocation core. The PeierlsNabarro model is useful in determining the width
of a dislocation and in estimating its core energy.

As shown in Figure 2.3 [32], let us consider two semi-infinite simple cubic crystals,
with their cube axes parallel, but with an initial disregistry in the x direction.
Initially the disregistry of the bottom half-plane with respect to the top one is
Y (see Figure 2.3(a)).

b x>0
¢) =13 ? (2.5)

b
—§,$<0

The displacement u(x), are now imposed on the two half-crystals (figure
2.3(b), which are then joined to form the edge dislocation. The disregistry in

the latter case is:
2. (z) + 2,2 >0
Gu(2) = 2 (2.6)
We can also see from the Figure 2.3(b) that at the boundary, the displacement

u(x) will have the value as:

Koehler Barrier

/Cu-Ni
interface

(7% )

Figure 2.2: Schematic illustration of the Koehler effect.
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Figure 2.3: Two semi-infinite simple cubic crystals with disregistry in the x direction

form an edge dislocation.[32]
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p(—o0) = (2.7)

(2.8)

L 11111
=

Figure 2.4: Infinitesimal dislocations replace the original single dislocation in the
Peierls-Nabarro model. [32]

The Peierls-Nabarro model uses a continuous distribution of infinitesimal dis-
locations to replace the original single dislocation (see Figure 2.4). Let b(x)dx be
the Burgers vector of the infinitesimal dislocation lying between z and x + dx.

The differential equation of b(z’)dx’ will be:

du(z")
b(z")dx' = del (2.9)
The integral equation of b(x’) is:
+oo
b= / b(z')dx’ (2.10)

Stress field will generated at x due to the infinitesimal dislocations between
lying " and 2’ + dx’ with Burgers vector b(z')dx’, can be calculated by:

K 1 du(z)
2nx — ' dx’

(2.11)

where K depends on the type of dislocation and the crystalline direction.

If we do the integral over the stress field over the x space, we will get so-called
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restoring stress o, at x:

K /+oo L de/ — u(—o0) =

b
T -2 da! u(+o0) = -7 (212)

=~ o

aplu(z)]

On the other hand, the restoring stress is caused by distorted bonds in lattice,
and is given by the the gradient of the so-called generalized stacking fault energy

(or ~ surface).

oplu(z)] = —% (2.13)

In the original Peierls-Nabarro model, a sinusoidal form of the restoring force

is assumed:
2mu(x)
b

) (2.14)

op[u()] = Tmazsin(

Analytical solutions of the Peierls-Nabarro model are available when the

restoring force is sinusoidal. Let

mar — 7K = 2.15
§ d 1-2) (2.15)
Then, the displacement is given by [32]:
b x
o(x) = —tan™'= 2.16
) = Ztan ™! (2.16)

where ¢ = %(1 — v), is half dislocation width. The solution is also shown in

Figure 2.5.

2.4 MDD Simulations in Nano-mechanics

This section focuses on a review of the applications of MD simulations to me-
chanics problems at the nano-scale. Furthermore, we focus on nano-mechanics

of point defects, dislocations, and interfaces (free surfaces and grain boundaries)
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under applied stress. Mechanics of nanotubes have also received much attention

[19], but will not be treated here.

We start with point defects. Under stress, the normal diffusion process gov-
erned by point defect motion is polarized by the action of the stress field. The
diffusion process of a point defect has been investigated by a combination of
molecular statics (MS) and MD simulations. Diffusion anisotropy, which is in-
trinsic in low symmetry crystals, can be enhanced by the action of stress [92].
The stress effect on a point defect, particularly its formation and migration en-
ergies, is crucial to the analysis of kinetic processes, but this is usually not a first

order effect in nano-mechanics.

The second type of defect, dislocation, has received much attention in nano-
mechanics. In the following, we analyze the nano-mechanics of dislocations in
terms of statics and dynamics. In dislocation statics, one is primarily concerned
with the final core structure of one or a few dislocations. The discovery of three-
fold symmetry of a screw dislocation in BCC metals is a beautiful example of
applications of dislocation statics [88, 18, 71, 95, 90]. During dislocation mo-
tion, many processes are involved; dislocation damping, dislocation intersection,
and dislocation clustering, just to name a few. MD simulations have provided
much insight to details of kink-kink [10], dislocation-dislocation [96, 100, 75, 74],

dislocation-point-defect [39], and dislocation-grain boundary [65]. In the tran-

(@, u(x)

by — b

4 5/}/ x= 4

b x
| N
4

Peierls-Nabarro Model continuum theory
(without singularity)

Figure 2.5: Analytical solution for Peierls-Nabarro model
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sonic velocity range, MD simulations have revealed new mechanisms and pos-
sibilities. Gumbsch and Gao [28] demonstrated that transonic dislocations are
possible. Later, it was shown that a transonic dislocation can cross the sound
barrier back and forth [79, 46]. The availability of fast dislocations also enabled
the study of dislocation dipole stability at the atomic level [91], to serve as direct
confirmation of the elasticity analysis [35]. As shown in Fig. 2.6, the simulations
further reveal that a dislocation dipole can be stabilized even with an overshoot;

a direct result of the finite speed of wave propagation.

In addition to the static and dynamic behavior, the nucleation of dislocations
is another important area of nano-mechanics. MD simulations have been applied
in studies of dislocation emission from crack tips [89], nucleation of dislocations
from surfaces [44, 45], and dislocation nucleation in nanocrystals [86, 15]. One
of the challenging problems that remain is treating the interaction of boundaries
with elastic waves emitted by a moving dislocation. It is usually necessary to
separate this interaction from the true dynamics of a moving dislocation. Several
recent studies have attempted to damp out boundary effects [42, 11, 91], but the

problem is still not satisfactorily solved.

Similar to point defects and dislocations, interfaces (e.g. surfaces and grain
boundaries) respond to mechanical loading. In connection with dislocations, sur-
faces are nucleation sites. Although grain boundaries also have this function,
they are more crucial in facilitating or blocking other deformation mechanisms.
Using a multiscale approach, [65] have studied the interaction of a dislocation
with a grain boundary. It is well established that grain boundaries serve as barri-
ers to dislocation motion and give rise to the Hall-Petch effect, which shows that
the strength of materials is inversely proportional to the square root of its grain

size. However, for materials with grain sizes below a few nanometers, materials
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strength begins to decline when the grain size decreases [87]. At the nanoscale,
grain boundaries facilitate mechanical deformation through grain boundary slid-
ing. At the same time, the grain structure evolves as well, and this evolution
in turn affects the mechanical deformation. Taking thin slices of polycrystalline
nano-grains, Wolf and co-workers [77, 76] have investigated mechanisms of grain
boundaries interactions. As shown in Fig. 2.7, high-angle grain boundaries shrink

and that quadruple junctions are not stable and are reduced to triple junctions.

The presentation in this section has so far focused on physical aspect of nano-
mechanics. This physical understanding relies on identification and analysis of
point defects, dislocations, and interfaces. Among the three types of defects, dis-
location is probably the most difficult to characterize or identify. The identifica-
tion is straightforward if the dislocation configuration is simple. One may rely on
constructing the Burgers circuit, using disregistry functions (such as the Centro-
symmetry parameter), or tracking the atomic level stress or energy [13, 30, 31].
When complex dislocation configurations are involved, unambiguous identifica-

tion of dislocation cores may require a combination of several of the methods

Figure 2.6: Three snapshots of a pair of edge dislocations in a dipole configuration,
showing the stabilization of a dipole despite the dynamic overshoot [?]
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discussed above. There is still not a universal characterization method that fits

all purposes.

Before closing this section, let’s examine the type of information that can
be passed on to larger length scales. Here, we consider three types of defects:
point defect, dislocation, and interface (particularly grain boundary). Informa-
tion on defect energetics and diffusion tensors obtained by MD or MS simulations
provide parameters to rate equations and Monte Carlo methods describing mi-
crostructure evolutions. Dislocation energetics (e.g. kink-pair formation energy
and dislocation core energy), Peierels stress and dislocation mobility are used as
input parameters in dislocation dynamics simulations at the mesoscopic level [89].
Finally, dislocation nucleation conditions and interaction mechanisms with other
defects (dislocations or grain boundaries or other interfaces) from MD simulations

are critical to dislocation dynamics simulations.

Figure 2.7: MD simulations of nano-scale grain boundary evolution under externally
applied stress . Time is labelled in each frame. ”"H” indicates high-angle, and ”L”
low-angle grain boundary [76].
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2.4.1 Molecular Dynamics Simulations of Nano-layered Structures

Nano-crystalline Cu materials have revealed very high twin densities prior to
deformation [61]. When high shear stresses are applied, mechanical twinning is
observed as a deformation mechanism [97]. During high-pressure torsion of Cu,
mechanical twinning is observed [23]. Extended partials are not the exclusive
nc deformation mechanism: in situ analysis technique recently developed at the
Swiss synchrotron light source showed no change in the stacking fault density
[9]. In ultra-fine grained Cu with an average grain size of 400 nm the strain rate
sensitivity and the ductility both increase when the TB density is increased - and
this while maintaining a high strength that is even higher than what is usually

measured for nc Cu with a mean grain size of 30 nm [48] [49].

Generalized planar fault energy (GPF) curve is studied to explain the domi-
nance deformation behavior in nano-crystals [4] [5] [37] [4] [3]. Instead of absolute
value of the stacking fault energy, generalized planar fault energy involves both
stable and unstable stacking fault energies for an intrinsic stacking fault, and also
the twin migration energy. Generalized planar fault curve represents the energy
cost of rigidly shifting two semi-infinite blocks of crystal on a (111) plane along
a [112] direction, which is the energy gain as a function of shift-vector by rigidly
shearing a perfect FCC lattice across a (111) plan. Such a curve is calculated by
performing the rigid shift incrementally and, at each stage, relaxing the atomic
configuration via molecular statics only in the direction normal to the (111) plane.
Researchers found that in Al twinned nano crystals, the twin migration energy
barriers are much lower than the partial dislocation energy barriers, therefore the
grown-in twin enhances plastic deformation by means of twin boundary migra-
tion. In Cu, Ni twinned nano crystals, the twin migration energy barriers are not

different from the partial dislocation energy barriers, as a result, the grown-in
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twin migration is not the favored deformation, while partially dislocations travel
transmit the crystals are more dominant. In Al defect-free nano crystals, full

dislocation activities are also observed.

Schmid factor effect is observed in the activation of slip systems as well [5]. In
Cu, Ni nano crystals where twin boundaries are introduced parallel to the (111)
planes with the most optimal set of Schmid factors, extended dislocations are
the dominant deformation behavior with few twin boundary migration. Instead
in those where twin boundaries are introduced parallel to the (111) planes with
the least optimal set of Schmid factors, partial dislocations are found to emit
nonparallel to the twin boundaries, while twin boundaries create a barrier for the
dislocations motion. In Al nano crystals where twin boundaries are introduced
parallel to the (111) planes with the most optimal set of Schmid factors, twin
boundary migration is the dominant deformation mechanism, while no partial or

full dislocation are travelling through the crystals.

The twin boundary migration starts with atomic shuffling showed by the
atomic displacement vectors and assisted by stress-assisted free volume migration,
which are shown by the local hydrostatic pressure [86]. With the migration of
free volume towards the original high compressive region, there is a corresponding
redistribution of such compressive stress regions and the nucleation of a slip event

resulting in the twin boundary migration.

Rate limit of MD (high stress in relative short time) is supposed to be part
of the reason of the absence of full dislocations in tensile simulation. No trailing
partial is able to emit because of the local structural relaxation in the grain
boundary during and after the nucleation and absorption of the first partial, which
is illustrated by the local hydrostatic pressure and maximum resolved shear stress

distributions. If increase stress, the deformation mechanism changes to include
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all types of slip: extended partials, full dislocations and twinning.

3-dimensional (3D) and 2-dimensional (2D) systems are compared [4]: in 3D
Al defect free nano crystal, full dislocation activity is the dominate deformation
mechanism, while in 2D Al columnar, plastic deformation is predominantly car-
ried by deformation twinning, which is explained by the influence of the plane
geometry. In 2D system, in order to create a partial, entire atomic columns have
to be moved, because of no 3D atomic shuffling within the atomic columns, and
therefore also no movement of free volume of the size typical of that of a grain
boundary vacancy. The grain boundary columnar motion is clearly constrained
by the imposed quasi-2D geometry, and the dislocation nucleates and propagates
as a true 2D object. While 2D system allow only for slip planes whose normals are
perpendicular to the columnar axis, on the other hand, the grain boundary stress
inhomogeneites are localized in 3D system and then the emitted dislocations are

strongly curved with a correspondingly different and reduced stress signature.
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CHAPTER 3

Molecular Dynamics Computational Methods

The Molecular Dynamics (MD) method is developed to enable studies of the
properties of material volumes containing millions to billions of atoms with effec-
tive interatomic potentials. The basic idea is to eliminate all electronic degrees of
freedom, and assume that the electrons are glued to the nuclei. Thus, the inter-
action between two atoms is represented by a potential function that depends on
the atomic configuration (i.e. relative displacement) and the local environment
(i.e. electrons).

Based on the electronic structure database, or alternatively using experimental
measurements of specific properties, approximate effective potentials can be con-
structed. According to classical Newtonian mechanics, the dynamic evolution of
all atoms can be fully determined by numerical integration. In principle, once
the positions and velocities of atoms in the finite ensemble within the simulation
cell are known, all thermodynamic properties can be readily extracted.

The implementation and practice of MD simulations are more involved than the
conceptual description alluded to here. A successful simulation depends on three

major factors:

1. the computational implementation of the MD method;
2. the construction of accurate interatomic potentials; and

3. the analysis of massive data resulting from computer simulations.
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In the following, we present the key concepts in the numerical implementation of

MD methods.

3.1 The Principles of the Molecular Dynamics Method

The MD method is about the simultaneous motion and interaction of atoms or
molecules. The following presentation outlines the basic equations and principles
of the MD method. The dynamic evolution of the system is governed by classical
Newtonian mechanics, where for each atom (7), the equation of motion is given
by:

d’R;

which is derived from the classical Hamiltonian of the system:
M;V?
H=> T + @ (3.2)
An atom of mass M; moves as a rigid particle at the velocity V; in the effective
potential of other particles, ®(R;). The atomic force F; is obtained as the negative
gradient of the effective potential, F; = —V . ®. Solving these 2"¢ order ordinary

differential equations or all the atoms in a simulation cell may appear simplistic.

We can also regard those atoms as particles obeying Newton’s 2nd law

dVv d?*z

where V is the potential energy; x is the position.

The question is how we can find out the motion of the atoms in a molecule, the
x(t)?

We know that the force(x) can be calculated by

F(z) = (3.4)
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Now we want to find the trajectory, x(t) of that atom.

Asume that at time t, the atom is at position z;, with velocity v; = %; and
. 25 _
acceleration a; = ddt; =m F(z).
Approximately,
Tog = X1 + Ulét (35)
ve =v1 + a0t = vy +m~ F(x)dt =v; —m d—|$15t (3.6)
x

In general, if we are given the initial position x;, and velocity v, of the atom,
and the potential energy V(x) which it feels, we can thus, step by step, compute

its positions x1(t1), za(t2), x3(t3),... by

T, = Ti—1 + vi_lét (37)

,1d_V
dx

Vi = Vi1 + Cliflét =V;_1+ m’lF(a:i,l)(St = Vi1 — M zHét (38)

and thus approximately compute its trajectory x(t). We call this process
integrating the equations of motion to find the trajectory.
Molecular Statics is another widely used method to find the minimum energy
configuration by moving atoms down alone the potential surface. The idea is
similar to quench the system quickly to reach the state of OK temperature so that
the system will reach a local energy minimization configuration. The algorithm

of quench is:

If v f>0; let V="

If v f<O0; let v=1_0
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3.1.1 Advantages and Limitations

MD was first introduced by Alder and Wainwright in the late 1950s to study the
interactions of hard spheres. In 1964, Rahman, first using a realistic potential
for liquid Ar. In 1974, Rahman and Stillinger, first applied MD on a realistic
system for liquid water. Today, MD simulations permit the study of complex,
dynamics processes in systems such as proteins, DNA and crystallography. MD
allows generation of information at the microscopic level such as atomic positions
and velocities with capability of simulating up to 10° atoms.

The advantages of MD simulations include:

e Physically as meaningful as the potential U that is used.
e No approximation in treating the N-body problem.

e Unified study of all physical properties. (thermodynamic, structural,mechanical,

dynamic and transport properties of a system.
e Several thousand particles are sufficient to simulate bulk matter.
e Direct link between potential model and physical properties.
e Complete control over input, initial and boundary conditions.

e Detailed atomic trajectories.

@\

Figure 3.1: Molecular statics method: quench
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MD also has its own limitations: (a) Need for sufficiently realistic interatomic

potential functions U (b) Computational capabilities constraints.

Due to MD’s limitations, researchers are developing multi-scale simulations
(see chapter 2.2) that combine the MD and other methods to obtain large-scale
computational capabilities for engineering nano-layered structures by computa-

tional design.

3.1.2 Algorithm of Molecular Dynamics
3.1.2.1 Flow Chart

The MD algorithm is realized by repeating the loop of Newton’s motion equations,

as shown in Figure 3.2.
Set initial conditions Ri(t,) and v,(t,)

Get new forces Fi(r;)
'
Solve the equations of motions
numerically over a short step At

r i(tn) 9 I‘i(thrl) Vi(tn) 9 Vi(tn+1)
I

t=t+At
!

Get desired physical quantities

'
L t >tmax?

| YES

Calculate results and finish

Figure 3.2: A flow chart of a typical MD algorithm.
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3.1.2.2 Initial conditions: creating atomic configuration

To start, we need the initial atomic configuration as a basic input. The initial
configuration could be a perfect lattice or a crystal with defects. Here is a simple
algorithm to generate an FCC lattice by periodically repeating 2 base atoms in
the space.

gap(k) = region(k) / initUcell(k)

DO nY= 1, initUcell(2)

¢(2) = (nY-0.5)*gap(2) - regionH(2)

DO nX=1, initUcell(1)

c(1)= (nX-0.5)*gap(1) - regionH(1)

n=mn-+1
r(1, n) = ¢(1)
r(2, n) = ¢(2)
END DO
END DO
A Y
0 X,

T

gap=a

v

nY=1,nX=1
r(1,1) =c(1)=0.5a-1.5a=-1a
r(2,1)=c(2)=0.5a-1.5a=-1a

Figure 3.3: creating atomic configuration

40



3.1.2.3 Initial atom velocities

We also need to initialize the velocities for all the atoms. Here is one algorithm

to assign velocities with fixed magnitudes and random directions.

(vMag fixed by temperature)
! Random directions
Ang = 2 * pi * RandR(randSeed)
rv(1l,n) = vMag * cos (Ang)
rv(2,n) = vMag * sin (Ang)
I Centerof Mass is stationary
vSum(1) = vSum (1) + rv (1,n)
vSum(2) = vSum (2) + rv(2,n)
vSum(k) = vSum(k) / nAtom
rv(kn) = rv(k,n) vSum(k)

rv(n,) v(n,)

XAng(nl) ,

Figure 3.4: Initial velocities
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3.1.2.4 Periodic Boundary Conditions

To get meaningful simulation results, we need to be very careful about the Bound-
ary Conditions. Periodic Boundary Conditions (PBC) is one of the most widely
used methods to allow us to simulate some bulk materials properties using only a
few thousands of atoms. PBC means an atom which passes over the cell boundary

comes back on the other side:

IF(r(k,n) >= regionH (k)) r(k,n) =r(k,n) — region(k)

IF(r(k,n) < regionH (k)) r(k,n) =r(k,n) + region(k)
ITF(dr(k) > regionH (k) dr(k) = dr(k)region(k)
IF(dr(k) <= regionH (k)) dr(k,n) = dr(k) + region(k)

Figure 3.5: Periodic Boundary Conditions

3.1.2.5 Force Cutoff Distance

In the MD simulation, beyond r.,s¢ distance, particles simply do not see each

other. Force cutoff distance is an important parameter for the force calculation.
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3.1.2.6 Neighbor List

As the number of the atoms increases every 10 times, the expense for calculating
the neighbors will increase 100 times. Therefore it is necessary to have a neighbor
list by keeping track of who are nearest, second nearest neighbors of each particle,

so that we only need to update neighbor list after some steps.

3.1.2.7 Force calculation

We use the Lennard-Jones(LJ) (12-6) PAIR potential as an example to show the

algorithm of force calculation:

o o

Utry) =46l = (2] (3.9)
fiy = =VU(r) = T2 = 5 (3.10)
ma; = F; = g: fij (3.11)

Jj=1,j#i

Figure 3.6: Cutoff distance in force calculation
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3.1.2.8 Leapfrog step

A proper numerical integration scheme should be both numerically stable and
computationally efficient. The numerical integration of the equations of motion
is performed either by explicit or implicit methods. The simple Euler scheme is
not appropriate for MD simulations because it lacks numerical stability. In the
explicit Verlet’s leap-frog method, the equation of particle motion is split into

two first-order equations:

dR; dv;
=V, = F(R;)/M, 3.12

Based on the half-step leap-frog method, this set of equations is converted for

small time increment ¢ to:

1
Ri(t+dt) = Ri(t)+ otVi(t + 5cSt) (3.13)
1 1 F;
: - = Vi(t—= —L 14
Vi(t + 25t) Vi(t 26t)+6tMi (3.14)

The Verlet algorithm is very popular in MD simulations because it is stable,
memory-efficient, and allows for a reasonably large time-step. Another popular
implicit integration method for MD simulations is the predictor-corrector scheme,

in particular, Gear algorithm [26].

rv(k,n) = rv(k,n) + 0T xra(k,n) (3.15)
r(k,n) =r(k,n)+ 6T * rv(k,n) (3.16)
t-ALt tHAL t tHA t tHAt t trAt
' | | | |
v N 4 L]
a | H -

Figure 3.7: Ilustration of the leapfrog algorithm
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3.1.2.9 Examples of Properties Evaluation and Accumulation

The basic output information from MD simulation is the atom position and ve-

locity, but we can extract a lot of different properties information from them. For

example:
v = rv0.5r,0T (Leap frogmethod) (3.17)
1 e,
2N, =
4 12 _ -6
E, = N > (rg " —ri) (3.19)
@ 1<i<j<N
1
T=—% va (3.20)
1 N
PV:NaT+E<Zn--Fi> (3.21)

i=1
3.1.2.10 Potential — Force Calculations

In MD simulations, interatomic potentials are the base of the force calculation,
the accuracy of the potential determined the physical meaningfulness of the sim-
ulation result. A detailed discussion about potential will be in section 3.2.

Depending on the method of treating the electronic degrees of freedom of each

atom, there are 3 main categories of potentials:

e Pair Potentials (the electronic degree of freedom is eliminated)

o Effective Medium Potentials (the electronic degrees of freedom are treated

as a total energy function)

e Quantum-based Potentials - The Tight-Binding Method (the electronic
wave functions can be built up as a linear combination of the atomic wave

functions)
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3.2 Interatomic Potentials

A proper MD method is a necessary condition for physically meaningful simu-
lations. However, the method says nothing about how simulated atoms interact
with each other. The latter aspect is solely determined by prescribed interatomic
potentials, and is more crucial in obtaining physically meaningful results. In
general, there is a compromise between the potential rigorousness and the com-
putational efficiency. For high computational efficiency, pair potentials, such as
[43] and Morse potentials [56] are used. With the increasing demand on accuracy
and available computational power, many-body potentials such as the Finnis-
Sinclair potential [24] and the Embedded Atom Method (EAM) [17, 59] have
been commonly used. In the same category are effective medium and glue mod-
els [22]. Angular dependent potentials, which are also many-body, include the
well-known Stillinger-Webber potential [83] and the Tersoff potential [84]. Poten-
tials that have quantum mechanics basis, such as the generalized pseudopotential
[54, 55, the bond order potential [70], and the inversion method [14, 99] have

also been used for greater accuracy.

In general, interatomic potentials are empirical or semi-empirical, and thereby
have fitting parameters. Simpler potentials, like the Lennard-Jones potential,
have very few fitting parameters, which can be easily determined from crystal
properties. On the other hand, these potentials suffer from non-transferability.
Since these potentials are fitted to only a few perfect crystal properties, their
applicability in studying defects is by default questionable. The more sophisti-
cated potentials, like the EAM - particularly the force matching approach [21],
use several or many defect properties to determine the EAM functions, in either
analytical or tabular form. Materials properties, of either the perfect crystal

or defected structures, are obtained from ab initio calculations and reliable ex-
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periments. It is worth pointing out that these interatomic potentials apply for
specific classes of materials. Strictly speaking, pair potentials are applicable to
simulations of rare gas behavior. However, applications to simple metal systems
can also provide qualitative guidance. The EAM type of potential has proven to
be a good choice for simple metals. Applications to metals like aluminum, cop-
per, silver, and iron (except its magnetic properties) have been very successful.
The radial function form of the EAM is computationally advantageous. However,
this advantage is accompanied by the inability to describe covalent systems, in
which angular dependence dominates. In studying silicon, diamond carbon and
other covalent systems, angular dependent potentials, particularly the Stillinger-
Webber [83], the Tersoff [84], and the bond-order potentials [70] are among the
leading candidates. A modification of the EAM has been proposed to include the
angular dependence by [8], and applied to SiC by [36]; the modification by [67]
is similar.

Potential energy is to determine the stable of a system. Quantum mechanics is
most adequate when determine the stable of a system, but too complicated to be
soluble.

Let us start from Time-dependent Schrédinger equation:

—~ o
HY = ih— .22
1 5 (3.22)

The probability that the particle will be found in the range x to x + dx, at a time
t is |W¥(z,t)|*dz, which is obtained by solving Equation 3.22.

Time-independent Schrodinger equation is
HU = EV (3.23)

With the Born-Oppenheimer Approximation, the degrees of freedom can be un-

linked.
Y({Ri,tn}) = Ya({ra}; Ri)vn({Ri}) (3.24)
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The idea comes from that nuclei and electrons have greatly disparate masses.
Imagine the electrons to respond to an essentially static set of nuclear position.
So in the Schrodinger equation for the electrons, the ionic coordinates only ap-
pear parametrically

Steps to solve the Schrédinger equation are:

1. To solve the electronic Schrodinger equation for a specific set of nuclear

variables. The electronic equation is

o~

Hel‘ljel = Eel(Tl,TQ,...,TN)\Ifel (325)

The nuclear coordinates are regarded as fixed and the wavefunction that is

determined. gives the distribution of the electrons only.

2. To treat the nuclear dynamics by using the energy as an effective potential

for the interaction of the nuclei.

(Tn + Van + Ea )Y ({Ri} = Enbn({Ri} (3.26)

Pair Potentials Pair potentials are constructed such that the electronic degree
of freedom are eliminated, and the exact energy of the system, F,,.. is replaced
by an approximate energy function, Fopproz. et frive Medium Potentials In these
types of potentials, we treat the electronic degrees of freedom as a class of total
energy functions known as effective medium functions Approximate embedding
potentials divide the energy into two contributions, one from core-core repulsion
that can be of a Coulomb or screened Coulomb type, while the second part
represents the energy cost for embedding an ion in a uniform electron gas, of

local density p Ab-initio calculations have shown that the electronic component
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of the embedding energy shows a minimum that is dependent on the type of
embedded ion. We will discuss now one example of analytical determination of
embedded atom potentials. This is followed by the procedure for more accurate
numerical determination of the Embedded Atom Method, or EAM for short [17]
[59], and finally a different approach for the embedding function based on the
Finnis-Sinclair procedure [24]. The basic idea of the tight-binding method is that
the electronic wave function of the solid can be built up as a linear combination of
the atomic wave functions centered on the atoms, following the solution procedure
of the Schrodinger equation for the hydrogen molecule. The coefficients of the
basis functions, i, are selected such that the total energy is a minimum. The
eigenvalues of the resulting Hamiltonian matrix are the electronic contribution
to the total energy. The method results in two main aspects: (1) the total energy
of the system can be calculated directly without separation into pair potentials
and embedding energy; and (2) it gives the form of the pair functionals and

angular forces.

3.2.1 Connections Between Quantum and Approximate Potentials

The direct use of DFT methods to perform full quantum molecular-dynamics
simulations on real materials is limited to a hundred or so atoms and a few pi-
coseconds of simulation time. Thus, the next step of coarse-graining the problem
is to remove the electronic degrees of freedom by imagining the atoms to be held
together by some sort of glue or interatomic potential, thereby allowing large scale
atomistic simulations for millions of atoms and nanoseconds of simulation time.
Such simulations, employing approximate (or empirical) interatomic potentials,
have been extremely useful in investigating generic phenomena in simple systems.
Empirical potentials involve the fitting of parameters to a predetermined experi-

mental or ab initio database which includes physical quantities such as the lattice
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constant, the bulk modulus and elastic constants, the vacancy formation energy,
the surface energy, etc. The goodness of the potential is determined by fitting
to a small set of properties and then accurately predicting other properties not
within the set used for fitting its parameters. However, at the same time, they
may not provide the desired physical accuracy for many real complex materials
of interest. For example, reliable interatomic potentials are not usually available
for multi-element materials and for systems containing substitutional or 27 inter-
stitial alloying impurities. Interatomic potentials used in MD simulations may
generally be classified into three broad categories: (1) pair potentials; (2) effec-
tive medium potentials; and (3) quantum-based potentials. In pair potentials,
the electronic DOF are totally eliminated, and are glued to nuclear DOF, thus
atoms are represented by coordinates and momenta only. When electronic DOF
are averaged out and included into an electronic density function that depends
on the local environment of the atom, we have what is known as effective medium
potentials. Implicit recognition of the electronic DOF is given through the em-
bedding function. Further recognition of the electronic DOF is achieved through
the introduction of reduced sets of coefficients based on quantum mechanics in
quantum-based potentials. We give here examples of interatomic potentials be-

longing to the three main categories.

3.2.2 Pair Potentials

Pair potentials are constructed such that the electronic DOF are eliminated, and
the exact energy of the system, F.... is replaced by an approximate energy
function, E,ppree. Thus, we map the energy function of the system’s nuclear, R;,

and electronic, r;, coordinates, such that:

Eexact)(R;,ri) — Eappros(R;) (3.27)
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Two common examples of pair potentials are the Lennard-Jones [43] and the

Morse [56] potentials:

3.2.2.1 The Lennard-Jones Potential [43]

The Lennard-Jones potential is sometimes used to model the interatomic inter-
action in solids, although it is best fit to the behavior of gases or fluids. The

potential is given by:
A B
“het e

where A and B are constants, determined by matching independent physical

V(R) = (3.28)

properties. For example, if the equilibrium lattice constant in Cu is 0.36 nm, and

its shear modulus is 50 GPa, let’s see how one can determine the two A and B.

A B 12A 6B
B(R) =~ 5 + g F = ~VE=—Fi + (3:29)

We now take equilibrium distance to be the lattice constant= 3.610 x 10~"m,

where the force should be zero. This gives: B = 2A/R§. We can assume that

the approximate area per atom ~ wR2, then:

AF AR 1 OF

_ A gttty g L OF 3.30
A T I )T (3:30)

o

However, = 2(2+ v)u = 1.34 x 107" [pa] = (nRy)/ 8t — ¥
0 0

Now, solving for A and B, we obtain: A = 1.38 x 107132 and B = 1.17 x 107%.
3.2.2.2 The Morse Potential [56]

This potential, E(R), is characterized by three parameters: €;,ajandRy, and is
given by:
E(R) = e[e2alfi-Ro) _ gpalfi=Fo)) (3.31)
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Compared with the simpler Lennard-Jones potential, the repulsion term here
is more realistic, but the attraction is less so. Furthermore, there is an extra
parameter a, which can be used to fit a third property. We can fit, for example,
the lattice constant Ry, the bulk modulus B, and the cohesive energy F..p, using

the three conditions:
dFE

[l =0 (3.32)
O*FE
B =-VdP/dV = Va—v2 (3.33)
Ecoh - [E]RO (334)
The Morse potential may be written as:
E(R) = (¢ — 2), andC = explp(1 — R/Ry) (3.35)

where €, p and R, are adjustable parameters that determine the shape of the
potential. First, e adjusts the depth of the potential (i.e the binding energy),
Ry adjusts the equilibrium interatomic separation, and f adjusts the range of the
potential. Recently, an intermolecular potential for Bucky balls (Cgy molecules),
has been obtained, with an effective value of p = 13.62. The alkali metals have
longer-ranged interactions, for example p = 3.15 has been suggested for sodium,
while p = 3.96 for nickel. Take the case of two isolated atoms, separated by 0.4
nm at equilibrium and have a cohesive energy of (-5 eV). Then, € = -5 eV, Ry=0.4

nim.

3.2.3 Effective Medium Potentials

This class of potentials include the embedded-atom (EAM) type [17] [59] or the
Finnis-Sinclair (FS) type [24] potentials for metalsthat do not exhibit directional
bonding character, and the Stillinger-Weber (SW) type [83] [29] or the Tersoff

type [84] potentials in covalent materials, where the potential depends on the
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bond angle. In these types of potentials, we treat the electronic degrees of freedom
as a class of total energy functionals known as effective medium and angular force
schemes to incorporate environmental and angular dependencies. Thus, we map

the exact potential to an approximate representation as:
Eeacact(Ria Ti) - Eapproac(Riy Ti) - Eapprox[p(ri)a Rz] (336>

Approximate embedding potentials divide the energy into two contributions, one
from core-core repulsion that can be of a Coulomb or screened Coulomb type,
while the second part represents the energy cost for embedding an ion in a uni-
form electron gas, of local density p. Ab initio calculations have shown that the
electronic component of the embedding energy shows a minimum that is depen-
dent on the type of embedded ion. We will discuss now one example of analytical
determination of embedded atom potentials. This is followed by the procedure
for more accurate numerical determination of the Embedded Atom Method, or
EAM for short [17] [59], and finally a different approach for the embedding func-
tion based on the Finnis-Sinclair procedure.

In the EAM, all atoms are viewed as embedded in the host consisting of all
other atoms, and the total energy is divided into an embedding energy, which is
electron-density dependent, and pair contributions. Various functional forms are

developed on the basis of known experimental or ab initio data:

B = Y F(pr) + 5 3 0(Ry) (3.37)
ZF(p) = Eemb: (3.38)

o= 1(Ry) (3.39)

¢ij(R) = ZER)Z]-(R)/R (3.40)

¢i;(R) is the pair-interaction term, while F'(p) is the embedding energy term.

The following represent popular examples of effective medium potentials.
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3.2.3.1 The Johnson potential

Based on extensive experimental data and first principles calculations, the total
energy was found to be a function of the interatomic separation in a simple form,

known as the Universal Binding Energy Relation (UBER), and given by:

Fut(R) = — Byl + oz(}% - 1)]6:6]9—04(}% — ) (3.41)

In this expression, Fy,;, is the absolute value of the sublimation energy at zero
temperature and pressure, and o = (E,,;,/9B)"/2. B is the bulk modulus of the
material and € is the equilibrium volume per atom.

An analytical procedure was developed by , where the interatomic potential is
obtained analytically. In this procedure, the embedding function is deduced as
the difference between the total energy as given by the UBER and the total
contributions of the pair part of the potential. For an fcc metal, the energy of
a given atom (without double counting, since the fcc structure has 12 nearest

neighbors) is E, given by:
E; = F(p:) + 66(Run) (3.42)
where R, is the equilibrium distance of the nearest neighbor, ¢ is the pair
potential, F' the embedding function, and p; the total electron density at atom i.

If we rely on our knowledge of the universal binding energy relationship, we can

immediately deduce the embedding function as follows:
F[p(R)] = Eyt(R) — 66(R) (3.43)

Johnson assumed the following forms for p(R) and ¢(R):

p(r) = fe "V (3.44)
o(r) = o 0T (3.45)
(3.46)
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where f, 3, pgand~y are constants. With these forms, the embedding function

can be analytically obtained, and is given by:

R

F(p) = —Bo(1 — 2 L) (£)F — 660(2

B po’ po %)

(3.47)

Force calculations in MD simulations must take into account the implicit
dependence of the embedding function on interatomic distances. The force on

the " atom due to the embedding function is given by

fi==Y_(F"(p;)p; + F'(pi) ;) Ryi (3.48)
i+

where Rj; is the unit vector connecting the i and j™ atoms.
3.2.3.2 The Embedded Atom Potential [17] [59]
The atomic densities are computed from the Hartree-Fock wave functions by

p*(R) = nsps(R) + napa(R) (3.49)

where ng and nyg are the number of outer s and d electrons and p, and py
are the densities associated with the s and d wave functions. The total number
of s and d electrons, ngs + ng is fixed to be 10 for Ni, and 11 for Cu. For the

pair-repulsion term, we assume a simple parameterized form for Z(R):

Z(R) = Zy(1 + BR"e 1) (3.50)

Now we look at those parameters for Cu and Ni:

Z r 16} v N Atomic configuration
Cu | 11.0 | 1.7227 | 0.1609 | 2 | 1.000 3d1%4s!
Ni | 10.0 | 1.8633 | 0.8957 | 1 | 1.5166 3d84s?

95



When we do the forces calculation in the MD code, we are in fact using several
numerical tables that contain the data for a certain element. The data includes
F(p)—p, p(R) — R and Z(R) — R calculated from the equations and parameters
above. For example, given atomic figuration of Cu lattice, in order to calculate
the potential of a certain Cu atom, we have to know all the single contribution
of p(R) and Z(R) between every other atoms and this certain atom by looking
up the tables. Then sum all the p(R) to get the total atomic density and look up
the table of F(p) to get the embedding energy. To get the pair interaction term,
we just simply sum up all the Z(R). The total potential of this atom is obtained

by combining those two terms.
3.2.3.3 The Finnis-Sinclair Potential [24]

An embedding potential introduced by Finnis and Sinclair (1984) incorporates
the band character of metallic cohesion. Finnis and Sinclair replaced the charge
Z in tight-binding treatments with the sum of functions representing the valence
electrons. The form of the potential is a balance between this attractive contri-

bution and core repulsion. One form of the potential is given by:

)

1
E=E,+E. = §ZW1(RM)—ZVM (3.51)
7

The electron density for each atom is given by:

pi = o(Rij) (3.52)
i#£j
where
O(Ryj) = ! (3.53)
0, Rij >d

o6



3.2.3.4 Potentials with Angular Dependence

The embedding-type potentials are applicable to metals that do not exhibit strong
directional bonding character. However, in covalently-bonded solids, such as Si
and SiC, the crystal structure is not closed packed, but is rather open. Certain
angles between bonds designate the equilibrium nature of the open structure.
Empirical interatomic potentials have been developed to reflect this fact, and the

following two are among the most popular.

1. Stillinger-Weber angular potential [83]
In the Stellinger-Weber potential, the total energy is expanded in terms of
two-body V5 and three-body V3 contributions.
1 1
E({Ri}) = 52 Va(Ry) + 3 Z;CVS(RZ», R;,Ry)  (3.54)
Z7‘7 Z’J’
The two-body (pair potential) contribution to the total energy is given by

a function of scaled interatomic distances

=

Va(Ri;) = efaf Of'j) (3.55)

while the three-body contribution is expressed as a function of three vectors

connecting between triplets of three atoms as

R, R, R
=1, =k (3.56)

c o’ o

%(Rij)Rk) = €f3(

fa(R) =

A(BR™? — R—q)el=®7'l if r<a
{ (3.57)

0 otherwise
f3(Ri, Rj, Ri) = h(Rij, Rir, Ojir.) + h(Rji, Rjk, Oiji) + (R, Rij, Oirj)
(3.58)
—1 —1 1
h(Rij, Rz’k; Qﬂk) = /\G[W(Rij_a) +7(Rix—a) ](cosﬁﬁk + 5)2 (359)

o7



The key ingredient in this formulation is the angular function h, which is
selected to be a function of the angle 0;;, between the vectors R;; and Rjj.
A, a,v, A, B, andq are fitting constants. It is noted that the angular term is
minimized for # &~ 109.47 degree, corresponding to the tetrahedral angles

that characterize the sp3 bonds of covalent materials.

. Tersoff cluster functionals (1988) [84]

The Stellinger-Weber potential does not have explicit functional depen-
dence on the embedding environment for participating atoms. Tersoff
(1986) was the first to develop Si potentials that account for environmental

dependence. The total energy in his potential takes the form:

Etot = %Z[VT(RU) + bijva(Rij)] (360)

where the repulsive potential is given by

V' (Ryj) = Ae MHu (3.61)
And the attractive potential by

V%R;j) = Be 2t (3.62)

The environmental and angular dependence enter the potential through the
function b;;

bij = (14 p"&) 1/ (3.63)

where the function &;; is given by

&ij = > fe(Rir)g(Oiji) (3.64)
k#ij
and f.(R) is a cutoff function that smoothly decreases from 1 — 0 as

R — R,
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The function g(6;;;) contains the angular dependence, and takes the form

c? c?

= 1 [ —
9(9) + d?>  d>+ (h — cosf)?

(3.65)

3.2.4 Quantum-based Potentials - The Tight-Binding Method

There is a growing need to develop more accurate interatomic potentials,
derived from quantum mechanics, that can be applied to large-scale atom-
istic simulations. This is especially so for directionally-bonded systems,
such as transition metals, and for chemically or structurally complex sys-
tems, such as intermetallic compounds and alloys. The Tight-Binding [16]
[50] and the self-consistent-charge density functional Tight-Binding Molec-
ular Dynamics (TBMD) approach is becoming widespread in the atomistic
simulation community, because it allows one to evaluate both ionic and
electronic properties [25]. The success of TBMD stands on a good bal-
ance between the accuracy of the physical representation of the atomic
interactions and the resulting computational cost. TBMD implements an
empirical parameterization of the bonding interactions based on the expan-
sion of the electronic wave functions on a very simple basis set. Recently,
novel analytic bond-order potentials have been derived for atomistic sim-
ulations by coarse-graining the electronic structure within the orthogonal
two-center tight-binding representation [70] [68] [69]. Quantumbased inter-
atomic potentials for transition metals that contain explicit angular-force
contributions have been developed from first-principles, DFT-based gener-
alized pseudopotential theory [54] [53] [52].

The basic idea of the tight-binding method is that the electronic wave func-
tion of the solid can be built up as a linear combination of the atomic wave

functions centered on the atoms, following the solution procedure of the
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Schrodinger equation for the hydrogen molecule. The coefficients of the
basis functions, «;g, are selected such that the total energy is a minimum.
The eigenvalues of the resulting Hamiltonian matrix are the electronic con-
tribution to the total energy. The method results in two main aspects: (1)
the total energy of the system can be calculated directly without separation
into pair potentials and embedding energy; and (2) it gives the form of the
pair functionals and angular forces.

The electronic degrees of freedom are thus incorporated by the mapping

Eexact({Ria rn}) - Eapprox<{Ri> &z}) (3-66>

where {o;} are expansion coefficients that characterize the electronic wave
function. The solid is assumed to be formed by bringing its atoms into close
proximity such that the atomic energy levels of outer valence electrons are
distributed as a result of the overlap between the wave functions of adjacent

atoms. We postulate a wave function for the total solid of the form

vy o= > Enj Aia@a(r — R;) (3.67)

=1 a=1

or, written in a more compact form

N n

> = > aini,a > (3.68)

i=1 a=1
The outer sum runs over the number of atoms, N, in the solid, while the in-
ner sum runs over the number of orbitals per site. The representation of the
wave function, |i, @ >= ¢,(r— R;) is for the « orbital on site i. For the case
of Si, for example, we make our expansion for the 3s and 3p electrons only,

with no contributions from inner shell electrons. The procedure attempts
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to nd the minimal set of wave functions, with no attempt for completeness.
Now we write the energy functional, II, as a function of the wave function,

1, or, as a function of the unknown expansion coefficients

H({ai}) = <¥[HWY>—E <9[> (3.69)
(3.70)

Substituting now for the total wave function (Equations 3.67 and 3.68). We

have
N n
H{aw)) = Y. 3 (0 — ESY)al,as (3.71)
1,7=1 a,f=1

Where the matrices, h%ﬁ , and So‘ﬂ are given by

W =< i, alH|j, B >= /Q¢;(r — R)Hes(r — R))dr (3.72)

and

Sy =<ialj g >= [ 04(r— R)salr — Ry)d'r (3.73)
The matrix SZ-B represents the degree of overlap between wave functions of
adjacent sites, and is hence called the overlap matrix. If the wave function
basis set is selected to be orthogonal, then Sf‘jﬁ = 0;j0q3. Once the Hamil-
tonian matrix is formed (Equation 3.71), the unknown coefficients a;, can

be obtained by minimization, thus
oll/0a;, =0 (3.74)

> (Hyy — Edpy)a, =0 (3.75)
p/
where the super index p’ runs from 1 to nN. Solution of the set of nN

Equations 3.75 results in a set of energy eigen values, F) = E;,, and a set

of coefficients a, = a; that determine the total wave function itself.
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Evaluation of the matrix elements is usually done by the so-called two-
center approximation, where contributions to the hf}ﬁ arise only from the
potential of two neighboring atoms i and j, Vasom (1 — R;) and Vgom (r — R;),
respectively. Each matrix element depends on the separation distance and
orientation vector between two neighboring atoms. Since p-orbitals are
spherically symmetric, and p-orbitals have single lobes of the wave func-
tions, oriented along x(p.),y(py,)orz(p,), then various symmetries should
arise in coupling factors, V, within the matrix elements. For example, if
the azimuthal rotational symmetry direction of individual atoms is aligned
with the bond direction, we would have the so-called o-bond. This may
arise because of coupling between two s-orbitals, two p-orbitals, etc., and
we would have factors like Vg, Vppe etc. On the other hand, m-bonds are
denoted for couplings of orbitals such that the azimuthal symmetry direc-
tions of individual atoms are normal to bond direction. Such is the case
when we consider two p,-orbitals of two neighboring atoms connected along
the x-axis.

Solution of the eigenvalue problem stated above results in a spectrum of en-
ergies that covers a wide span, and can be best represented as a histogram
of delta functions, known as the electronic Density Of States (DOS), which

takes the form
p(E) = Z(S(E - E) (3.76)
Thus, the electronic contribution to the total energy is obtained by summing

up all eigne values of E, or rather by performing the integral:

E, = 2 / " Ep(E)dE (3.77)

the factor of two accounts for up-down electron spin occupancy of each

state. The total energy can then be constructed by adding an effective pair
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potential for the interaction between neighboring nuclei.
1 €F
Boa({Ri}) = 53 Vers(Ry) +2/ Ep(E)dE (3.78)
ij —oo

Typical calculations proceed as follows. First, a computational cell is con-
structed with its set of nuclear coordinates, R;. Once we have these co-
ordinates, we can determine the elements of the interaction matrix, h?jﬁ ,
which describe the coupling between the o* orbital on site i with the 3%

orbital on site j. The overlap matrix, S%P can be similarly determined.

ij
The full Hamiltonian is thus known, and we can proceed to nd the energy

eigen values, and finally determine the degree of state, p(F).

3.3 Boundary Conditions

Similar to the numerical integration scheme, proper use of boundary conditions is
crucial to obtaining a physically meaningful MD simulation. The boundary of a
simulation cell is usually within close proximity to each simulated atom, because
of limited computational power. Simulations for one billion atoms represent the
upper limit of computation today with simple interatomic potentials (e.g. [43]).
Total simulation times are typically less than one nano-second as a result of short
integration time steps in the femto-second range. The boundary of a simulation
cell may not be a real physical interface, rather it is merely the interface of the
simulation cell and its surroundings. Various boundary conditions are used in
mechanics simulations. Since dislocations dominate the linking of nano- and
micro- mechanics, the following presentation of boundary conditions focuses on
those boundary conditions relevant to the long-range strain fields of dislocations.
These boundary conditions include: the rigid boundary condition [41], periodic
boundary condition [40], direct linking of atomistic and continuum regions [65],

and flexible (Green’s function) boundary condition [80, 93, 33, 72].
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3.3.1 The Rigid Boundary Condition

The rigid boundary condition is probably the simplest. According to this con-
dition, boundary atoms are fixed during molecular dynamics simulations. For
simple dislocation configurations, the initial strain field, say of an infinitely long
straight dislocation, is imposed on all atoms in the simulation cell. During sub-
sequent simulations, boundary atoms are not allowed to relax. This rigidity of

the boundary condition naturally leads to inaccuracy in the simulation results.

3.3.2 Periodic Boundary Conditions

The inaccuracy also exists in the application of the periodic boundary condition.
According to this condition, the simulation cell is repeated periodically to fill
the entire space. When one dislocation is included in the simulation cell, infinite
number of its images are included in the entire space because of the infinite
repetition of the simulation cell. Modifications have been made to include dipoles
in a simulation cell, and to subtract the image effects. However, it is difficult to
extend such modifications to general dislocation configurations, which are more

complex.

3.3.3 Flexible Boundary Conditions — Greens Function

In contrast to the two approximate boundary conditions, the direct linking and
flexible boundary conditions can be rigorous. The direct linking of atomistic
and continuum region [65] aims at a seamless bridging of two different scales.
This idea has been extended to include the direct linking of atomistic and elec-
tronic structure regions [1]. Once numerically robust and efficient, the direct
linking scheme should be the most reliable and desirable boundary condition. At

present, the other rigorous scheme - flexible boundary condition - is more com-
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monly used in dislocation simulations. This scheme has gone through the im-
plementations in two and three dimensions. In the 1970’s, the two-dimensional
version of this boundary condition was implemented [93, 80, 33], allowing the
simulation of a single straight dislocation. In these simulations, periodic bound-
ary conditions are applied along the dislocation line. On the plane normal to the
dislocation line, the simulation cell is divided into three regions. The innermost
region is MD region, in which atoms follow Newtonian dynamics according to
the MD method outlined earlier. The intermediate region is the flexible region
(or Green’s function region), in which the force on each atom is calculated, and
then used to generate displacements of all atoms in the simulation cell using the
Greens’ function of displacement. Since periodic boundary condition is applied
along the dislocation line, line forces are calculated in the flexible region, making
the displacement two-dimensional. The outermost region contains atoms that
serve as background for force calculations in the flexible region. As a result of
renewed interest in dislocation dynamics, flexible boundary conditions have been
extended to three dimensions, and are often referred to as the Green’s function
boundary conditions [72]. Flexible or Green’s function boundary conditions have
clear advantages in allowing for full relaxation of one or a few dislocations in a
simulation cell, without suffering from the artifacts of image dislocations. How-
ever, Green’s function calculations are time-consuming, limiting applications of
the Green’s function boundary condition. Recently, a tabulation and interpola-
tion scheme [27] has been developed, improving the computational efficiency by
two orders of magnitude, yet maintaining the accuracy of linear elasticity. With
this improvement, the Green’s function boundary conditions work well for static
simulations of dislocations. However, they are not applicable to truly dynamic
simulations. During dislocation motion, elastic waves are emitted, and when they

interact with the simulation cell boundaries or borders, they are reflected and can
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lead to interference or even resonance in the simulation cell. Approximate ap-
proaches [42; 11] have been proposed to damp the waves at the boundary, but a

fully satisfactory solution is still not available.

Elastic Green’s functions, which describe the displacement response of a lin-
ear elastic solid to a point force, are fundamental ingredients in many methods
developed for understanding the mechanics of materials. A description of the
internal, or self stress field of materials containing defects is critically dependent
on accurate knowledge of elastic Green’s functions. Interaction forces between
defects and the elastic energy stored around them can be obtained once Green’s
functions are determined. More recently, Molecular Dynamics (MD) computer
simulations of defect interactions have utilized Green’s functions to connect atom-
istic simulation regions to the elastic continuum, e.g. [72]. Computer simulations
of defect interactions by Kinetic Monte Carlo (KMC), e.g. [62], or by DD, re-
quire Green’s functions as essential elements. Unfortunately, however, analytical
solutions of Green’s functions are not available, with the exception of a few cases.
Moreover, numerical methods for 3-D Green’s functions in finite spaces of general
elastic anisotropy are also very limited [7]. Once Green’s tensor functions are de-
termined, the elastic field of a dislocation loop can be constructed by numerical

integration.

Two-dimensional version of flexible boundary condition is shown in figure 3.8.
Periodic boundary conditions are applied along the dislocation line. On the plane
normal to the dislocation line, the simulation cell is divided into three regions.
The innermost region is MD region; the intermediate region is the flexible region
(or Greens function region), in which the force on each atom is calculated, and

then used to generate displacements of all atoms in the simulation cell using the
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Greens function of displacement. The outermost region contains atoms that serve

as background for force calculations in the flexible region. Three dimensions.

Continuum
Region
GF Region

_______ Atomistic
"""" Region

Figure 3.8: Green function boundary condition

3.4 Stress and Temperature Control

In addition to the numerical integration and boundary condition issues, successful
MD simulations rely on the proper control of thermodynamic variables: stress and
temperature. When the internal stress, as derived from interatomic interactions,
is not balanced by the external stress, the simulation cell deforms accordingly.
At small stress levels, this response is consistent with linear elasticity. Under
general stress conditions, the formulation of [66] provides a mechanism to track
the deformation. In this formulation, the three vectors describing the shape of
simulation cell are equated to position vectors of three imaginary atoms. The
driving force of the imaginary atoms is the imbalance of internal and external
stresses, and the motions of those atoms are governed by Newton’s equations of
motion. This formulation works well when an equilibrated stress state is sought.
However, large fluctuations in the deformation are unavoidable according to the
Parrinello-Rahman method; the lattice constant may fluctuate by about 0.5%
around its equilibrium value. This large fluctuation may introduce artifacts in
the simulation of kinetic process, and caution should be exercised. The other

thermodynamic variable, temperature, is controlled through the kinetic energy
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or velocities of all atoms. Using frictional forces to add or subtract heat, the Nose-
Hoover method [64, 34] provides a mechanism of controlling the temperature of a
simulation cell. When the temperature is uniform in space and constant in time,
little difficulty exists. When the temperature changes, however, the strength
of the frictional force dictates the transition time. A fast transition is usually
necessary because of the short time reachable in MD simulations. However, such
a transition is generally too fast compared to realistic processes. This transition
problem exists in other temperature control mechanisms, such as velocity scaling

or introduction of random forces.
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CHAPTER 4

Results for Dislocation Transmission in Cu/Ni
Nano-Layers

4.1 Numerical Models

We use here the embedded atom method (EAM) [59] to represent the empirical
potentials of Cu, Ni, and Cu-Ni, because it contains the two-species cross interac-
tion format by fitting to the properties of a disordered Ni-Cu system. An atom is
viewed as embedded in a host consisting of all other atoms, and the total energy
is divided into an embedding energy, which is electron-density dependent, and
pair contributions. In this work, parallel large-scale MD simulations are carried
out on the Beowulf cluster ISIS, with up to 20 nodes. Three kinds of cells with an
5 < 110 > edge dislocation in each were simulated: pure Cu, pure Ni and Cu-Ni
multi-layer cells. The z, y and z axes of the simulation cells were [110], [111],
and [112]. The cells had 3 units along the z axis, 7 nm wide along the y axis,
with thickness (wavelength \) of the multi-layer structures along x axis, which
was designed to have different values between 5 nm and 80 nm, covering the
range of nano-layer structures with the highest strength. Periodic boundary con-
ditions were applied in the z direction and free surface boundary conditions were
applied in the other two directions. An infinite edge dislocation with a Burgers
vector of § < 110 > was introduced by inserting two < 220 > half atom layers
in the middle of the cells and displacing all the atoms from their perfect lattice
positions according to their anisotropic elastic displacement field. Atoms in the

cells were then allowed to relax using EAM potential interactions. The relaxed
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structure of the dislocation core was studied and visualized by two methods: the
Centro-symmetry parameter and the coordination number. For simulations of
the dislocation core, a constant shear stress was applied on the relaxed cells in
the range of 400 to 1200 MPa on the (111) plane along the [110] direction . The
motion of the dislocation core was studied during MD simulations by recording

the position of the core at different time intervals.

y [111]

X [101]

b#a/2 [101]

a —p
z [121]

| Wavelength |

| |

Figure 4.1: Schematic of the simulation model for Cu/Ni nano-layer structure.

The parallel code is PARADYN written by Steve Plimpton at Sandia Na-
tional Laboratory [82]. The PARADYN code is a parallel implementation of the
DYNAMO program, which is written by Stephen Foiles and Murray Daw [59].
PARADYN uses EAM potential [59] to calculate interatomic forces. and can

perform both the static minimization and molecular dynamics simulations.
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4.2 Dislocation Core Dissociation

A perfect dislocation in an FCC lattice could dissociate into two Shockley partials
as shown in Figure 4.2.

since

AR o
/ I b3=g[1 12]
b, =%[T01] /

Figure 4.2: Dissociation of a perfect dislocation into two Shockley partials

b1 - b2 + bg (41)

and

b; > by + b3 (4.2)

then, the energy of the system decreases because of the dissociation. Because

of the reduction in dislocation energy, the dissociation into Schockley partials is

observed in FCC crystals. As the distance d between the two partials increases,

the stacking fault energy increases, while at the same time, the interaction en-

ergy between these two partials decreases. Therefore there exists an equilibrium
distance, given by

i 2w

= 4.3
8mysp 1 —v (4.3)

where g is the stacking fault energy density. Based on experimental data

for the stacking fault energies, we have [60]:
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Ysrou = 45mJ/m? (4.4)

Ysrni = 125m.J /m? (4.5)
Hence, the width between the two partials for Ni and Cu is estimated as
doyw = 1.7Tnm (4.6)

dyi = Ilnm (4.7)

|

20 nm 4nm

Figure 4.3: Dissociation of the dislocation core into two partials in Copper

Planar core spreading or splitting into shockley partials on the (111) plane
has been observed in the present simulations. The core width of dissociated
dislocations in different layer structures is shown in Figure 4.4 as a function of
the wavelength for Ni and in Figure 4.5 for Cu. When the wavelength of the
multilayer becomes larger than ~ 40 — 80 nm, the dislocation width becomes
independent of the wavelength and close to its bulk value. Image forces caused
by free surfaces tend to pull the two partial dislocations apart. The smaller the
cell size is, the stronger the image force effect, and hence the wider the core.
In small size cells, cores spread on the surfaces, and no core width could be
measured. When the wavelength is small, Cu-Ni interfaces show strong influence
on the width of the core. Interfaces are found to repel partials in Cu and attract

them in Ni. The core width is observed to be restricted within Cu layers, and is
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found to be proportional to the wavelength. The effect of the interfaces on the

dislocation core structure becomes unimportant when wavelength is larger than

40 nm.

1680 -
150 -
140 -
130 -
120 -
110 -

oZ 100 |

PRI

80

70+ -y g

BO - - )

501

40 - m.,,.._.__.__,..-—"’

30+

201

10 F

| | | | | | | |
DD 100 200 300 400 a00 600 700 300

wave length (R}

core width

Ll

Figure 4.4: The core width of dissociated dislocations in different layer structures as
a function of the wavelength for Ni. (a) Solid line: in 5 layers of Ni/Cu/Ni/Cu/Ni, (b)
dot line: in 3 layers of Cu/Ni/Cu, (c) dash line: in single Ni crystal.

4.3 Motion of Dislocations in Nano-layers

One representative example of core motion under an applied shear stress is shown
in Figure 4.6. The position of the two partials and their velocities were determined
from MD simulations. It is shown in the figure that the two partials move towards
the interface at different velocities, and that their velocities are not constant
and depend on the applied stress. Cu-Ni interfaces act as a strong barriers for
continued motion of the partials in Cu, which can be seen from the decrease in the
displacement gradients of the partials when they approach the interface. They
get stuck at the interface for period of time, depending on the stress level, before

they penetrate the interface. On the contrary, interfaces may also accelerate the
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Figure 4.5: The core width of dissociated dislocations in different layer structures as
a function of the wavelength for Cu. (a) Solid line: in 5 layers of Cu/Ni/Cu/Ni/Cu,
(b) dot line: in 3 layers of Ni/Cu/Ni, (c) dash line: in single Cu crystal.

partials, when they move towards the interface from a Ni layer, which is indicated

by the increase in the displacement gradient in Figure 4.6. When the shear stress

is below its critical value, the two partials do not penetrate the interface.

Several snap-shots of a movie are shown in Figure 4.7 showing the motion of
an edge dislocation in 3 layers of Ni/Cu/Ni and moving from the middle towards
the surface. Atoms in perfect positions are not shown, and only atoms within the
dislocation core or at the interface are shown for clarity. White atoms represent
Cu and purple atoms represent Ni. The blue and red atoms mark atoms that are

not in a Centro-symmetric position (see section 5.1).

We can see that when the applied shear stress is under 800 MPa, the disloca-
tion can not attain enough energy to penetrate the interface from Cu (softer layer)
to Ni (harder layer). It gets stuck there and moves back and forth. When the
shear stress is increased to 1200 MPa, the dislocation can eventually accumulate

enough energy and penetrate the interface from Cu to Ni.
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Figure 4.6: Core motion under shear stress in 5 layers Ni-Cu-Ni-Cu-Ni structure with
wavelength of 10 nm. The upper curves are for the position of the leading dislocation,
and the bottom curves are for the trailing partials. (a) Solid line: under 200 MPa, (b)
dash line: under 400 MPa, (c) dot line: under 800 Mpa, (d) dash dot dot line: under
1200 MPa.

4.4 Discussions

a

5[110] edge dislocation core width is found

In the Cu-Ni nano-layer system, the
to depend on the wavelength of the nano-layered structure, and is influenced by
the applied stress and image forces resulting from the elastic modulus mismatch
between adjacent layers. Interfaces act as barriers to dislocation transmission,
which accelerate or decelerate the motion of its partials, depending on whether
the dislocation is originally in a Ni or a Cu layer, respectively. The results show

that several factors influence the core structure and thus affect slip confinement

in nano-layers, and hence the maximum value of the yield strength. The results

75



(b)

Figure 4.7: Core motion under shear stress in 3 layers Ni-Cu-Ni structure with wave-
length of 10 nm. (a) under shear stress of 800 MPa. (b) under shear stress of 1200
MPa.

76



suggest that the maximum attainable strength of a nano-layered system is dic-
tated by the interaction of partials with interfaces.

The two Shockley partials move towards the interface at different velocities. The
velocities are not constant and depend on the applied stress resulting is jerky
motion.

The strength of nano-layered materials is dictated by dislocation confinement at
interfaces, when an external stress is applied. In materials composed of nano-
layered duplex structures, several factors influence the maximum value of the
externally-applied stress before dislocations can move across the interface, and
thus slip confinement is lost. The strengthening effect is a result of elastic modulus
mismatch across the interface (the Koehler barrier), lattice resistance mismatch
influencing the core structure (the gamma surface effect), and any coherency
strains.

However, although we can analyze the strength mechanism, the simulation re-
sult is only qualitative because the parameters of the EAM potential are not

calibrated with the experimental values of the stacking fault energies for Ni and

Cu.

7



CHAPTER 5

Deformation of Nano-twinned Copper

5.1 Atom Identification Methodology

MD simulations provide detailed information on the positions and velocities of
all atoms in the simulation box. However, the most interesting information for us
for the purpose of understanding the deformation mechanism is the location and
density of atoms in imperfect positions (e.g. in dislocation cores, vacancies and
in interstitial sites), and how such atoms interact with interfaces. One way to do
this is to identify defects as atoms with higher energy than the average thermal
value. However, identification of atoms in imperfect positions by their energy
is not accurate, and usually contains significant noise. For this reason, most
researchers rely on geometric information to characterize defects. One popular
method is the so-called Centro-symmetry method. The algorithm for this method

is as follows::

e For atom i, find its 20 nearest neighbor atoms;

e Pair those neighbor atoms. A ”pair” means two atoms with similar distance

to atom i while in the opposite directions (shown in Figure 5.1).

e For the nearest 6 pairs, determine the vector sum. Mark the atom by

different colors based on the value of the vector sum.

Based on this simple algorithm, the Centro-symmetry method can distinguish

atoms that are not in Centro-symmetry configuration from the equilibrium atoms
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that are in perfect Centro-symmetry configurations. However, this method can
not tell the difference between twin interfaces and dislocations. Therefore we have
developed a new method to identify atoms in twin boundaries, which combines
the nearest neighbor method and the Centro-symmetry method.

The goal for the new method is to identify and classify defect atoms in dislo-
cations, on surfaces and on twin interfaces. First we need to understand the
character of twin interfaces in an FCC lattice (Figure 5.2). An atom at the HCP

postion (such as twin interface) has the following characteristics:

e [t has 12 nearest neighbors;

e The total vector sum of the distance between this atom to all its 12 neigh-

bors is 0

e However, the Centro-symmetry sum of this atom is not 0
Our algorithm of the new visualization method is described below:

e For each atom, check if it has 12 nearest neighbors within a certain cutoff

distance, if not, mark it as on a surface, void or a dislocation.

e For all remaining atoms, check if all its neighbors stay around it in a bal-
anced way by summing all 12 neighbor vectors together. If the sum of the
vectors falls within a certain tolerance, it is balanced. If not, mark it as

distorted atoms.

L
®

\
O

Figure 5.1: Tlustration of the Centro-symmetry method
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e For the remaining atoms, use the Centro-symmetry method to check if it
is the perfect FCC lattice structure. If it has 12 neighbors that forms 6
Centro-symmetry pairs, it is a perfect FCC lattice. Otherwise, mark it as

a twin interface.

By applying this new identification method, we are able to identify different
types of defects, and provide more information for the analysis of the deformation
mechanisms. At the same time, the mulit-step treatment increases the calculation
speed by avoiding the Centro-symmetry calculations for every atom, which is very

time-consuming.

Q
() ()

Figure 5.2: Atoms identified at a twin interface in an Fcc crystal.

5.2 Deformation of Nano-twinned Copper Crystals

5.2.1 Numerical Model

As shown in Figure 5.3, the simulation box contains 57600 Cu atoms, with the
size of 20 nm in the x and y directions, and 4nm in the z direction. Periodic
boundary conditions are applied along the z-direction. Free surface boundary
conditions are applied along the x-direction. Shear strain with a constant strain
rate of 5 x 10%/s is applied on the top and bottom layers and the boundary is

fixed. Then the computational box is relaxed by molecular dynamics for 0.25 ns
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at a temperature of 20 K. A single CPU can finish 250,000 MD steps in 3-5 days.

(111) :
(121) ::> Shear strain
B Twin
(101) 1 2 interface
20 nm
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20 nm

Figure 5.3: Schematic illustration for the computational box used in MD simulations
of the Cu twin structure.

We can get the force information on each individual atom from the MD sim-
ulation. In order to calculate the strain and stress information for the system,
we use the free-body diagram shown in figure 5.4. The strain is calculated from

the average displacements of all atoms, as:

AL

- (5.1)

£

To calculate the stress, let’s consider the atoms within the middle layer of the
box. Under the equilibrium conditions, the atoms will feel a force from the atoms
above and below the layer. These two forces should be equal in magnitude but

and be opposite in directions. Therefore the net force on this layer of atoms will
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be zero under equilibrium. Now if we keep the atomic positions unchanged, and
remove the atoms above that layer, then the atoms within that layer will only
feel the force from the atoms below them. We can thus calculate the forces on
all atoms in the middle layer, and hence the average layer stress. The method is

applied to both shear and tension, as shown in Figure 5.4.
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Figure 5.4: A schematic of the computation method for calculations of atomic level
stress and strain.

5.2.2 Results

Figure (5.5 - 5.8) show snap-shots of a time sequence for the atomic positions
of atoms in defect configurations within the simulation box. The simulation is
for a single copper crystal under a high tensile/shear strain rate of 5 x 10%/s.
White atoms in the figures mark those in HCP positions (twin boundary or

stacking fault); while red atoms mark those atoms with nearest neighbors less
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than 12 (e.g. the surface); and blue atoms mark atoms with more than 12 nearest
neighbors (e.g. atoms around dislocations). Atoms in perfect positions are not
shown for clarity.

When the simulation box is subjected to a high tensile strain rate (5 x 10%/s),

(k) t=240 ps

Figure 5.5: Time-sequence of atoms in defect positions in a copper single crystal
subjected to a high tensile strain rate of 5 x 108/s.
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Figure 5.6: Time-sequence of atoms in defect positions in a 3-layer twinned copper
crystal subjected to a high tensile strain rate of 5 x 108/s.
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(a) t=140 ps (b) t=150 ps (c) t=160 ps

(f) t=190 ps

(9) t=200 ps (h) t=210 ps (i) t=220 ps

(j) t=230 ps (k) t=240 ps (1) t=250 ps

Figure 5.7: Time-sequence of atoms in defect positions in a single crystal subjected to
a high shear strain rate of 5 x 10%/s.
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(b) t=150 ps

(j) t=230 ps (k) =240 ps (I) t=250 ps

Figure 5.8: Time-sequence of atoms in defect positions in a 3-layer twinned copper
crystal subjected to a high shear strain rate of 5 x 108/s.
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a large number of twins are formed along (111) plane in single copper crystals.

The density of twinned planes as a function of time is shown in Figure 5.9.
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Figure 5.9: The density of twinned planes as a function of time under strain rate of
5 x 108/s. (a) Dotted line: a copper single crystal subjected to a high tensile strain,
(b) dashed dot dot line: a 3-layer twinned copper crystal subjected to a high tensile
strain, (c) solid line: a single crystal subjected to a high shear strain, (d) dash dot line:
a 3-layer twinned copper crystal subjected to a high shear strain.

Under shear strain, if there are already twin interfaces present, kinks are
formed at twin interfaces leading to the migration of the twin interface as will
be described in detail next. In other cases, where there are no original twin
interfaces, dislocations are generated from surfaces and glide on (111) planes. A
leading Schockley partial dislocation of a Burgers vector %[112] is first nucleated
from the surface, followed by the formation of a pair of twin interfaces on adjacent

planes. This, a nucleus of a nano-twin is formed at the end of this process.

The corresponding stress-strain curves are calculated using the method de-
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scribed in section 5.2.1, and are shown in Figure 5.10. The stress-strain curves
show that the deformation process starts in an elastic manner up to a strain
of about 7%. Beyond this level of strain, dislocations are nucleated, giving rise
to plastic deformation via dislocation motion and nano-twin region formation.

System failure is achieved at a strain of about 12-15%.
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Figure 5.10: Stress-strain curves for deformed copper crystals. (a) Solid line: tension
of a single crystal, (b) dash line: tension of a twinned crystal, (¢) dot line: shear of a
single crystal, and (d) dash dot dot line: shear of a twinned crystal.

The stress-strain curves behavior for single crystals and for crystals with
twinned interfaces are similar. The twinned crystal is a little stronger, which
may be explained by the additional interaction of the original twin surfaces with
dislocations, preventing their glide. The difference is very small because the
strain rate is very high and the whole system does not have enough time to reach

equilibrium in response to the applied strain rate. Therefore the strengthening
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mechanism of original twin interfaces is not obvious. In the following sections we
will perform simulations of the twin structure with more relaxation time to show

more evidence of the mechanism of twin interface harding.

As we can see from Figure 5.8, when there are twin interfaces, the twin in-
terfaces will migrate under the applied shear strain which is parallel to the twin
interface. To obtain a more detailed view on the twin interface migration mecha-
nism, we take a closer look at smaller time steps (as shown by the time-sequence

snap-shots in Figure 5.11.

From Figure 5.11, it is clear to see that first point defects form in a high
energy zone, which is also a region of stress concentration area. Points defects
accumulate and finally spread throughout the entire section on the x-y plane,
since the z direction is periodic, becoming full dislocation line defects, and act
as the dislocation sources. After that we can see 2 dislocations nuleate from
this region and glide in opposite directions along the twin interface (111) plane.
This two dislocation loops have opposite Burger’s vectors so that the sum of
the Burger’s vector is zero. The dislocation loops glide under the applied shear
strain and finally get absorbed by the surfaces. As a result of the dislocations
gliding over the whole twin plane, the twin interface moves one layer up or down
depending on the twin orientations. Comparing the time-sequence of atomic
positions with the stress-strain curve, we can correlate the inflexion points in the
stress/energy curves exactly with the start of gliding of dislocations, which is

marked the deformation transfer from elastic region to plastic region.

However, the detail study in Figure 5.11 is restricted by the 2D setup of the
simulation box. As a consequence, all possible glide systems are not allowed
here, and we need to consider a truly 3-D system to generalize these conclusions.

The result is limited by only a few slip system. In order to obtain more realistic
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Figure 5.11: Detailed time-sequence of atoms in defect positions in a 3-layer twinned

copper crystal subjected to a high shear strain rate of 5 x 10%/s.
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results, and get more insight into the twin boundary migration mechanism, we

conduct computer simulations using a 3D model that will be described next.

5.3 Twin Boundary Migration (TBM) Mechanism

5.3.1 Computational Model

To investigate the mechanism of twin boundary migration in twinned copper
nano-layers, we begin by setting up a simulation box as shown in Figure 5.12. The
corresponding atomic configuration of twin boundary atoms is shown in Figure
5.13. The z, y and z axes of the simulation cells are selected as [110], [111],
and [112], respectively. The twin interfaces are on y planes. The simulation box
is 20 nm along all the z, y and z directions, and consists of 0.5 million atoms.
Uniform shear strains on the (111)-plane along the [110] direction are applied.
This is realized in two stages: first, the system is preloaded at 6.9% uniform shear
strain, and second constant strain rates in the range 5 % 107/s to 5 % 109/s are
applied. The top and bottom boundary layer atoms are fixed after each shearing
step. Atoms in the cells are then allowed to relax. Mishin potential for copper
is used throughout these simulations [51] The behavior of atom movement was
studied and visualized using the local crystallinity classification method discussed
in section 5.1. The wavelength of nano-twins is in the range of 7 nm, and the

simulation is conducted at a temperature of 300 K.

5.3.2 Simulation Results for Twin Boundary Migration

Figure 5.14 shows a time sequence of the process of twin boundary migration as a
result of the nucleation and spreading of two Schockley partial dislocation loops.

The white atoms represent those with the number of nearest neighbors different
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Figure 5.12: Schematic of the computational model for twin boundary migration
simulations

Figure 5.13: 3D view of the simulation box for twin boundary migration
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from 12. They are either in a dislocation core or represent severe lattice distortion.
The red atomic plane is the original twin interface. The green atomic plane is the
new twin interface, which is one-atomic layer higher than the red plane. We can
clearly see several stages of the twin boundary migration mechanism illustrated
in figure 5.14: (a) At 0.2 ps, the twin boundary before migration. (b) and (c)
At 1 ~ 1.8 ps, coherent motion of highly distorted or interstitial atoms nucleate
from the left side surface and slip towards right side. We will later show that
these atoms are in highly distorted elastic configurations and are not associated
with dislocations. (d) At 4.6 ps, the coherent group of defects moves along the
(111) plane and then disassociates on the front and back surfaces. (e) At 5.6 ps,
curved partial dislocations nucleate at the intersection of the twin boundary and
the interface. We will also show that the Burgers vectors for these dislocation
lines to be Schockley partials. (f) At 7.8 ps, the partial dislocations slip over on
a (111) plane adjacent to the twin boundary leading to the migration of the twin
boundary. (g) At 8.4 ps, the two curved partial dislocations merge in the middle
of the cell (h) At 9 ps, a new partial dislocation loop nucleates at the merge point,
spreading outwards, followed by the formation of a new twin boundary that is

one layer higher than the old one.

In order to better understand the nature of the defects as a time-sequence in
Figure 5.14, a dislocation character analysis is required, and we pursue here a
modified Burgers circuit analysis across the twin boundary interface. Figure 5.15
shows the Burgers circuit to identify a Schockley partial dislocation along the
twin boundary interface, leading to step generation on the interface (a twinning
dislocation), and the migration of the twin interface one atomic layer. The ori-
entation in this picture is the same as the one used in Figure 5.14. The z, y and
z axes of the simulation cells are [110], [111], and [112], respectively. The white

atoms are in perfect lattice positions, the blue atoms mark the twin boundaries
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(g ) t =18.4 ps (h) t =9 ps

Figure 5.14: The 3D visualization of dislocation nucleation and motion on the twin
boundary: The white atoms represent defect atoms which align together to form dis-
locations. The red atomic plane is the original twin interface. The green atomic plane
is the new twin interface which is one-atomic layer higher than the red plane.
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and the yellow atoms mark atoms comprising the dislocation line.

If we make a circuit around the dislocation core, we can find the Burgers vector
if the circuit doesn’t close. Because there is a twin boundary in the lattice, the
method to draw the Burgers circuit has to be modified from the method used for
single crystals. The method for drawing the Burgers circuit for a twinned crystal
is shown in Figure 5.15 as an example. We start from a point (the left-low corner
of the yellow circle), then we go upwards 5 steps of atom spacings along the
lattice orientation 71”7 till we reach the twin boundary, then we have to adjust
the direction while still going upwards, to fit the new lattice orientation ”2” after
crossing the twin boundary. We continue in this new orientation for 12 atomic
spaces, then go towards the right for 20 steps, and finally proceed downwards.
The basic idea here is that when we go downwards, we have to follow exactly
the same number of steps in both orientations before and after crossing the twin
interface. So we will move 12 steps down along orientation ”2”, although we will
cross the twin interface after 11 steps. Then we change the direction and continue
in orientation ”1” for 5 steps. Finally, we proceed to the left for another 20 steps
and finish the Burgers circuit. At the end of the circuit, we find that it can not
be closed. The vector between the start point and end point is the Burgers vector
for the dislocation surrounded by the Burgers circuit. The vector is found to be
%[112], and is perpendicular to the dislocation line, and we thus conclude that

the nucleated dislocation is an edge Schockley partial.

Figure 5.16 shows a planar view of the same configuration as that of figure
5.15, but from a different angle. The plane parallel to the paper is the (111) plane
and the atoms shown are the atoms across the dislocation, new twin boundary
and one layer above the old dislocation. By carefully comparing the relative

positions of the atoms with their neighbors on the layer below them, we find that
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all atoms on the right side of the dislocation line are displaced along the arrow
relative to the left side of the dislocation line. This displacement vector is also

confirmed to be #[112].

Figure 5.17 shows the relative positions between 2 layers of atoms at the
dislocation line. The plane parallel to the paper is the (111) plane. Green atoms
are the top layer, while white atoms are one layer below. In an FCC lattice, the
(111) plane has 3 different atomic arrangement, and we can call them A B and
C, respectively. Usually, if we have an ABCABC lattice structure, the crystal is
a perfect lattice. The dislocation is a group of atoms gliding together from one

position (e.g. A) to another position (e.g. B) on top of the C layer. Figure 5.17
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Figure 5.15: Burgers Circuit identifying a Schockley partial dislocation.
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Figure 5.16: Plane view of the relative displacement of two parts of the crystal near
the partial dislocation.
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shows the dislocation line, and the atoms are in a transition state of gliding from
A positions to B positions on top of C positions. The figure clearly describes
the Burgers vector (the relative displacement between one part of the lattice on
one side of the dislocation to the other part of the lattice). The Burgers vector
is along the [112] direction and the magnitude is §[112]. Figure 5.18 is a sketch
of the orientations, and lattice structure on the (111) plane while atoms are in a

transition state.

Figure 5.17: The relative position between 2 layers of atoms at the dislocation line.
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Figure 5.18: A sketch of the relative positions between 2 layers of atoms at the dislo-
cation line.
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We also applied a similar Burgers vector analysis method for curved disloca-
tion lines, as shown in Figures 5.19 and 5.20. Figure 5.19 shows a plane view
of the curved dislocation on the twin interface plane. All atoms within the half
loop have been displaced along the yellow arrow relative to the remainder of the
crystal lattice. Figure 5.20 shows a Burgers circuit along the dislocation core.
The two circuits are for two segments of the dislocation line, but they belong to
the same curved dislocation line. The Burgers vector is still ¢[112], as shown in
the figure. The two segments of the dislocation line illustrated in figure 5.20 are
of the edge type. However, the dislocation curve is of the mixed type depending

on the curve orientation relative to the Burgers vector.
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Figure 5.19: Plane view of the relative displacement of the two parts of the crystal
near the curved partial dislocations.

Figure 5.20: Burgers Circuit for the curved partial dislocations
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In Figure 5.14 (b) and (c), we observe a group movement of defects nucleated
from one side of the surface while they slip towards the right side. We also exam-
ine the Burgers circuit for those atoms. The circuit and a plane view is shown in
Figure 5.21 and Figure 5.22, respectively. We can see that the Burgers circuit is
closed so that there is no Burgers vector around those lines. This indicates that
the atoms showing group movement as a line do not actually comprise disloca-
tions. They are just atoms near the region which is bent due to the applied strain
and boundary restrictions. Since the visualization method use a cutoff distance
to calculate the number of the nearest neighbors, the bending of the structure
will cause a change of the number of nearest neighbors, and we therefore mark
those atoms as defects. However, their deformation should still be considered

elastic.

Figure 5.21: A complete Burgers circuit around atoms in high deformation regions
illustrate the lack of a dislocation there.

5.3.3 Mechanism of Twin Boundary Migration (TBM)

Figure 5.23 shows a sketch that illustrates the twin boundary migration mech-
anism as a consequence of Schockley partial nucleation and motion in an FCC
crystal. This mechanism was first suggested by Hirth and Lothe [32]. However,
our current MD simulations clearly show the conditions, configuration, and mo-

tion of Shockley partials leading to the twin boundary migration. Suppose we
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have a twin boundary with layers

ABCAB|C|BACB.

The layers above the boundary have the layout of ABC and the layers below
the boundary have the layout of CBA, where C is the twin boundary here. If a
partial dislocation glides over a (111)-type plane adjacent to the twin boundary,
it will move all lattice atoms in an area above its slip plane a distance equal to
the magnitude of one Burgers vector. So the layer of atoms in B positions will
be moved to an A position. Simultaneously, atoms in C positions will move to
B positions, and those in an A position will move to a C position, etc. As the
Shockley partial glides over the twin boundary interface, all atoms in the upper
part of the crystal will be moved according to the described sequence outlined
here. Finally (111)-type atomic planes in the crystal lattice will have the follow-
ing sequence:

CABC|A|CBACB,

and thus the upper half of the lattice will still have the layout of ABC, while the
lower half remains in the layout of CBA, but the twin interface has moved one

layer upward and A is the new twin interface.

Figure 5.22: A plane view around atoms in high deformation regions illustrate the
lack of a dislocation there, because there is no relative displacement for the atoms on
different sides of the yellow line.
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we show here that the dominant deformation mode in copper under high strain
rate is by mechanical twinning and that the deformation is mainly attributed to
TBM. The mechanism of TBM is shown to be controlled by the nucleation and
spreading of 1/6[121]-Shockley partial dislocations at the boundary interface. We
discover here that the nucleation of a Shockley partial dislocation loop is induced
by the coordinated thermal motion of atoms in a coherent non-linear ”wave”,
since atomic displacements of atoms in this wave far exceed elastic deformation.
Nucleation of Shockley partials involved in the TBM mechanism is not homoge-
neous, but is initiated at three sites: on the layer directly adjacent to the twin
boundary, at the surface of the crystal, and at stress concentration regions asso-
ciated with the motion of a non-linear elastic wave through the crystal. Shockley
partial dislocations glide under the applied shear strain and lead to twin bound-

ary migration upward one layer. When two Shockley partial dislocation loops
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Figure 5.23: Sketch of the twin bourdary migration mechanism leading by a Shockley
partial dislocation in an FCC crystal.
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with the same Burgers vector merge together in the middle of the slip plane, the
local stress is so large that a new dislocation loop nucleates on top of the merge
point, and on the plane adjacent to the newly-formed twin boundary. Thus,
the mechanism is repeatable with alternating nucleation sites of Shockley partial
loops between the boundaries and the center, and lead to the continuous motion

of the twin boundary.

5.4 Size Effects on the Deformation of Nano-Twinned Cop-
per

In this section we discuss the effects of the nano-laminate size on the deformation
of the nano-twinned copper structure. We present here our studies of different
nano-twinned Cu structures with different twin layer thickness (wavelength) and
focus on understanding the hardening mechanism of ultra-high strength of nano-

twins.

5.4.1 Computational Model for nano-twinned Copper crystals

The simulation box is set up to have multi-layers of Cu twin structure with
wavelengths of 3 nm, 4 nm, 5 nm, 6 nm, respectively. Single crystals are also
simulated to provide a reference for understanding influence of the twin size
on mechanical deformation in twinned copper crystals. The twin orientation
is randomly selected. Computer simulations have been performed under either
constant applied stress or strain, for both tension and shear. In all of the following
simulations, the system temperature is maintained at 300K, and when the quench
method of section 3.1 is used, a time step of 5 x 107*°s is adopted. The applied
strain or stress is applied through the top and bottom about thirty atomic layers
(this layer is parallel to the x-z plane). After stress or strain are applied to the

top or bottom layers, atoms in these layers were further constrained form motion
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in all directions during shear, while they are constrained to move on the x-z plane
during tension. In the following figures representing snap-shots of a time-sequence
of the deformation, we rotate the box along the y axis so that the norm of the
grown-in twin interfaces, which are (111)-planes, are within the paper plane. The

green atoms represent atoms in an HCP configuration (twin or stacking fault).
5.4.2 Mechanical Twinning

In the FCC lattice, 4 possible plastic (irreversible) deformation mechanisms may
be operative, depending on the conditions of deformation, and these are:

(1) Stacking Faults Extension (SFE). In this mechanism, one Shockley partial
dislocation extends across the entire grain, leaving a stacking fault behind.

(2) Full Dislocation Motion (DM). Here, plastic deformation is achieved by the
irreversible motion of a leading and a trailing partial on the same slip plane,
leaving no dislocation debris behind, but resulting in a shear displacement on the
glide plane.

(3) Mechanical Twinning (MT). Here, the leading and twinning partials on two
adjacent (111)-planes nucleate an extrinsic stacking fault or a twin-boundary of
thickness of three-layer. This nano-twin structure is the precursor for deforma-
tion twinning (DT).

(4) Twin Boundary Migration (TBM). In this mechanism, slip activity occurs via
the emission of a partial at the intersection of the twin and the GB moving slip
on a (111)-plane adjacent to the TB. This is a reversible form of deformation,

since twins can migrate back and forth if the stress is reversed.

In the simulations we performed under tensile strain, we observed the abun-
dance of mechanical twins. Figure 5.24 shows a time-sequence for a nano-twin

system under an applied tensile strain. The wavelength in this simulation is 3nm.
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The simulations starts with atomic relaxation at a rate of 10'°/s (relax for 20
time steps with step size 5755 for every 0.1% strain). We observe from the figure
that many new stacking fault planes (green atoms here) grow from the original
twin interface and occupy the space between the original twin interfaces. The
areal density of stacking faults is very high. Figure 5.25 gives a clear view of those
stacking fault layers. Blue atoms represent original matrix atoms and green ones
show the stacking fault layers. We observe here that the green layers always show
up in pairs, so that mechanical twinning is initiated. The twin orientations are

shown by the yellow line in Figure 5.25.

In order to understand the conditions for mechanical twinning as a dominant
deformation mechanism, we study the effect of the quench rate on the density of
mechanical twins. As shown in Figure 5.26, the system undergoing a fast quench
rate (10'°/s) will achieves very high stacking fault density, such as 20% when
the total applied strain reach 10% (in 10 ps), while the one with a slow quench
rate (10°/s) shows the stacking fault density to be around 7%-8% (in 100 ps).
Therefore the higher deformation rate results in a higher twin density.

In summary, double layers of Shockley partials are found and are the dominant
plastic deformation mechanism at high quench rates under applied tensile stress
or strain. This is a nucleation mechanism for new twins, in qualitative agreement

with experimental observations [23] [97].
5.4.3 Results for Constant Shear Strain Rate Deformation

Figure 5.27 shows a time-sequence for the deformation behavior of 3 nm wave-
length nano-twinned structure under a constant shear strain rate of 10%s~! using
quench relaxation method, which relaxes the system to reach equilibrium at 0 K
by minimizing total potential energies. In the following context, ”quench rate”

is used to describe the stain rate for the system relaxed at 0 K.
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Figure 5.24: Time-sequence showing the progression of deformation in a nano-twinned
copper crystal under an applied tensile strain, with fast quench relaxation. The se-
quence is as follows: (a) At 3 ps, strain = 3%. (b) At 3.5 ps, strain = 3.5%. (c) At 4
ps, strain = 4.0%.(d) At 4.5 ps, strain = 4.5%.(e) At 5 ps, strain = 5.0%.(f) At 5.5 ps,
strain = 5.5%.(g) At 6 ps, strain = 6.0%.(h) At 6.5 ps, strain = 6.5%.(i) At 7 ps, strain
= 7.0%.(j) At 7.5 ps, strain = 7.5%.(k) At 8 ps, strain = 8.0%.(1) At 8.5 ps, strain =
8.5%.(m) At 9 ps, strain = 9.0%.(n) At 9.5 ps, strain = 9.5%.(0) At 10 ps, strain =
10.0%. Green atoms are for the stacking fault layers, red represent other defects such
as atoms, vacancies, noises, dislocations etc.
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Figure 5.25: A detailed view of mechanical twinning under an applied tensile strain,
at 10 ps and with 10% strain. Blue atoms represent original matrix atoms and green
ones show the stacking fault layers.
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Figure 5.26: Growth of the relative stacking fault areal density for rapid quench of
109571, solid line, and for slower quench rate of 109s~!, dotted line.
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For comparison, Figure 5.28 shows the time-sequence of single crystal defor-
mation under the same conditions. Green atoms are atoms in a stacking fault.
We note that the stacking fault is always nucleated in pairs of adjacent (111)
planes, forming the nucleus for the spread of a mechanical twin. Red atoms de-
lineate dislocations leading the spread of the stacking fault.

We can see that in the 3nm nano-twin case, dislocations are well-confined by
twin interfaces. While dislocations in the single crystal case can easily glide on
their slip planes, dislocations inside the 3nm nano-twin structure can not con-
tinue gliding, once they encounter the twin boundary, and they are essentially
trapped within the narrow nano-twin channels. When two confined dislocations
are close by within the channel, they cross-slip and the screw segments annihilate

one another, as can be seen in Figure 5.27 (h)-(1).

If we take a closer look at the deformed crystal as shown in figure 5.29, we can
observed both twin boundary migration and mechanical twinning. For example,
the green atoms plane shows the original twin boundary, in some of the planes,
we can see in part of the plane, the green atoms are one layer higher than the
other green atoms in rest of the plane. Between the two parts, there is a red
line. So this is the twin boundary migration leading by the partial dislocation
line. Between layers of the original twin planes, we see new stack fault plane
(the green atoms) show up as pair, surrounding by dislocations (the red atoms),
which is the mechanical twins. So we observed both mechanical twinning and

twin boundary migration under this situation.

Figure 5.30 illustrate that under shear strain, the number of dislocations nu-
cleated in the 3nm nano-twinned structure (left) in comparison with those in
a single crystal structure. As we can see from the figure, the number of dislo-

cations nucleation sites in the 3 nm nano-twin system is much higher than the
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Figure 5.27: A time-sequence of the deformation of a nano-twinned copper structure
with a wavelength of 3 nm with applied shear strain at a constant quench rate of 109571,
The sequence is as follows: (a) At 54 ps, strain = 5.4%. (b) At 57 ps, strain = 5.7%.
(c) At 60 ps, strain = 6.0%.(d) At 63 ps, strain = 6.3%.(e) At 66 ps, strain = 6.6%.(f)
At 69 ps, strain = 6.9%.(g) At 72 ps, strain = 7.2%.(h) At 75 ps, strain = 7.5%.(i) At
78 ps, strain = 7.8%.(j) At 81 ps, strain = 8.1%.(k) At 84 ps, strain = 8.4%.(1) At 87
ps, strain = 8.7%.(m) At 90 ps, strain = 9.0%.(n) At 93 ps, strain = 9.3%.(o) At 96
ps, strain = 9.6%.
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Figure 5.28: A time-sequence of the deformation of a single copper crystal with applied
shear strain at a constant quench rate of 10%s~%. The sequence is as follows: (a) At
58 ps, strain = 5.8%. (b) At 61 ps, strain = 6.1%. (c) At 64 ps, strain = 6.4%.(d) At
67 ps, strain = 6.7%.(e) At 70 ps, strain = 7.0%.(f) At 73 ps, strain = 7.3%.(g) At 76
ps, strain = 7.6%.(h) At 79 ps, strain = 7.9%.(i) At 82 ps, strain = 8.2%.(j) At 85 ps,
strain = 8.5%.(k) At 88 ps, strain = 8.8%.(1) At 91 ps, strain = 9.1%.(m) At 94 ps,
strain = 9.4%.(n) At 97 ps, strain = 9.7%.(o) At 100 ps, strain = 10%.

109



Figure 5.29: Dominant deformation modes of nano-twinned copper crystals. The
figure shows the operation of the Twin Boundary Migration (TBM) mechanism (see

fourth boundary from the bottom), and Mechanical Twinning (MT) as is clear in the
double layers bound by Shockley partial dislocations.
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corresponding number in the single crystal system. Another observation is that
in the nano-twined structure, we see many full dislocations (stacking faults sur-
rounded by a leading and a trailing Shockley partial dislocation). In the single

crystal case, however, we observe very few full dislocations.

s

<= <—
Figure 5.30: A comparison between the deformed structures of the nano-twinned
copper (left) and single copper crystal (right) at a strain of 10%. Note the abundance

of dissociated dislocations in the nano-twinned case and the abundance of stacking
faults in the single crystal.

We also compare the relative Stacking Fault Areal Density (SFAD), defined as
the ratio of number of atoms in stacking fault area (excluding the grown-in twins),
to the total number of atoms in the crystal, at different nano-twin wavelengths
at an applied shear strain of up to 10% (see Figure 5.31. The graph also shows
the results for a single copper crystal for reference. As we can see from the figure,
the stacking fault density of the single crystal reaches close to 3.5% in about 90
ps, while the density of stacking faults in the nano-twinned structure remains

relatively low (typically less than 1%).

The following is a summary of the observations on the deformation of nano-
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Figure 5.31: Time evolution of the relative Stacking Fault Areal Density (SFAD)
for various twin layer size, and for single crystal Cu. Simulations are performed at a
constant strain rate of 10%s~! up to a final strain of 10%. (a) Solid line: nano-twinned
crystals with lamella thicknesses of 3 nm, (b) dash line: nano-twinned crystals with
lamella thicknesses of 4 nm, (c¢) dash dot line: nano-twinned crystals with lamella
thicknesses of 5 nm, (d) dot line: single crystal.
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twinned copper structures under a continuing applied shear strain.

(1) The number of dislocations in the nano-twined structure is much larger than
that in a single crystal.

(2) The stacking fault density in the nano-twined structure is lower than that in
single crystal.

(3) The trailing dislocation density in a nano-twinned structure is much higher

than in a single crystal as a result of dislocation confinement in narrow channels.

We therefore conclude that the rate of dislocation nucleation is higher in a
nano-twinned crystal as compared to the single crystal under the same conditions.
On the other hand, the rate of expansion of Shockley partials is much higher in
a single crystal as compared to a nano-twinned crystal, resulting in a higher rate

of deformation twinning in the single crystal case.

The nucleation rate difference is confirmed by the large number of disloca-
tions in nano-twin and the observation that full dislocations are dominant in
nano-twins. The reason for the high nucleation rate in a nano-twinned structure
is explained to be a result of the large density of nucleation sites in nano-twinned
structures, provided by twin boundaries themselves. Additionally, the confine-
ment of dislocations and their motion in narrow channels concentrates the elastic

near twin boundaries, which can be released by further nucleation of dislocations.

Although the single crystal has fewer dislocations, a much higher stacking
fault areal density is formed. Once dislocations nucleate, they start to spread at
very high speeds (approximately 1.3 nm/ ps (or 1300 m/s, comparable to sound
speed in Copper: 3570 m/s at 273 K).

The reason behind differences observed in dislocation speeds and glide rates

can be explained a s a result of the twin boundary confinement.
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These two rates both contribute to the total accumulated plastic deformation.
Therefore an optimal structure can be found such that the two rates result in the
lowest deformation (or the hardest material). In the next section we will discuss

the optimization of the nano-twinned structure for maximum strength.

5.4.4 Results for Constant Stress

In the following, we present results of MD computer simulations for the defor-
mation of single and nano-twinned crystalline copper under the conditions of
constant stress. Constant values of a tensile stress are applied ( 2 GPA, 2.5 GPA,
and 3 GPA) at 300 K and the equations of motion of all atoms are integrated with
a time step of 5 fs. In these simulations, we investigate the dominant deformation
modes under constant stress for nano-twinned crystals with lamella thicknesses

of 3,4, and 5 nm, respectively.

5.4.4.1 Mechanism Discovered From the Dislocation Visualizations

Figures 5.33, 5.34, 5.35 and 5.36 show time-sequences of the evolution of defect
structures and plastic deformation under a constant tensile stress of 2.5 GPa
at 300 K for nano-twinned crystals with lamella thicknesses of 3,4, and 5 nm,
respectively. A schematic diagram showing the simulation box and direction of

tensile stress is shown in Figure 5.32.

When the nano-twin lamella thickness is 3 nm at 2.5 GPa, we observe the
following:
Fully dissociated dislocations (with leading and trailing partials) can easily cross
the twin boundary and overcome the boundary resistance. A more detailed illus-
tration of this boundary crossing process at 3 nm is shown in Figure 5.37.

A second mode of dislocation interaction with twin interfaces is that of cross-
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slip of the leading partial from its original slip plane to the twin interface itself
(which is a (111)-type plane), followed by glide of the leading Shockley partial
along the interface. Interestingly, the trailing Shockley partial follows by cross-
slipping onto the twin boundary interface, but it glides in the opposite direction,
expanding the new stacking fault area bound by the two partials and resulting
in TBM, as we discussed earlier. This mechanism is shown by arrows in Figure
5.38.The dislocations dissociate onto the twin boundary and glide along the twin
boundary, which leads the twin boundary migration.

Under an applied shear stress of 2.5 GPa, dislocation interaction mechanism
with twin interfaces is observed to be quite different when the nano-twin lamella
thickness is 4 nm. This interaction mechanism is shown is Figure 5.39, where we
present a time sequence for the deformation process, and focus the attention on
dislocation-twin boundary interaction. It is observed that under these conditions,

once the leading partial is nucleated on one twin interface, it expands quickly to
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Figure 5.32: A schematic diagram showing the simulation box and direction of tensile
stress for nano-twinned crystals.
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the other interface, while the trailing partial is almost stationary close to the
nucleation site. Collision of the leading partial with the opposite interface results
in its trapping, direction reversal, and shrinkage of the dissociated stacking fault
zone. The leading partial, once it reverses direction, continues motion till the
two partials recombine again at the nucleation site. This interesting behavior is
shown in Figure 5.39.

At an applied shear stress of 2.5 GPa and lamella thickness of 5 nm, the previously
described dislocation ”trapping-recoil” mechanism is also observed. Nevertheless,
fully dissociated dislocations are also observed to easily cross twin boundary in-
terfaces, resulting in significant plastic strain. In the single crystal, which is a
limiting case here, there is no barrier to dislocation motion. Many stacking faults
are generated, which is a prelude to mechanical twinning as a deformation mode.
Because of these differences in the deformation behavior of twinned structures
of various size lamellae, it appears that there is an optimum lamella thickness
for maximizing the strength of the nano-structure. This optimum thickness is
on the order of 4 nm for copper. At this thickness, the Shockley partial dis-
location emitted from one interface recoils from the opposite interface. Atomic
displacements of the two partials represent a trapped wave inbetween the two
twin interfaces. The stacking fault inbetween the two Shockley partials induces
attraction between the two partials and shrinkage of the fault area. Thus, this
"trapping-recoil” mechanism at 4 nm is the main reason for optimal strength in
nano-twinned copper. The mechanism will be quantified next by studying the

evolution of strain within the simulated systems.
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Figure 5.33: Time sequence for the deformation behavior of nano-twinned copper
under a tensile stress of 2.5 GPa at 300 K, and with lamella thickness of 3 nm (10
layers are shown here). Simulations are conducted at 300 K, with a time step of 5 fs.
The time sequence is as follows: (a) 32 ps, (b) 34 ps, (c) 36 ps, (d) 38 ps, (e) 40 ps,
(£)42 ps, (g) 44 ps, (h) 46 ps, (i) 48 ps, (j) 50 ps, (k) 52 ps, (1) 54 ps, (m) 56 ps, (n) 58
ps, (0) 60 ps.
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Figure 5.34: Time sequence for the deformation behavior of nano-twinned copper
under a tensile stress of 2.5 GPa at 300 K, and with lamella thickness of 4 nm (7 layers
are shown here). Simulations are conducted at 300 K, with a time step of 5 fs. The
time sequence is as follows: (a) 32 ps, (b) 34 ps, (c) 36 ps, (d) 38 ps, (e) 40 ps, (f)42
ps, (g) 44 ps, (h) 46 ps, (i) 48 ps, (j) 50 ps, (k) 52 ps, (1) 54 ps, (m) 56 ps, (n) 58 ps,
(o) 60 ps.
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Figure 5.35: Time sequence for the deformation behavior of nano-twinned copper
under a tensile stress of 2.5 GPa at 300 K, and with lamella thickness of 5 nm (5 layers
are shown here). Simulations are conducted at 300 K, with a time step of 5 fs. The
time sequence is as follows: ((a) 32 ps, (b) 34 ps, (c) 36 ps, (d) 38 ps, (e) 40 ps, (f)42
ps, (g) 44 ps, (h) 46 ps, (i) 48 ps, (j) 50 ps, (k) 52 ps, (1) 54 ps, (m) 56 ps, (n) 58 ps,
(o) 60 ps.
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Figure 5.36: Time sequence for the deformation behavior of single crystal copper under
a tensile stress of 2.5 GPa at 300 K, and with lamella thickness of 3 nm (10 layers are
shown here). Simulations are conducted at 300 K, with a time step of 5 fs. The time
sequence is as follows: (a) 32 ps, (b) 34 ps, (c) 36 ps, (d) 38 ps, (e) 40 ps, ()42 ps, (g)
44 ps, (h) 46 ps, (i) 48 ps, (j) 50 ps, (k) 52 ps, (1) 54 ps, (m) 56 ps, (n) 58 ps, (o) 60 ps.
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Figure 5.37: Time sequence illustrating the cross-glide mechanism of dislocation loops
in nano-twinned copper under a tensile stress of 2.5 GPa at 300 K, and with lamella
thickness of 3 nm. The time sequence is as follows: (a) 43 ps, (b) 44 ps, (c) 45 ps, (d)
46 ps. Figure shows that the leading partial crosses twin boundary interfaces.
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Figure 5.38: Time sequence illustrating the Twin Boundary Migration
(TBM)mechanism in nano-twinned copper under a tensile stress of 2.5 GPa at 300
K, and with lamella thickness of 3 nm. The time sequence is as follows: (a) 17 ps, (b)

19 ps, (c) 21 ps, (d) 23 ps, (e) 25 ps, (f) 27 ps. Figure shows that the leading partial
glides on the twin interface leading to its migration.
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Figure 5.39: Time sequence illustrating the ”trapping-recoil” mechanism of disloca-
tions in nano-twinned copper under a tensile stress of 2.5 GPa at 300 K, and with
lamella thickness of 4 nm. The time sequence is as follows: (a) 39 ps, (b) 40 ps, (c) 41
ps, (d) 42 ps, (e) 43 ps, (f) 44 ps, (g) 45 ps, (h) 46 ps. Figure shows that the leading
partial generates from one boundary, crosses to the opposite boundary, recoils, and
finally shrinks back to a small loop close to the nucleation site.
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5.4.4.2 ?uantitative Analysis of Nano-twinned Structure Deforma-
ion
In this section, we will quantify the observations derived from the previous MD
simulations on the influence of twin lamella size on the deformation of twinned
copper structures. Figures 5.40, 5.41 and 5.42 show the time evolution of the
accumulated total strain of twinned copper structures of various lamella thick-
nesses at applied shear stress levels of 2 GPa, 2.5 GPa, and 3 GPa, respectively.
The Resolved Shear Stress (RSS) on the grown-in twin planes are 0.45 GPa,
0.675 GPa, and 0.9 GPa, respectively, while the Resolved Shear Stress (RSS)
on the dislocation glide planes intersecting with grown-in twins are 1.28 GPa,
1.92 GPa, and 2.56 GPa, respectively. For comparison purposes, the results of
MD simulations at 300 K are shown in Figure 5.40, along with results using the
quench relaxation method at 0 K. The oscillations in MD simulations are due to
the dynamic extension and contraction of stacking faults and dislocation loops,
as they interact with twin boundary interfaces or external surfaces. The quench
results show the time evolution behavior under 0 K condition. The results for 0
K deformation are the lower envelope bounding the strain values under dynamic
conditions. The time evolution of total strain, displayed in Figures 5.40, 5.41
and 5.42, clearly demonstrate that the lowest deformation is obtained when the

lamella size is 4 nm.

5.4.4.3 Dependence of the Relative Stacking fault Areal Density on
Lamella Size

Plastic strain can also be measured in terms of the increase in the stacking fault

surface area. In Figures 5.43, 5.44 and 5.45, we show the time evolution of

the accumulated stacking fault areal density for different twin lamella sizes for

applied shear stress of 2 GPa, 2.5 GPa, and 3 GPa, respectively. The stacking
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Figure 5.40: Time evolution of the total shear strain for various size nano-twin lamella
thickness at an applied shear stress of 2 GPa. (a) Solid line: nano-twinned crystals
with lamella thicknesses of 3 nm at 300 K, (b) dash line: nano-twinned crystals with
lamella thicknesses of 4 nm at 300 K, (c¢) dash dot line: nano-twinned crystals with
lamella thicknesses of 5 nm at 300 K, (d) dot line: single Cu crystal at 300 K, (e) dash
dot dot line: nano-twinned crystals with lamella thicknesses of 3 nm at 0 K.
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Figure 5.41: Time evolution of the total shear strain for various size nano-twin lamella
thickness at an applied shear stress of 2.5 GPa at 300 K. (a) Solid line: nano-twinned
crystals with lamella thicknesses of 3 nm, (b) dash line: nano-twinned crystals with
lamella thicknesses of 4 nm, (c) dash dot line: nano-twinned crystals with lamella
thicknesses of 5 nm, (d) dot line: single Cu crystal.
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fault areal density when the nano-twin lamella size is 4 nm and 5 nm is relatively
low, confirming the conclusion that an optimal lamella size of about 4 nm gives

the most resistance to deformation.

Strain (%)

Figure 5.42: Time evolution of the total shear strain for various size nano-twin lamella
thickness at an applied shear stress of 3 GPa at 300 K. (a) Solid line: nano-twinned
crystals with lamella thicknesses of 3 nm, (b) dash line: nano-twinned crystals with
lamella thicknesses of 4 nm, (c) dash dot line: nano-twinned crystals with lamella
thicknesses of 5 nm, (d) dot line: single Cu crystal.

Figure 5.43: Time evolution of the relative stacking fault area for various size
nano-twin lamella thickness at an applied shear stress of 2 GPa at 300 K. (a) Solid line:
nano-twinned crystals with lamella thicknesses of 3 nm, (b) dash line: nano-twinned
crystals with lamella thicknesses of 4 nm, (c¢) dash dot line: nano-twinned crystals with
lamella thicknesses of 5 nm, (d) dot line: single Cu crystal.
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Figure 5.44: Time evolution of the relative stacking fault area for various size
nano-twin lamella thickness at an applied shear stress of 2.5 GPa at 300 K. (a) Solid line:
nano-twinned crystals with lamella thicknesses of 3 nm, (b) dash line: nano-twinned
crystals with lamella thicknesses of 4 nm, (c¢) dash dot line: nano-twinned crystals with
lamella thicknesses of 5 nm, (d) dot line: single Cu crystal.

Stacking fault density (%)

Figure 5.45: Time evolution of the relative stacking fault area for various size
nano-twin lamella thickness at an applied shear stress of 3 GPa at 300 K. (a) Solid line:
nano-twinned crystals with lamella thicknesses of 3 nm, (b) dash line: nano-twinned
crystals with lamella thicknesses of 4 nm, (c) dash dot line: nano-twinned crystals with
lamella thicknesses of 5 nm, (d) dot line: single Cu crystal.
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5.4.5 Summary of Nano-twin Lamella Size Effects

The large strength of nano-twinned copper structures is derived from the resis-
tance of twin boundaries to dislocation motion. Although twin boundaries act
as nucleation sites for dissociated dislocation loops in twinned copper, they also
act as barriers to their subsequent motion. At stress levels below a critical value
, dislocations are generally confined in their motion to very narrow channels
formed in between twin boundaries. This mode of restricted motion gives rise to
strengthening of the structure. When the stress is raised above this critical value,
dislocations are able to overcome the twin boundary barrier, and hence confine-
ment is lost. It is found that at an optimal thickness of about 4 nm, Shockley
partial dislocations emitted from the surface of one twin boundary recoil from
the opposing boundary and are trapped in between. The dynamic effects of the
recoil leads to further shrinkage of the stacking fault between the leading and
trailing partials, and thus accumulated plastic deformation is recovered in this
event.

The magnitude of plastic deformation is determined by both dislocation nucle-
ation rate and dislocation propagation rate, and an optimal lamella thickness can
thus be obtained to minimize the combined rates of nucleation and propagation.
The results of both tension and shear show that when the Schmid stress is com-
puted in each case, Twin Boundary Migration (TBM) will be the dominant de-
formation mode when the twin boundaries have high Schmid factors, while me-
chanical twinning and dislocation glide are dominant when other (111)-planes

have high Schmid factors.
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5.5 Nano-grain Cu with Nano-Twin Structure

The previous results show the strong effects of the basic nano-laminate size on the
deformation mechanisms, and also clearly demonstrate the different deformation
modes in each case. To examine the effects of grain boundaries on the deformation
process, we simulate here the deformation of nano-grains that contain nano-
twinned structures. In Figures 5.46 and 5.47 , we show simulation results for 10
nano grains inside a box with size of 20 nmx 20 nmx 20 nm, with 3 grains having
grown-in nano-twins of 3nm lamella thickness. Total number of atoms in the box
is 677,120. A shear strain of 7% is applied on the box boundary and the system
is relaxed with the quench relaxation method at 0 K for 3000 steps with step size
of 1 x 107155, These simulations show several different deformation mechanisms:
twin boundary migration initiated by Shockley partial dislocations, double layer
stacking fault formation as a prelude to mechanical twinning, and full dislocation
motion on two adjacent layers. Future efforts should focus on the development of
large scale computational simulations with grain size of 300-500 nm, and a twin

lamella size of 10-20 nm for comparison with recent experiments [48].
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Figure 5.46: Deformation of nano grain Cu crystals containing an initial nano-twin
structure: Twin Boundary Migration and Mechanical Twinning. A shear strain of 7%
is applied at 0 K. System is relaxed for 3000 steps with step size of 1 x 107 %s. (a)
An intersection view perpendicular to the grown-in twin interfaces, (b) an intersection
view parallel to the grown-in twin interfaces.
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Figure 5.47: Deformation of nano grain Cu crystals containing an initial nano-twin
structure: full dislocations in two adjacent layers. A shear strain of 7% is applied at 0

K. System is relaxed for 3000 steps with step size of 1 x 10~ 1%s.
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CHAPTER 6

Conclusions
6.1 Summary of Discussions

The goal of this thesis was to model nano-layer structures using Molecular Dy-
namics simulation tools in the hope of finding a suitable nano-layered structure
that have ultra-sterngth. We have largely achieved the main objectives of this
thesis, and in the process, we have uncovered several important deformation
mechanisms that are responsible for the strength of nanolayered materials. In
the following, we summarize the main findings and achievements of this thesis.

In our studies of the dislocation motion in Cu/Ni nano-layers using Molecular
Dynamics (MD) simulations, we used a simulation box with 3 nano layers (5 nm
Ni, 5 nm Cu, and 5 nm Cu). An edge dislocation was inserted into the Cu layer,
and then shear strain was applied along the boundary. These simulations revealed
that interfaces act as barriers for dislocation transmission, which accelerate or de-
celerate the motion of Shockley partials of dissociated dislocations. Dislocation
transmission across interfaces was found to proceed first by the leading partial
and then by the trailing partial, once significant interaction between them is re-
alized. Thus, we found that spread dislocation cores have to be squeezed first
before the the dislocation is allowed to be transmitted across the interface. The
main mechanism for the resistance here was found to be the modulus mismatch
between Cu and Ni (i.e the so called Koehler barrier). Dislocation velocity across
nano-laminated systems of the Cu/Ni type was shown to be intermittent, and

thus we concluded that dislocation motion is ”jerky” in nano-laminates.
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Next, our MD simulations of a simple twinned copper structure was aimed
at the discovery of the main mechanism by which twin boundaries move under
stress in fcc crystals. In a 3 layer twinned-structure simulation box, shear stain
was applied parallel to the twin interface. We observed that twin boundary mi-
gration is induced by Shockley partial dislocations in the following sequence: (1)
nucleation of a partial is initiated by the coordinated thermal motion of atoms
in a coherent wave. The first partial nucleation site was observed to occur under
three 3 conditions: (a) on the layer directly adjacent to the twin boundary, (b)
at the surface of the crystal, (¢) and at stress concentration regions. (2) partial
dislocation glide under the applied shear strain leads the upward twin boundary
migration by one atomic layer. (3) when two partials with the same Burgers
vectors merge together in the middle of the slip plane, the local stress is so large
that a new dislocation loop nucleates on top of the merge point, and on the plane
adjacent to the newly-formed twin boundary. The continuous operation of this
mechanism results in twin boundary migration under stress over long distances

relative to interatomic spacings.

We also studied the effects of nano-twin lamella size on the deformation of
nano-twinned copper. The deformation behavior of nano-twinned Cu with differ-
ent twin thickness was simulated under several loading conditions. Simulations
were performed for both constant applied shear strain and constant applied ten-
sile stress. The relative stcking fault areal density and the number of nucleated
dislocations are compared for different lamella thickness of twin structures. Our
simulations clearly demonstrated that the number of dislocations in a nano-twin

structured material is much more than the number of dislocations in a single
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crystal, while the SDF in nano-twin structure is much less than the SDF in the
corresponding single crystal. In nano-twins, dissociated full dislocations dominate
while in a single crystal we observed very few full dislocations. Those observa-
tions lead to the conclusion that the degree of plastic deformation is determined
by both dislocation nucleation rate and dislocation propagation rate, implying
that an optimal thickness exists. MD simulation results confirmed the main
mechanism of strengthenining in nano-twinned copper as the the restriction of
dislocation motion in narrow channels (twinned layers). A critical twin thickness
, maximum strength and minimum plastic deformation are observed. At lamella
thickness of 4 nm, the leading partial dislocation emitted from one twin interface
propagates to the opposite interface, recoil there, reverses direction, shrinking the
core of the emitted dislocation core and confine it to remain in the same twinning
channel. At lamella thickness of 3 nm, MD simulations indicate that dislocations
can easily cross twin interfaces. It is also found from our simulations that the
stress state greatly influence the main deformation mechanism. In the case of a
large Schmid stress compared to normal components on the twin interface, the
main mechanism of deformation is observed to be the TBM mechanism. When
the Schmid stress on the twin interface is small compared to its value on inter-
secting (111)-slip planes, the main deformation mode is observed to be double

layer nucleation and growth of Shockley partial dislocations.

My research on the deformation mechanisms of nano-laminate and nano-
twinned materials have resulted in a number of new contributions. A compu-
tational method to distinguish twin interfaces form other defects we developed.
The phenomenon of jerky motion of dislocations moving in nano-laminates was
revealed by MD simulations of dislocation motion in nano-laminates of Cu/Ni
structures. Critical conditions for dislocation confinement and transmission were

uncovered. A new MD model for nano twinned Cu in single and polycrys-
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talline configurations was established. The Twin Boundary Migration Mecha-
nism (TBM) was identified as a deformation mode in nano-twinned Cu when the
Schmid stress is high on the twin interface, and the dislocation nucleation and
propagation in narrow twin channels as the main deformation mechanism when
the Schmid stress is low on the twin interface and high on intersecting (111)-
glide planes. Finally, the factors that determine the strength of nano-twinned Cu
have beeb discovered, enabling a materials-by-design approach to optimize the

strength and ductility of nano-structured materials.
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APPENDIX A

Molecular Dynamics Code Summary

Several free public MD codes are currently available on the internet. Although
these codes share the same basic equations, they have some differences in dealing
with details such as neighbor searches, force calculations, interatomic potential

type, input method, parameter control, boundary control and user interface, etc.

As mentioned before, the codes are developed for each group’s need and the
writer’s personal preference, and there is no one that was developed perfectly for
our computational cluster and specific needs. 1 will outline below the specific
features of the MD codes we used, and then specify what needs to be done to

write a suitable code for nano deformation problems in the future.

A1 XMD

Before we have our own MD code, the best code we can use now is the one called
XMD, which is written by Jon Rifkin from the University of Connecticut [73].
This is a parallel code written in C and has a flexible user interface. It can do
most of the work we are interested in doing and has the function that can read

in different styles of EAM potentials.

However, XMD is written for parallel machines with Shared Memory, as stated
in their Readme documents, ”Only SMP computers are likely to support POSIX
threads, these are ”shared memory” systems that typically have up to 8 or 16
cpus.” Since our ISIS cluster is a Message Passing type cluster with non-shared

memory in each node, we can not run the parallel XMD version on it. However,
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we still can run it a single process and do most of our simulations.

XMD and related documents can be downloaded from
http://xmd.sourceforge.net/
The input file is written with command lines and saved as *.xm file. One can
then use the command:
../sre/xmd *.xm

to run the simulation.

A.2 LAMMPS

Some MD codes can run in a message passing cluster architecture: for example
the PARADYN and LAMMPS developed by Steve Plimpton at Sandia National
Lab; ALCMD by Morris and Turner at Ames Labs. Among them, LAMMPS has
a very new version which is written in C++ and is quite powerful and flexible.
This can be found on the web site:

http://www.cs.sandia.gov/ sjplimp/LAMMPS

One problem of LAMMPS is that it only reads in the first generation of EAM
potentials. Although other EAM potential formats look similar, LAMMPS still

needs different modules to handle different types of potentials.

A.3 Other MD codes

There are other parallel MD codes I have not used, such as CHARMM, AMBER,
NAMD, NWCHEM, and TINKER, and these are designed primarily for modeling

biological molecules. The reader may find the information under this link:

http://www.cs.sandia.gov/ sjplimp/LAMMPS/
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A.4 MakeFiles

For parallel codes, to compile them in our cluster, there is always system compat-
ibility problems. Usually, those codes give different versions of Makefiles that are
used for different Linux operating systems. Unfortunately, our system is usually
not in any of their list. So it usually requires us to write a similar new Makefile

to help the compiler find the MPI in order to compile parallel codes.

A.5 SIDE CODE

Those MD codes calculate the main function of MD: the equations of motion.
They usually take an input atomic coordinates file (a start cell) and calculate
the future coordinates of those atoms based on the potentials and boundary
conditions. First, we need to generate the computational cell of interest, for
example a box with some interface inside with certain orientations and with
certain kinds of defects, such as dislocations. They usually have several type of
output information that can be used to do further analysis. The most often used
information is the coordinate output file. The coordinate output file includes
the information of all the coordinates of all atoms in the simulation cell. There
will be millions of atoms and we are mainly interested in defects. It is hard to
abstract information from millions of pure numbers, so that we developed our

own software to process output files for needed atomic information.

A.5.1 Code to build the input model

A.5.1.1 Generation of Perfect Crystals with Specific Orientations

I developed software to generate a perfect crystal lattice. The method is to repeat
the unit cell in all 3 directions. Because dislocations glide on 111-planes, we use

the [111] direction as one of the Cartesian axes. For the same reason, [110] is
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another interesting direction because it is the Burgers vector direction in an FCC
crystal. There are two methods to generalize such a cell with these directions as
axis. One is to generate a cell with axes as [100], [010] and [001] directions then
rotate it. The other method is to take the base cell with [111] axes and then
repeat it. We use the last method because it gets rid of the rotation matrix and
results in smooth boundaries. The tradeoff is that the second method is not as
flexible as the first one for cell generation in other orientations. The method is
specific for [111] orientations only, while the first method can rotate the lattice
to any orientation. However, since we are only interested in [111] axes, we prefer

to use the second method.

A.5.1.2 Generation of Twin and Grain Interfaces

The code can also generate twin interfaces by stacking (111) planes by different
sequences at two sides of a twin interface. For example, on one side of the
twin interface, the sequence is ABCABC while on the other side the sequence
is ACBACB. The code can generate a Cu/Ni grain interface assuming that the

interface is a (111)-plane and along the dislocation moving direction [110].
A.5.1.3 Dislocation Generation

The code can add half plane of (110) atoms into the cell to form an edge disloca-
tion. To do this, first the atoms are displaced according to the displacement field
of an anisotropic dislocation, then the extra plane atoms are added. Doing this
can avoid the problem that some atoms are too close to one another and cause
the potential energy to be excessively high. This code can not add other types of
dislocations, and to do that, we will use another code discussed below, courtesy

of Dr. Satish Rao.
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A.5.2 Code to analyze the output model
A.5.2.1 Centro-symmetry method to identify defect atoms

There are several methods to identify defects, such as energy and geometry meth-
ods (e.g. the Centro-symmetry and coordination number identification schemes).
We adopt the geometry method, because it is derived from the exact definition
of a dislocation in the lattice and has less associated computational noise. We
use Centro-symmetry method by finding the nearest neighbors of each atom, pair
those neighbors to find the best 6 pairs, and add the vector sum of the distance
between the object atom and each neighbor in these 6 best pairs. If the object
atom is in a perfect site, the vector sum of its 6 pair neighbors should be close to
0. On the other hand, atoms around the dislocation core will be in some highly
distortion position in a lattice and has asymmetry neighbors so that the vector
sum will be large. Therefore, we are able to identify atoms in defect configura-
tions by the amplitude of this vector sum. In our code, we assign a different type
to the defect atoms based on the sum value. For example, we assign ’Au’ to the
atoms with the largest vector sums, and assign 'H’ to atoms with the smallest
vector sums. We use this to be able to clearly visualize atoms by different colors

in the visualization software discussed below.

A.5.2.2 Masking Perfect Atoms

I developed another code to mask atoms in perfect sites in order to utilize the
visualization software for the analysis of defect motion. Otherwise the huge
number of atoms always make the computer extremely slow and also prevent

us from observing the interesting aspects of atomic scale deformation..
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A.5.3 Software to Visualize Atoms
A.5.3.1 Accelrys DS views

This is a commercial software with good picture quality and an easy mouse-
operation interface. The only problem is that when we try to export a movie into

other formats such as the avi format, it is not quite easy to do so.

A.5.3.2 Pymol

This is a free software that can be downloaded from http://pymol.sourceforge.net/
It is small, simple but as powerful as DS views. However, it uses command op-
erations and thus requires more training for best utilization. so need more time
to get use to it. This software also has an option to save a movie into separate
JPG figures then use some other movie maker software to produce an avi format

movie using those figures.

A.5.4 Adding Dislocations by the Anisotropic Displacement Field
(Courtesy of Dr. Satish Rao, AFRL)
( This elastic displacement code was developed by Dr. Man Yoo at ORNL 15

years ago. As an example, its input file reads:

NiAl s.rao potential Elastic Const 1 1 1.0000000
4.05192 10.72 10.72 10.72
3.22 3.22 3.22 6.51 6.51 6.51
11-121101102

To generate the displacement field for a set of atoms, based on their initial

positions and the position at which the dislocation has to be put in, we input the
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six roots of the sixtec equation (real and imaginary parts of three roots), then
the displacement constants (9 real parts first, 9 imaginary parts next), then the
dislocation line direction, glide plane, magnitude of the Burgers vector. It should

work with any kind of dislocation.

The elastic solutions with ”displacement components” (A1(M,N) and B1(M,N),
M = 21,22,23) are the displacement constants. Al is the real part and B1 is the

imaginary part.
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