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Abstract

Defects like cracks and dislocations evolve at nano scales and influence the macroscopic prop-
erties such as strength, toughness and ductility of a material. Molecular dynamics simulations
promise to reveal the fundamental mechanics of material failure. The computational expense
of molecular dynamics simulations limits its application to engineering problems involving
macroscopic cracks and shear bands, which occur at larger length and time scales. Therefore,
multiscale methods have been developed bridging different time and length scales.

Many multiscale methods for fracture are developed for “fictitious” materials based on
“simple” potentials such as the Lennard-Jones potential. Moreover, multiscale methods for
evolving cracks are rare. Sufficient methods to coarse grain the fine scale defects are miss-
ing. However, the existing multiscale methods for fracture do not adaptively adjust the fine
scale domain as the crack propagates. Most methods, therefore only “enlarge” the fine scale
domain and therefore drastically increase computational cost. Adaptive adjustment requires
the fine scale domain to be refined and coarsened. One of the major difficulties in multiscale
methods for fracture is to up-scale fracture related material information from the fine scale
to the coarse scale, in particular for complex crack problems. Most of the existing approaches
therefore were applied to examples with comparatively few macroscopic cracks.

The presented thesis contributes to concurrent multiscale strategy for simulation of frac-
ture. The bridging scale method is enhanced using the phantom node method so that cracks
can be modeled at the coarse scale. To ensure self-consistency in the bulk, a virtual atom clus-
ter is devised providing the response of the intact material at the coarse scale. A molecular
statics model is employed in the fine scale where crack propagation is modeled by naturally
breaking the bonds. The fine scale and coarse scale models are coupled by enforcing the
displacement boundary conditions on the ghost atoms. An energy criterion is used to de-
tect the crack tip location. Adaptive refinement and coarsening schemes are developed and
implemented during the crack propagation. The results were observed to be in excellent
agreement with the pure atomistic simulations. The developed multiscale method is one of
the first adaptive multiscale method for fracture.

A robust and simple three dimensional coarse graining technique to convert a given atom-
istic region into an equivalent coarse region, in the context of multiscale fracture has been
developed. The present method is the first of its kind. The developed coarse graining tech-
nique can be applied to identify and upscale the defects like: cracks, dislocations and shear
bands. The current method has been applied to estimate the equivalent coarse scale models
of several complex fracture patterns arrived from the pure atomistic simulations. The up-
scaled fracture pattern agree well with the actual fracture pattern. The error in the potential
energy of the pure atomistic and the coarse grained model was observed to be acceptable.

A first novel meshless adaptive multiscale method for fracture has been developed. The

phantom node method is replaced by a meshless differential reproducing kernel particle
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method. The differential reproducing kernel particle method is comparatively more expen-
sive but allows for a more “natural” coupling between the two scales due to the meshless
interpolation functions. The higher order continuity is also beneficial. The centro symme-
try parameter is used to detect the crack tip location. The developed multiscale method is
employed to study the complex crack propagation. Results based on the meshless adaptive
multiscale method were observed to be in excellent agreement with the pure atomistic simu-
lations.

The developed multiscale methods are applied to study the fracture in practical materials
like Graphene and Graphene on Silicon surface. The bond stretching and the bond reori-
entation were observed to be the net mechanisms of the crack growth in Graphene. The
influence of time step on the crack propagation was studied using two different time steps.
Pure atomistic simulations of fracture in Graphene on Silicon surface are presented. Details
of the three dimensional multiscale method to study the fracture in Graphene on Silicon

surface are discussed.
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Chapter 1

Introduction

Understanding the microscopic processes behind material failure is critical for engineers and
scientists developing new materials with higher strength and toughness, developing robust de-
signs against failure, or for those concerned with an accurate estimate of a component’s design
life. Defects like cracks and dislocations evolve at nano scales and influence the macroscopic
properties such as strength, toughness and ductility of a material. In engineering applica-
tions, the global response of the system is often governed by the behaviour at the smaller
length scales. Hence, the subscale behaviour must be computed accurately for good predic-
tions of the full scale behaviour. Molecular Dynamics (MD) simulations promise to reveal
the fundamental mechanics of material failure by modeling the atom to atom interactions.
Since the atomistic dimensions are of the order of Angstroms (A), approximately 85 billion
atoms are required to model a 1 ym? volume of Copper. Therefore, pure atomistic models are
prohibitively expensive [1, 2] with everyday engineering computations involving macroscopic
cracks and shear bands, which are much larger than the atomistic length and time scales.
To reduce the computational effort, multiscale methods are required, which are able to
couple a continuum description of the structure with an atomistic description. In such
paradigms, cracks and dislocations are explicitly modeled at the atomistic scale, whilst a
self-consistent continuum model elsewhere. The coarse-scale model might be discretized with
classical techniques like the finite element method (FEM), meshless methods (MM) [3-13] or
partition-of-unity enriched methods such as the eXtended Finite Element Method (XFEM)
[14-19], the Smooth Finite Element Method (SFEM) [20-22], the Generalized Finite Element
Method (GFEM) [23-29], the Partition of Unity Finite Element Method (PUFEM) [30, 31],
the eXtended Element Free Galerkin method (XEFG) [32-39], the Cracking Particles Method
(CPM) [40-46], the Phantom Node Method (PNM) [47-53], the Numerical Manifold Method
(NMM) [54, 55] or the isogeometric analysis with high-order approximation [56-62] of the
exact geometry, to name a few. The fine scale and the coarse scale domains are coupled at

the interface/handshake domain by enforcing the appropriate boundary conditions.
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Figure 1.1: Schematic of a (a) hierarchical, (b) semi-concurrent and (c) concurrent multiscale
methods; reproduced from [98].

1.1 Overview of multiscale methods

Multiscale methods can be categorized into hierarchical, semi-concurrent [63-66] and concur-
rent methods [67-95], as shown in Fig.1.1. In hierarchical multiscale methods, information
is passed from the fine-scale to the coarse-scale; but not vice versa. Computational homoge-
nization [96] is a classical up-scaling technique. Hierarchical multiscale approaches are very
efficient. However, their extension to model fracture is complex, in particular for fracture and
materials involving strain softening. One basic assumption for the application of homoge-
nization theories is the existence of disparate length scales [97]: Loy < LrvE < Lgpec where
Lcor, LrvE and Lgpe. are the crack length, the representative volume element (RVE) and
specimen-size, respectively. For problems involving fracture, the first condition is violated as
Ly is of the order of Lry g. Moreover, periodic boundary conditions (PBC) often used at the
fine scale, cannot be used when a crack touches a boundary as the displacement jump in that
boundary violates the PBC. In semi-concurrent multiscale methods, information is passed
from the fine-scale to the coarse-scale and vice versa. The basic idea of semi-concurrent
multiscale methods is illustrated in Figure 1.1(b). Concurrent multiscale methods (refer
to Fig.1.1(c)) can be classified into 'Interface’ coupling methods and 'Handshake’ coupling
methods. Interface coupling methods seem to be less effective for dynamic applications as
avoiding spurious wave reflections at the ’artificial’ interface seem to be more problematic.
Numerous multiscale methods coupling the atomistic domain with continuum domain have
been proposed, that include: quasi-continuum method (QCM) [78], discrete-to-continuum
bridging [99, 100], the discontinuous enrichment method [101], bridging scale method (BSM)
[69, 71, 73], bridging domain method (BDM) [67, 83|, coupled atomistic discrete dislocation
(CADD) [86-89], coarse grained molecular dynamics (CGMD) [90, 91], macroscopic atomistic
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Ab initio dynamics (MAAD) [82, 92-95], to name a few. In the QCM, the continuum degrees
of freedom need to be located at the positions of the atoms at the interface. Hence to match
with the atomistic dimensions, a very fine grading of the continuum mesh is required around
defects. Note that the QCM has also been very successful at linking two continuum scales,
for example, for fibrous materials in [102] and is readily capable of including quantum effects
through density functional theory (QCDFT) [103]. A classical semi-concurrent multiscale
method is the FE? [63-66] originally developed for intact materials. Kouznetsova et al. [104]
extended this method to problems involving material failure, see also Kouznetsova et al. [96]
or recent contribution by Nguyen et al. [105], Verhoosel et al. [106] and Belytschko et al.
[107]. Some of the multiscale methods have been extended to fracture [83-85, 99, 108, 108
110].

Belytschko et al. [107] have proposed the bridging domain method (BDM) which is based
on a domain decomposition technique. The MD subdomain overlaps the original finite ele-
ment (FE) mesh, similar to the Arlequin method [80, 81, 111]. The BDM relies upon a linear
energy weighting in the bridging domain. Therefore, the continuum region is not required to
be refined at the bridging domain. Compatibility of the displacement field between the con-
tinuum domain and the atomistic domain, in the bridging domain, is enforced by Lagrange
multipliers. An advantage of the BDM is that the nodes on the “continuum-atomistic” region
need not coincide with the atoms. Guidault et al. [68, 99, 100] enhanced the BDM by also
enforcing the strain compatibility between the “atomistic” and the continuum in the bridging
domain. Such a coupling can be useful for the development of error estimators to drive the
adaptive refinement of the coarse scale. The method was extended to dynamic problems by
Xiao et al. [67]. Xu et al. [112, 113] have addressed the difficulties of attenuating the spurious
wave reflection at the interfaces and extended the BDM for composite lattices [114].

Gracie et al. [83, 84] have extended the bridging domain method (XBDM) to effectively
account for dislocations and cracks. The XFEM was used to model the crack surfaces and
slip planes in the continuum. A close agreement of the energies and energy distributions of
the bridging domain model with the direct numerical solutions are reported. Aubertin et al.
[108, 115] have proposed an XFEM based multiscale model for dynamic fracture. Talebi et
al. [76] have extended the XBDM for three dimensional dynamic crack growth problems.
A computational library for multiscale modeling of material failure was proposed in [75].
Shilkrot et al., [86-89] have developed a multiscale method to automatically detect the dis-
locations as they move from the atomistic region to the continuum region and convert them
into discrete dislocations in the coarse region and vice-versa.

Liu et al. [69-73] have developed the bridging scale method (BSM) based on the projec-
tion of the MD solution onto the coarse scale shape functions. BSM effectively addresses
the spurious wave reflections in dynamic settings. In the bridging scale method, the contin-
uum representation exists everywhere in the domain, including those areas in which MD is
present. The projection operator helps to decompose the displacement field into orthogonal

coarse and fine scales, resulting in a coupled but separate set of equations of motion describ-
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ing the evolution of the MD and FE systems. These coupled equations of motion have three
major benefits. Firstly, unlike the finite element method (FEM), MD equations of motion
are not required to be integrated using the same time step. Hence, the coarse scale and fine
scale problems can be solved separately. Secondly, it is possible to eliminate the unwanted
MD degrees of freedom by accounting for them in the form of an impedance force which
augments the standard MD equations of motion. Since the unwanted MD degrees of freedom
are accounted for in a consistent manner, high-frequency waves which cannot be represented
by the continuum mesh are dissipated naturally out of the MD region. Lastly, unlike the
QCM, the bridging scale is valid for finite temperature dynamic problems. Therefore, BSM

is a very efficient technique to model fracture.

1.2 Motivation

Many of the developed multiscale methods for fracture are applied for “fictitious” materi-
als based on “simple” potentials such as the Lennard-Jones potential. Moreover, multiscale
methods for evolving cracks are rare. Adaptive multiscale methods have been significantly
improved after the works of Abraham et al. [82], Broughton et al. [92], Shenoy et al. [116]
and Shan et al. [117]. Recently Gracie et al. [84] and Moseley et al. [118] have developed
adaptive multiscale methods based on the XBDM. However, sufficient methods to coarse
grain the fine scale defects are missing. Most methods, therefore only “enlarge” the fine scale
domain and therefore drastically increase computational cost. Therefore, computationally ef-
ficient adaptive multiscale methods for fracture are very much required, where the fine scale
domain needs to be adjusted by adaptive refinement and coarsening approaches as the crack
propagates.

Lack of efficient coarse-graining techniques to convert the atomistic domain back to con-
tinuum will continuously increase computational costs. Additionally, the necessary modifica-
tions to the FE mesh are substantial, adding complexity and cost. Therefore, it is required
to develop efficient coarse graining techniques to convert a given atomistic region into an
equivalent coarse region. Finally, multiscale methods for fracture in “realistic” materials are

in demand.

1.3 Objectives and the outline

The principal goal is to develop computationally efficient adaptive multiscale methods for
fracture, where the crack tip is captured in the fine scale domain and the domain elsewhere is
modeled by continuum. The fine scale domain needs to be adjusted by adaptive refinement
and coarsening approaches as the crack propagates.

To achieve the objective, two different multiscale methods for fracture are developed. Dur-
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ing the course of the work, it was realized that many substantially different problems have
to be solved in order to approach the global goal. Therefore, the associated objectives along

with the outline of presentation can be listed as follows:

1. Develop an adaptive multiscale method (AMM) for fracture by enhancing the BSM
using the phantom node method so that cracks can be modeled at the coarse scale. To
ensure self-consistency in the bulk, a virtual atom cluster (VAC) is devised providing
the response of the intact material at the coarse scale. Details of the developed AMM
[74] are explained in chapter 2. The material models of the coarse scale and fine scale
domains are explained in section 2.1. Section 2.2 is dedicated to the algorithms of
adaptive refinement and coarsening. The AMM is verified through three numerical

examples in section 2.3.

2. Develop efficient coarse graining (CG) techniques to convert a given atomistic region
into an equivalent coarse region. Details of the developed CG model [119] are presented
in chapter 3. The coarse grained model is proposed in section 3.1. The developed coarse

graining technique is validated through four numerical examples in Section 3.2.

3. Develop a meshless adaptive multiscale method for fracture (MAMMEF') where the coarse
scale domain is modeled based on a meshless method. The proposed MAMMEF [77] is
explained in chapter 4. Section 4.1 is dedicated to the mathematical modeling of coarse
and fine scale domains. Details of the adaptive refinement and coarsening algorithms
are explained in section 4.2. Section 4.3 is devoted to verify the developed MAMMF

through three numerical example.

4. Finally, the presented approach should be applied to “realistic” materials. Therefore,
crack growth in Graphene and Graphene on Silicon surface are considered. The fracture
in 2D Graphene sheet is presented in chapter 5. The importance of simulation of fracture
in Grahene is introduced in section 5.1. The developed multiscale methods in chapters
2 and 4 can further be extended to model fracture in Graphene on Silicon surface.
Details of the mathematical modeling of the three dimensional multiscale method for
fracture in Graphene on Silicon surface are discussed in section 5.2. Crack propagation
in Graphene is studied through two numerical examples in Section 5.3. In the third
example in section 5.3, the atomistic model of Graphene on Silicon surface and the

coarse scale model of the Silicon are discussed.

5. Chapter 6 concludes the thesis mentioning the scope for the future.






Chapter 2

An Adaptive Multiscale Method for

quasi-static crack growth

In this chapter!, an adaptive multiscale method has been developed for quasi-static crack
growth. A molecular statics (MS) model is employed in the fine scale where crack propagation
is modeled by naturally breaking the bonds. To ensure self-consistency in the bulk, a virtual
atom cluster is used to model the material of the coarse scale. Crack in the coarse scale
domain is modeled based on the phantom node method. The coupling between the coarse
scale and fine scale is realized through ghost atoms, based on the principles of the BSM. The
ghost atom positions are interpolated from the coarse scale solution and enforced as boundary
conditions on the fine scale. The fine scale region is adaptively refined and coarsened as the
crack propagates. An energy criterion is used to detect the crack tip location. The triangular
lattice in the fine scale region corresponds to the lattice structure of the (111) plane of an
FCC crystal. The Lennard-Jones (LJ) potential is used to model the atom-atom interactions.
The method is implemented in two dimensions. The results are compared to pure atomistic
simulations; they show excellent agreement.

The virtual atom cluster [120, 121] is based on the symmetry in atomic arrangement
in a periodic crystal lattice. In a periodic crystal every atom possess similar neighbours.
Therefore, an atom surrounded by its neighbours can be considered as a representative atom
cluster of the crystal lattice. As a result, the representative atom cluster can be used in all
the calculations. Hence, a coarse scale equivalent to the fine scale can be developed using
the VAC, by equating the energies of the fine scale and the coarse scale domains. Further
details of the methodology are discussed in section 2.1.2. The VAC based continuum does
not involve a stress update scheme employing the Cauchy-Born hypothesis, since there is no
continuum measure in the VAC. Qian et al. [120] studied the carbon nanotubes based on the

VAC. Yang et al. [122] extended the method to dynamic crack propagation.

!This work has been published in the Computational Mechanics journal [74].
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Figure 2.1: (a) Multiscale partition of a cracked atomistic lattice. The solid circles represent
the atoms from the cracked atomistic model. The coarse scale nodes are denoted by squares.
(b) A zoom around the crack tip.

2.1 The Adaptive Multiscale Method

Consider a multiscale model with an initial crack and a discretized coarse region shown in
Fig. 2.1(a). The solid circles represent the atoms from the cracked atomistic model. The
shaded area corresponds to the coarse scale approximation. The squares denote the nodes of
the phantom node discretization. A close up of the crack tip is shown in Fig. 2.1(b). The
elements with edges in dotted lines denote the split elements and the edges of the normal
elements are shown in solid lines. The AMM consisting of the coarse and fine scale regions
along with the crack is shown in Fig. 2.2(a). The coarse scale model with the crack is shown
in Fig. 2.2(b), the fine scale model is shown in Fig. 2.2(¢). The material behaviour at the
crack tip is expected to be highly non-linear and/or non-homogeneous, and away from the
tip it is expected to be homogeneous.

The atoms on the crack surface are defined as the atoms on the ’surface’ of the crack
or at the “crack tip”. The initial crack in the fine scale region is created by removing the
bonds between the atoms on the crack surface and updating the neighbor list accordingly.
The neighbour list is generated based on a radius of influence. Nodal displacements in the
coarse scale region are estimated based on the VAC. The phantom node method [40, 50],
explained in section 2.1.3, is used to model the crack surfaces in the coarse scale region.
Ghost atoms are located in the coarse region but within the cutoff radius of the atoms in
the fine region. Their positions are interpolated from the coarse scale solution and enforced
as the boundary conditions for the fine scale solution. The crack originates from the coarse
scale region with the crack tip in the fine region. The fine scale region is adaptively enlarged
as the crack propagates and the model behind the crack tip is coarsened to reduce the size of
the fine scale model [74, 84, 119]. The energy criterion [74, 84] as explained in 2.2.2, is used
to identify the atoms on the crack surface and hence the location of the crack tip.

In the two scale model, the total displacement field u, of an atom « is decomposed into
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Figure 2.2: (a) Schematic diagram of a coupled continuum-atomistic model. (b) Coarse scale

domain with the crack. (c) Fine scale region containing the crack tip. The crack in the coarse
scale region is modeled using the VAC and the fine scale model is embedded at the crack tip.

coarse and fine scale components:

u, :ug+u§ (2.1)
where ug is the coarse scale component and uQ is the fine scale component, whose projection
onto the coarse scale is zero. The fine scale component ug, is the difference between the actual

position of an atom « and the interpolated position of the coarse scale. In other words, u’ is
C

o is sufficient to model

insignificant in the regions far away from the crack tip, and hence, u
the deformation in the coarse scale region. On the other hand, in the fine scale region, both
coarse and fine scale components are required. Let the coarse scale displacement ug of an

atom a be represented by a set of FEM basis functions defined over a set of n® nodal points,

Ni(Xq)uf (2.2)
1

3

LA

~
Il

where N7(X,) is the shape function defined at node I, estimated at the ot atom with the
material coordinate X, and u? is the continuum displacement vector at node I.

The notation adopted is as follows: Greek indices refer to atoms and capital subscripts
(such as I, J, K) will refer to the computational nodes. Quantities in the reference config-
uration are denoted by the same symbol but with a naught. For example, the reference
configurations of the coarse scale domain Q° and the fine scale domain Q* are denoted by
Qg and QOA, respectively. n© are the total number of nodes in the coarse scale region Q°; the
number of atoms in the fine scale region Q4 is given by n®* and the number of ghost atoms
by nSP. Ghost atoms are located in the coarse scale region Q€ that are within the cut off
radius of the atoms in Q*. The total number of Gauss points in the coarse scale region is

given by n%. The material coordinates of a point in Qg are denoted by X and the spatial
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coordinates by x. The motion is defined as x = ¢(X) with u(x) = ¢(X) — X =x — X. The

position vector of an atom in Q* is given by r.

2.1.1 Fine scale model

The objective of the atomistic simulations is to determine the positions of the atoms for the
given boundary conditions, either by minimizing the system potential energy in the molecular
statics (MS) or based on the Lagrangian principles in the molecular dynamics. The system

potential energy of the atomistic model is given by
I = Wint _ WeXt (23)

where W represents the internal energy of the system and We*! is the external work done
on the system. Consider the simplest atom-atom interactions in which the potential energy
is only a function of the distance between two atoms, the total internal energy of the system

is given by summing the energies of all the atomic bonds over all the atoms, as given below:

Wit = j{: jg: V(rag) (2.4)

where V(rog) is the bond potential between the atoms o and 3, separated by distance rqg.
The system potential energy will be minimum, when the first derivative of the potential
function with respect to the positions of the atoms goes to zero. Therefore, for any given
atom A, the first derivative of the system potential energy with respect to the position vector

r) is

8(% Zil Zg;a V(TQB)) - oTyext

or ory " (25)

where the internal forces acting on atom X are given by

TLA
oV ( ra5 Orag

Fitt — }:E: (2.6)
oDl b Orag  Or)
and the external forces acting on atom A are
awext
F = — : 2.7
A Gr)\ ( )

The residual forces on each atom is

R = Fint — pext, (2.8)
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The distance 7,4 in (2.6) is defined as

3
T‘ag = |I‘a — I'/Bl = $Z ra] rﬁ] . (2.9)

where j is the free index. Substituting equation (2.9) into equation (2.6) yields

Fint — Z OV (rap) < — rﬁ) . (2.10)

ot Orag ToB

The details of derivation of equation 2.10 are given in appendix A. The Lennard-Jones po-
tential function is mentioned in section B.1. In the present work, the energy minimization
is carried out using the conjugate gradient method and so a tangent stiffness matrix is not

required.

2.1.2 Coarse scale model

Consider a periodic face centered cubic (fcc) crystal structure, which can be described in terms
of a unit cell, as shown in Fig. 2.3. The unit cell of an fcc crystal is shown in Fig. 2.3(a). The
space lattice of the fcc crystal can be obtained by stacking the unit cells in three dimensional
space, as shown in Fig. 2.3(b). The resulting crystal structure when stacked in ABC layers,
using the atoms in the close packed directions, as shown in Fig. 2.3(c¢), possess symmetry in
three dimensions. The two dimensional projection of the atomic arrangement in ABC layers
is shown in Fig. 2.3(d). The geometric parameters of the fcc crystal lattice are expressed using
the lattice constant a, with reference to the atoms on the (111) and (100) planes, as shown in
Fig. 2.3(e) and Fig. 2.3(f), respectively. Because of the symmetry of the crystal structure, a
cluster of atoms can be taken as a representative model of the whole lattice structure [120]. As
a result, all the calculations can be performed with reference to the cluster, which improves
the computational efficiency. Since the locations of atoms in the cluster do not represent
the exact locations of the atoms, it is called a virtual atom cluster. The same inter atomic
potential as in the full scale MS model is used in the VAC. The VAC for fcc lattice structure
is shown in Fig. 2.4.

The coarse scale displacement u$ of an atom « in the VAC can be estimated using
equation (2.2). The total potential energy of a fine scale system is given by the sum of all
bond potentials ¢, (refer to equation (2.12)). Consider an equivalent coarse scale model based
on the VAC, illustrated in Fig. 2.4. Since the fine scale and coarse scale models are equivalent,
their potential energy must be equal. Hence, ¢, is defined as the distributed energy density

function from the VAC. The discrete summation of the potential energy defined in the original



12 An Adaptive Multiscale Method for quasi-static crack growth

(111) plane

a - lattice parameter

(a) (b) (e) (f)

Figure 2.3: Atomic arrangement in an fcc crystal; (a) in the unit cell (b) in the space
lattice and (c) in the ABC layers. The atoms in the ABC layers when projected onto a two
dimensional space; (d) and (e) onto the (111) plane and (f) onto the (100) plane.
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Figure 2.4: A demonstration of VAC based coarse scale domain in two dimensions. (a)
Atomistic model with triangular lattice as on the (111) plane of an fcc material. (b) Equivalent

continuum model with the VAC being placed at a particular Gauss point. (¢) Details of the
VAC
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molecular structure, can now be replaced with an integral based on the VAC, i.e.

nA

Wt =3 "¢, = / $,dQ ~ ngqbp (2.11)
1

a=

where ¢ is the potential energy associated with atom «, as defined below

TLA
boy = % SV (rag). (2.12)

B#a
Due to the periodic nature of the lattice, ¢, can be defined as the potential energy of a VAC
divided by the volume of the VAC. For a homogeneous lattice, as considered in this chapter,
each VAC consists of a single atom and its volume is that of the unit cell of the lattice.
The volume of the VAC for a triangular lattice is Vo = \f 2. When only nearest neighbour
interactions are considered, each atom in the triangular lattlce interacts with six neighbouring
atoms, as shown in Fig. 2.4(a). The energy attributed to a central atom involves summing the
contributions from each bond with neighbouring atoms. The energy of the central atom is the
energy of the VAC. The number of neighbours that the central atom has does not influence the
volume/area attributed to the atom and therefore does not effect the volume/area attributed
to the VAC. In other words, the volume/area of the VAC do not increase if more neighbours
are considered in the computation of the potential energy of the central atom. Using the

numbering scheme shown in Fig. 2.4(c), the potential energy of the VAC is given by
17
dvac =5 > V(rip)- (2.13)

Therefore, the distributed energy density function ¢, can be defined as

7

OVAC (rig) 1
9= *ZWQ/Q 52 (2.14)

where
V(rip)
= ) 2.15
qblﬂ \/§a2/2 ( )
Therefore, the energy density function ¢, becomes
1
bp = §(¢12 + @13 + 14 + P15 + P16 + D17). (2.16)

in which ¢15 are the bonding energy densities. wg denote the quadrature weight and qbg;

is the corresponding energy density function evaluated at a quadrature point. The internal

kA B

forces on node I’ in the coarse scale region, can be estimated by taking the derivative of
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equation (2.11) with respect to the nodal displacements u?

. oWint O o6, du 095 u
Firt — _ :/ —&dQ :/ ——2 Ay ~ 2.17
! ou¥ o ou§ T Jo, duoufT ZwG ou ouf (2:17)

Therefore, the internal forces are calculated from the potential energy density of the VAC,
which is placed at each Gauss point. As shown in Fig. 2.4(c), there are 7 atoms including
the central VAC atom and its neighbours. Therefore, the energy density function gbg}:
qﬁg; (ri,ro,r3,r4,r5, 16, r7). Since the VAC is used in the coarse scale equation which assumes
u, = uC for a« = 1-7. Therefore,

965 ou 9¢S dus
1nt _
Fi ng fu ous ZG: Z G ol (2.18)

Using the definition of u§ from equation (2.2), the second term on the right hand side of

equation (2.18) can be reduced to

8uc

o = N/(Xq). (2.19)

Therefore, after substituting equation (2.19) into equation (2.18), the nodal internal forces

in the coarse scale domain are given by

G

_ n 7 8¢G
FP'=-> wg o CN (Xq). (2.20)
G=1 a=1

The term gffé in equation (2.20) can be evaluated for each « as given below:

a=1

0, _ O0p12 112 . O0b13 T13 N O0p14 7144

2.21
ou§,  Orig riz  Oriz iz Oria ria (2:21)
+3¢15 i 016 T16i n Op17 1170
Oris 115 Orie 116 017 T17
a=2
9¢p _  Opra112i (2.22)
8u% 8T12 712 ’
a=3
Obp _ Op13rizi (2.23)

ous, Oriz 13
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where 7 is the index of the coordinate axes. In equations (2.21) to (2.27) rop; is the component

of 7o in the it direction, which is defined as

TaBi = Tai — TBi- (2.28)

The detailed derivation of the term % for the fcc lattice structure, is given in appendix C.
Equations (2.21) to (2.28) are substituted into equation (2.20) to calculate the internal nodal
forces. The minimization problem can be solved for the coarse scale solution by minimizing

the potential energy for the given boundary conditions.

2.1.3 The Phantom node method

In the phantom node method, when an element is completely cut by a crack, the displace-
ment field is continuous on each part of the cracked element, but discontinuous across the
crack. Therefore, the crack kinematics can be obtained by overlapping elements [49, 50]. The
theoretical framework for the above idea was given by Hansbo and Hansbo [51], and was
implemented by Mergheim et al. [52, 53] for statics and dynamics by Song et al. [50], who
called the method the Phantom node method. The advantages of the phantom node method
are: First, the displacement field is discontinuous across the crack but independently contin-
uous on each part of the cracked element. Hence, the discontinuous element is replaced by
two elements with the additional phantom nodes, which requires only a small modification in
existing finite element codes. Secondly, the associated shape functions in a cracked element
are the same as the shape functions of an intact element. Finally, the elements adjacent to
the cracked elements do not require any modification. Because of the above advantages, the

computer implementation of the phantom node method is particularly easy. The phantom-
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Figure 2.5: The principle of the phantom node method where the hashed region is integrated
to build the energy equation (2.11). (a) Crack opening and propagation after the phantom
nodes are placed on the cracked elements. (b) Equivalence of a cracked element in the real
domain to, two elements with phantom nodes.

node method was extended by Rabczuk et al. [49] to model crack tips within an element,
for triangular and quadrilateral elements. Chau-Dinh et al. [48] applied the phantom node
method to shell models with arbitrary cracks.

Consider a cracked body as shown in Fig. 2.5, and the corresponding finite element dis-
cretization; )y is the real domain, i.e. the domain to be cut by the crack and (2, is the
phantom domain, Q, = Q;; UQ,. The part of the cracked elements which belong to the
real domain (g are extended to the phantom domain €2, so that the interpolation basis is
full. Now the displacement in the real domain €y can be interpolated using the degrees of
freedom for the nodes in the phantom domain 2,. The nodes in the phantom domain are
called the phantom nodes and denoted by empty circles in Fig. 2.5(a). In other words, the
approximation of the cut element is the superposition of the two approximations (Q(J{ U,
and Qg U Q;; ) over the cracked elements, as shown in Fig. 2.5(b). Defining f as the signed dis-
tance measured from the crack, W{, W, , Wy and Wg as the nodes belonging to Q5,0
and QF

P Y
field is then given by [49]:

respectively; H as the Heaviside function, the approximation of the displacement

uX,t)= Y wONXHAX)+ Y wNX)H(-AX).  (2.29)

Ie{Wg§, Wy} Je{ Wy , Wi}

The cracked elements have both real nodes and phantom nodes as shown in Fig. 2.5(b). The
discontinuity in the displacement field is realized by simply integrating only over the area
from the side of the real nodes up to the crack, i.e. the hashed areas in element 1 and element
2, Q, and Qar, respectively.

The initial phantom nodes are created on the completely cracked elements. The crack tip
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Figure 2.6: Schematic of the AMM for two dimensional problems. (a) The coarse and fine
scale discretization along with the ghost atoms and the coupling boundary. (b) A zoom
around the coupling boundary.

location is captured at every load step, from the fine scale model. Based on the location of
the crack tip, the elements are checked for complete fracture. If an element is completely
cracked, the crack is propagated in the coarse scale domain. To do so, the new phantom nodes
are created on the newly cracked element, and their positions are initialized by interpolation
from the coarse scale solution. The nodal connectivity table is updated with the phantom

nodes, for the next load step.

2.1.4 Coupling the coarse and fine scales

The positions of the ghost atoms are interpolated from the coarse scale solution, as illustrated
in Fig. 2.6. Let 8 be the index of the ghost atoms; the corresponding ghost atom displacements

are given by

C
n
uf = > Ni(Xp)uf. (2.30)
I=1

The ghost atom positions estimated from equation (2.30) are applied as the boundary con-
ditions for the fine scale model. The estimation of the ghost atom positions using only the
coarse scale component of the displacement will impose a constraint that does not exist in
the original problem, as explained in [120]. However for quasi-static problems, such an error
can be controlled by properly choosing the interface of the coupling region. Additionally, care
must be taken while calculating the nodal forces in the coarse scale region. At the interface
region there are two sets of atoms. The first set from the underlying VAC and the second
set from the fine scale region. Hence, both sets of atoms within the radius of influence Rgo;

(Fig. 2.6) must be considered while estimating the nodal forces in the coupling region.
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2.2 Adaptivity

The crack tip is contained within the fine scale region Q*, while the fine scale regions are

coarse-grained as the crack propagates. The adaptivity scheme consists of the following steps:

1. Identify the coarse region Q€ to be refined. Refine the model by expanding the atomistic

region %, i.e by converting the estimated coarse scale region into a fine scale region.

2. Identify the fine region Q* to be coarse grained. Coarsen the model by shrinking the
atomistic region 0%, i.e by converting the estimated fine scale region into a coarse scale

region.

The details of refinement and coarsening algorithms are discussed below.

2.2.1 Preliminaries

In the present work, the fine scale region is embedded within the ’boundaries’ of elements
around the crack tip. The initial size of the fine scale region in the AMM boundaries is
decided based on the following conditions: The refinement algorithm is activated sufficiently
often such that a buffer layer of elements is always maintained between the crack tip and the
coupling boundary. Secondly, to ensure that the refinement operation is not activated in the
first load step itself, at least one element layer is considered between the crack tip and the
buffer element layer. Finally, the crack tip element layer is sandwiched by at least one layer
of elements. In other words, the minimum initial fine scale region is embedded within a 3x3
element mesh.

In the AMM, the fine scale contains the crack tip. The length of the initial crack contained
in the fine scale is calculated based on the dimensions of the fine scale region. Therefore,
the initial crack in the fine scale is modeled by removing the bonds between the atoms on
the crack surface. The atoms on the crack surface possess the highest energy in the entire
lattice. Hence, the high energy atoms and elements (discussed in section 2.2.2) can be used
to identify the atoms on the crack surface. When the crack tip reaches the boundary of
the buffer region, the adaptive refinement and/or coarsening schemes are activated. As a
first step, adaptive refinement operation is carried out by creating the atoms in the elements
to be refined, identified based on algorithm 1. The newly created atoms are initialized by
interpolation from the coarse scale solution based on equation (2.2). In the next step, the
crack is propagated in the coarse scale. In the phantom node method, whenever a refinement
operation is activated the crack is incremented by an element length in the coarse scale.
Therefore a new element is created along with two new phantom nodes. The elements to
be coarsened are identified based on algorithm 2. In the adaptive coarsening operation, the
atoms in the elements to be coarsened are deleted. The neighbourlist is regenerated after an
adaptivity operation.

Let £ be the total number of elements in the AMM. The load step just before an adaptive
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operation is denoted with subscript n, and subscript n + 1 indicates the load step just after
an adaptive operation. Therefore, 5,(3 is the set of elements in the coarse scale domain and
8{? is the set of fine scale elements, in load step n just before an adaptive operation; where
ENC Eand 2 N ES = 0. And the sets £, EIF and £2984, £693C represent the fine scale

and coarse scale elements at load step n + 1, just after adaptive refinement and coarsening

minA

operations, respectively. The set &" is the minimum set of elements in the fine scale

n
domain after refinement, required to accurately capture the physics of the defects in the fine

scale region.

2.2.2 Detection of the crack tip

The refinement /coarsening of an element in the coarse scale region is governed based on the
atoms on the crack surface. Atoms on the crack surface helps in locating the position of the
crack tip in 4. Since the energies of the atoms around the crack tip are significantly higher
than the other atoms, the potential energy provides an indication of the location of the crack
tip. The energy criterion has been successfully applied to detect the locations of dislocations
in dynamic propagation [74, 84]. Let £IF be the set of elements containing at least one atom

with high potential energy, i.e.
EME — e € €4 | energy of an atom in e > tol®} (2.31)

where tol® is the specified energy tolerance. As a guideline, tol® can be specified in the range
of 15 and 30% [84] higher than the energy of an atom in equilibrium in a perfect lattice. The
potential energy of an atom can be estimated from equation (4.30). In the present work 30%

tol® values are considered in the MFC and AMM, respectively.

2.2.3 Adaptive refinement

The major steps of the refinement operation (Fig. 2.7) are:

—

. Identify the elements to be refined.
2. Create and initialize the atoms in the elements to be refined.

3. Create and initialize the phantom nodes on the newly cracked elements.

=

. Update the fine and coarse scale regions.

Figure 2.7(a) shows the elements containing high energy atoms flagged for refinement and the
enlarged atomistic region after the refinement operation is shown in Fig. 2.7(b). Let SZplit be

the set of completely cracked elements in the fine scale region, where P ¢ £4 and £'P be

the element containing the crack tip, before refinement. Let Sff_ff be the set of elements in the

fine scale region and let Effff be the set of elements in the coarse scale region, immediately
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after an adaptive refinement operation.

In the current work, the crack is to be propagated in both the coarse scale and the fine

scale regions. Hence, first the newly cracked elements in the coarse scale region are identified

based on the position of the crack tip. The phantom nodes are created on the newly cracked

elements. Crack propagation in the fine scale region depends on the number of broken bonds,

identified based on the bond distance. The newly created atoms in the refined elements are

initialized using equation (2.2).

The detailed algorithm of selecting the elements to be refined, initializing the newly created

atoms in the elements identified for refinement and propagating the crack in the coarse scale

region is explained in algorithm 1 in appendix D. The process is:

10.

11.

12.

13.

. Store the fine scale elements in the element set £2, the coarse scale elements in the

element set £ and the completely cracked elements in the fine scale region into the

element set ESPHT.

Calculate the high energy elements in the fine scale region using equation (2.31) and

store in the element set EXF.

Estimate the neighbours of the high energy elements in £IF and store them in Sffi‘}A.

Calculate the elements to be refined, £ by removing the atomistic elements &2 from

the element set XA,
Flag the elements to be refined and increase the atomistic domain by creating the atoms

in the flagged elements.

Initialize the positions of the newly created atoms using equation (2.2).

Update the fine scale elements (Eff_ﬁ) after the refinement operation, by including the

element set £°" into the set £5.
Update the coarse scale element set (5;?{?) after the refinement operation by deducting
the atomistic elements X from the total elements €.

Update the neighbour list (nlist,41) of the fine scale atoms in the element set £

Identify the newly cracked elements in the fine scale region (52?11“) by removing the

split (E3PY) and tip (£LP) elements from the high energy element set £,

Place the phantom nodes on the newly cracked elements (SnSpht) and initialize their

n+1
positions by interpolation.

Update the nodal connectivity table.

Update the split (Effihf) and tip (Eflifl) elements.
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Figure 2.7: Sketch of the adaptive refinement operation. (a) Flagged elements to be refined
are hatched in red color. (b) Increased atomistic region after the refinement operation.

Now the atomistic domain is enlarged to handle the elongated crack. To improve the compu-
tational efficiency, the atomistic elements behind the crack tip can be coarsened as explained

in section 2.2.4.

2.2.4 Adaptive coarsening

The fine scale region is only needed close to the crack tip, the region away from the crack tip is
coarse-grained. This reduces the size of the atomistic region and improves the computational

efficiency. The major steps of an adaptive coarsening operation are:
1. Identify the elements to be coarsened.
2. Delete the atoms in the elements to be coarsened.
3. Update the fine and coarse scale regions.

The process of the adaptive coarsening operation is explained in Fig. 2.8. Figure 2.8(a)
shows the elements containing low energy inactive atoms being flagged and the elements
after coarsening are shown in Fig. 2.8(b). The algorithm explaining the coarsening steps is
shown in algorithm 2 in appendix D.

Let EXF be the set of elements not containing any high energy atoms in the load step n,
ELE C €A, Let P be the set of elements which are in the fine scale domain and are attached
to the coupling "boundary’, E24 € £2. The elements to be coarsened are the elements which
are in both set EF and set E84 in front of the crack tip, £ = £LE N BA The process

of adaptive coarsening operation is given below:
1. Store the atomistic elements in &2 and the coarse scale elements in £ .

2. Calculate the high energy elements in the fine scale region using equation (2.31) and

store them in the element set EXP.
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B8 Elements to be coarsened [_Ei
(a) (b)

Figure 2.8: Sketch of the adaptive coarsening operation. (a) Flagged elements to be coarsened
are hatched in red color. (b) Reduced atomistic region after the coarsening operation.

9.

10.

Estimate and store the elements which do not contain at least one high energy atom in
SLE
foan

Find the fine scale elements attached to the coupling boundary and store them in EEA.
The elements to be coarsened (E%4") are given by ELFE N EBA.

Flag the elements to be coarsened and decrease the atomistic domain by deleting the

atoms in the flagged elements.
Update the element set in the fine scale region after the coarsening operation Eﬁb‘jf‘lA by
deducting the element set £;°%"°" from the element set Sﬁ‘ﬁ‘.

gcoaC

Update the element set in the coarse scale region after the coarsening operation £59%

by deducting the atomistic elements £59%* from the total elements £.

Update the neighbour list of the fine scale atoms in the element set £S5

Update the fine scale, coarse scale and the split elements for the next iteration.

The computer implementation steps for solving the crack propagation problem in the MFC
and AMM are explained in Fig. 2.9.

2.3 Numerical Examples

In this example, the multiscale method developed in this chapter is validated through three

numerical examples on quasi-static crack growth. In the first example, a very small displace-

ment is prescribed on an edge crack model so that the crack does not propagate. Displace-

ments and energies for selected atoms around the crack tip from the molecular statics model,
the Multiscale model with the Fine scale region containing the whole Crack (MFC) and the

AMM are compared. In the second example, sufficiently large displacements are applied so
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Figure 2.9: Flow chart indicating the computer implementation steps for solving the crack
propagation problem in the MFC and AMM.
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Figure 2.10: Schematic diagram of the edge crack model used in examples 1 and 2. A
triangular displacement load is applied on the top and bottom boundaries.

that the crack propagates. The displacements and the energies of the MS, MFC and the
AMM models are compared. In the final example, kinked crack propagation is studied by

prescribing a displacement on the right edge of a cantilever beam with a pre-notch.

2.3.1 Example 1: Edge crack simulations

Consider a two dimensional atomistic model with dimensions 295.11Ax191.96A as shown
in Fig. 2.10. The triangular lattice corresponding to the (111) plane of the copper crystal
with lattice constant 3.645A is adopted to model the fine scale region. The ghost atoms are
created all along the four edges. The LJ potential (given in equation (B.1)) is used to model
the atomistic interactions with o = 2.29621A and € = 0.467 eV.

The full MS model consists of 10005 active atoms and 408 ghost atoms. The ghost atoms
are placed all along the four edges just on the top of the coupling boundary in the MFC and
the AMM. In this example, the crack propagation is not considered. Hence, a small triangular
displacement load of 0.875A with maximum amplitude on the left boundary is applied on
the top and bottom edges, in the y direction. Both the top and bottom edge atoms are fixed
in the = and y directions, and the left and right edge atoms are fixed in the z direction.
The initial crack in the MS model is created by breaking the bonds. The initial crack is
created at 95.98A from the bottom edge with a length of 99.23A along the x direction. In
order to achieve a brittle fracture, the neighbours are not updated after each load step. Also
only immediate neighbors are considered for the atom to atom interaction. The computer
implementation steps for solving the crack propagation problem in the MFC and AMM are
explained in Fig. 2.9.
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Normalized time

Example | MS | MFC | AMM
1 1.0 | 0.19 0.13
2 1.0 | 0.79 0.39

Table 2.1: Computational times of the MS model, MFC model and AMM in examples 1 and
2.

Next, consider a coarse scale model with dimensions 295.11Ax191.96A. The initial
crack of length 99.23A in the z direction located at 95.98A in the y direction, is created in
the coarse scale model. The model is discretized with the 12x8 elements in the z and y
directions, respectively. The crack in the coarse scale domain is modeled by the phantom
node method. Therefore, the phantom nodes are created on the completely cracked elements.
In the current model there are three cracked elements with six phantom nodes. The fine
scale regions measuring 163.66A x84.82A with 2294 active atoms and 202 ghost atoms, refer
to Fig. 2.11(b) and 112.11Ax84.82A with 1554 active atoms and 162 ghost atoms, refer
to Fig. 2.11(¢), have been created for the MFC and the AMM, respectively. A triangular
displacement load of 0.875A is applied on the top and bottom edge nodes. Both the top and
bottom edge nodes are fixed in the x and y directions, whereas the left and right edge nodes
are fixed in the x direction. Figure 2.11(d) compares the atom positions around the crack tip
from the MS, MFC and AMM after the final load step. Six rows, on either side of the crack
around the tip are captured from the three models for comparison. There are 360 atoms in
total in twelve equal rows. The LJ potential energy and the ratio of the potential energy (PE)
to the initial potential energy (PE0) of the three models, for the atoms in Fig. 2.11(d) are
compared in Fig. 2.12(a). Fig. 2.12(b) shows a zoom of Fig. 2.12(a), around the crack tip. The
numbering of atoms in Fig. 2.12, is mentioned in Fig. 2.11(d). The results from the MS model
are assumed to be the accurate results. The error of a quantity is defined as the difference
with respect to the accurate results. And the percentage error is 100 times the ratio of the
error to the accurate results. The percentage error in the displacement and the potential
energy are shown in Fig. 2.13(a) and Fig. 2.13(b), respectively. We notice that the maximum
displacement percentage error is 0.208 and the maximum energy percentage error is 0.824,
occurs around the crack tip. The normalized computational times are calculated as the ratio
of the computational time with respect to the MS model. The normalized computational
times for the MS, MFC and AMM are mentioned table 2.1. From the first row of the table,
the computational cost of the AMM is 13% of the MS model.

2.3.2 Example 2: Edge crack propagation studies

In this example, the mode I crack propagation of an edge crack as shown in Fig. 2.10 is
considered. Therefore, the displacement loads are applied in small increments. In order to

propagate the crack in a brittle fashion, the neighbours are not updated after each load step.
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Figure 2.11: Deformed configurations of the (a) MS (b) MFC (¢) AMM after the final load
step and (d) comparison of atom positions around the crack tip, from the MS, MFC and
AMM.
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Figure 2.12: (a) Comparison of the LJ potential energy from the MS, MFC and AMM for the
atoms around the crack tip, see Fig. 2.11(d); after the final load step. The bottom picture
shows the LJ potential energy in eV and the ratio % is plotted in the top picture. (b) A
zoom around the crack tip.
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(a) Percentage displacement error. (b) Percentage energy error.

Figure 2.13: Percentage errors in (a) displacement and (b) the potential energy, between the
MS and AMM.

Only immediate neighbors are considered for the atom to atom interaction.

A triangular displacement load of 5.892A is applied in the y direction, on the top and
bottom rows of atoms/nodes, in 8 equal load steps. The coarse scale solution is in turn trans-
ferred to the fine scale model in 8 equal load steps. The same initial models as described in
the MFC and AMM of example 1 are used. The fine scale region in the AMM is adaptively
refined (refer to section 2.2.3) in the MFC model and adaptively refined and coarsened (refer
to section 2.2.4) in the AMM. At the end of the final load step, it was observed that the
refinement operations are carried out three times for the MFC model and the final fine scale
model in MFC consists of 4305 atoms with 290 ghost atoms. In the AMM, the refinement
and coarsening operations are carried out three times as well and there is no change in the
number of atoms of the fine scale model.

Atom positions in the deformed configuration after the final load step from the MS, MFC
and AMM are plotted in Fig. 2.14. The first row in Fig. 2.14 corresponds to the deformed
configuration after the first load step. Fig. 2.14(d —¢) show the deformed configuration at the
end of the simulation. The ratio of PE to PEO is plotted in the top picture of Fig. 2.16(a),
and the bottom picture shows the absolute value of the potential energy. The two peaks in
the energy distribution in Fig. 2.16(a) corresponds to the energies of the crack tip atoms im-
mediately on either side of the crack, indicating that the crack tip atoms possess the highest
energy in the entire lattice. Figure 2.16(b) shows a zoom of Fig. 2.16(a), around the crack tip.
The numbering of atoms in Fig. 2.16, is mentioned in Fig. 2.15. Figure 2.15 compares the
atom positions from the three models. Six rows, on either side of the crack around the tip,
are captured from the three models for comparison. There are 360 atoms in total in twelve
equal rows. The percentage displacement error between the MS and the AMM is shown in
Fig. 2.17(a). Similarly the percentage potential energy error is plotted in Fig. 2.17(b). From
the results, a close agreement among the three models can be observed.

The change in average potential energy per atom for the MS, VAC and AMM at each load
step is plotted in Fig. 2.18. The change in average potential energy per atom is defined as

the difference of the potential energy per atom, in the current load step to the undeformed
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Figure 2.14: Atom positions at the end of the simulation, from the MS, MFC and AMM with
ghost atoms in red color. The first row corresponds to deformed configurations of the MS,
MFC and AMM at the end of the first load step. Figures (d—i) correspond to the deformed
configuration at the end of the simulation.
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Figure 2.15: Comparison of the atom positions around the crack tip from the MS, MFC and
AMM.

configuration. The average potential energy is calculated by dividing the total potential
energy with the number of atoms. To generate a smooth curve, the displacement load is
applied in 50 equal steps. The total potential energy decreases as the crack starts to prop-
agate. Therefore, a jump in potential energy can be observed during load step 35. In other
words, the crack starts to propagate from load step 35. A second jump was occurred during
load step 42. The displacement field of the VAC does not contain the fine scale component
(ud). Hence, a deviation of the VAC with the MS and AMM can be observed as the crack
started to propagate, whilst the AMM and MS models always agree with each other. From
the results, a close agreement among the three models can be observed. From table 2.1, the
computational cost of the AMM is 39% of the MS model.

2.3.3 Example 3: Kinked crack propagation

The final example is a problem involving a kinked crack propagation. In this problem, the
crack is not propagated in the fine scale region. Consider a 440A x180A beam with an initial
pre-notch of 35A in length at the center as shown in Fig. 2.19. A displacement load of
24.789A at a 60° angle to the horizontal is applied on the right edge of the beam in 30 equal
steps. The MFC and AMM are compared. The coarse scale solution at each load step is
in turn transferred to the fine scale in 9 equal load steps. A 12x8 rectangular mesh is used
to discretize the continuum. In the MFC model, initially the fine scale region is created
between the 3" and 10" nodes in the  direction and from the 1% to the 7*! node in the y
direction, with a domain size of 280A x154.28A as shown in Fig. 2.20(a) so that the crack is

completely immersed in the fine scale region. In the AMM, initially the fine scale region is
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Figure 2.19: Schematic of the cantilever beam with the pre-notch, considered for the third
example.

5th 8th 4th

created between the and nodes in the x direction and from the 15 to the nodes in
the y direction, with a size of 120Ax77.14A as shown in Fig. 2.20(b).

The load is quasi-statically incremented at each load step and the crack starts propagating
in the y direction. After the 18" load step the crack takes a kink at an angle of 33.12° degrees
to the horizontal axis towards the left boundary. The deformation pattern of the AMM model
after the 18" and 24" load steps are plotted in Fig. 2.20(c) and Fig. 2.20(e), respectively.
The adaptive refining and coarsening operations are carried out in the x and y directions
based on the location of the crack tip. The atoms around the crack and the kink from the
MFC and AMM models after the 18" and 24'" load steps are plotted in Fig. 2.20(d) and
Fig. 2.20(f), respectively. The percentage error in displacement for the the atoms around the
crack tip after the 18" and the 24'" load step, are plotted in Fig. 2.20(g) and Fig. 2.20(h),
respectively. The results between the MFC and the AMM models closely agree with each

other.

2.4 Discussion

The continuum based phantom node method was coupled with a molecular statics model to
generate a multiscale framework for the simulation of fracture. The framework was developed
to perform energy minimization of a triangular lattice which contains stably propagating
fractures. Coupling of the continuum and atomistic models was realized through the use of
a bridging scale method and a virtual atom cluster method. The BSM is enhanced so that
arbitrary cracks are admissible at the coarse scale using the phantom node method leading
to an adaptive multiscale method. The crack was incorporated into the fine scale model by
breaking atomic bonds. The phantom node method was used to incorporate the crack in
the coarse scale model. The fine scale and coarse scale models are coupled by enforcing the
displacement boundary conditions on the ghost atoms.

The AMM was used to study the crack propagation in three examples. In the first example,
a small displacement was prescribed to a domain containing an edge crack. The value of the
prescribed displacement was chosen small enough that the crack does not propagate. The

atom positions around the crack tip from the MS, MFC and AMM were compared. The error
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Figure 2.20: Deformation plots of the MFC and AMM models with angular loading. (a)
and (b) shows the initial configuration of the MFC and AMM models. (c¢) and (e) shows the
deformed configuration of the AMM model after the 18" and 24*" load steps. Atom positions
around the crack tip, after the the 18" and 24* load steps from the MFC and AMM models
are compared in figures (d) and (f), respectively. The percentage displacement errors for the
atoms in (d) and (f) are shown in (g) and (h), respectively.
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in displacement and the potential energy between the MS and AMM was found to be 0.208%
and 0.824%, respectively. In the second example, the crack was made to propagate in the
horizontal direction. Adaptive refinement and coarsening schemes were implemented during
crack propagation. Very close agreement in the atom positions and the potential energy is
observed across the three models. In the final example, the AMM was used to simulate the
propagation of a kinked crack in a cantilever beam. The positions of atoms around the crack
tip were compared between the MFC and AMM. The AMM was between 3 and 9 times more
computationally efficient than the other methods to which it was compared.

The multiscale framework has been here introduced; it serves as a sound basis for further

studies of more complex crack patterns.






Chapter 3

Efficient Coarse Graining in
Multiscale Modeling of Fracture

In this chapter?, a coarse-graining technique to reduce a given atomistic model into an equiv-
alent coarse grained continuum model is discussed. The developed technique is applied on
problems involving complex crack patterns in 2D and 3D including crack branching and coa-
lescence. Atoms on the crack surface are separated from the atoms not on the crack surface
by employing the centro symmetry parameter. A rectangular grid is superimposed on the
atomistic model. Atoms on the crack surface in each cell are used to estimate the equivalent
coarse-scale crack surface of that particular cell. The crack path in the coarse model is pro-
duced by joining the approximated crack paths in each cell.

One of the major difficulties in multiscale methods for fracture is to upscale fracture-
related material information from the fine-scale to the coarse-scale, in particular for complex
crack problems. Sufficient methods to coarse grain the fine scale defects are missing. Most
methods, therefore only “enlarge” the fine scale domain and therefore drastically increase
computational cost. In this chapter, a robust and simple coarse graining technique is pre-
sented in the context of multiscale modeling for fracture to reduce a given fine-scale model
into an equivalent coarse-grained model. Only an atomistic model is considered at the fine-
scale. The coarse-scale model might be discretized with classical techniques like the FEM,
XFEM, GFEM, MM, to name a few. The developed technique is applied in the context of hi-
erarchical upscaling though an extension to concurrent or semi-concurrent multiscale method

is straight forward.

3.1 Coarse grained model

The goal of the present coarse-graining scheme is to develop an equivalent CG model for

fracture based on a fine scale model containing defects. The CG scheme is employed for

2This work has been published in the Theoretical and Applied Fracture Mechanics journal [119].
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coarse scale models based on Finite Element/eXtended Finite Element (FE/XFE) or particle
discretizations, whereas fracture on the fine scale occurs naturally by breaking the bonds
between adjacent atoms. The CG approach is applicable to concurrent, semi-concurrent
and hierarchical multiscale methods, though we present results only for the latter multiscale

approach. The ingredients of the CG model are:

1. Identify the atoms on the crack surface in the fine scale model and approximate the

crack surface in the equivalent CG representation.

2. Estimate the elastic potential functions and parameters of the CG model from an

atomistic scale system.

3. Verify the results from the CG model with standards like full scale atomic calculations

and/or empirical models.

3.1.1 Crack surface approximation

Consider a fine-scale model containing a crack in a particular deformed configuration. We
define the “crack region” as the area created by connecting four nodes/particles in the rect-
angular discretization of the CG model, containing at least one atom on the crack surface.
As a first step, the fine domain is discretized with a rectangular mesh. The scheme of such
a rectangular discretization based on the finite element or meshfree methods is shown in
Fig. 3.1 and Fig. 3.2, respectively. The hollow circles in Fig. 3.1(a) and Fig. 3.2(a) denote
the atoms on the crack surface and the filled circles are the atoms not on the crack surface.

The steps for the crack surface approximation are:

1. Determine the atoms on the crack surface using e.g. the Centro Symmetry Parameter
(CSP), explained in section 3.1.2.

2. Identify the crack regions based on the positions of the atoms on the crack surface and
the positions of the nodes or meshfree particles of the background discretization, as
shown in Fig. 3.1(b) and Fig. 3.2(b).

3. Estimate the normal and Center of Gravity (CoG) of the atoms on the crack surface.
Calculate the effective CoG of a crack surface by averaging the CoGs of the atoms on

the crack surface in that crack region.

4. Approximate the crack path in each crack region by joining the effective normal and
CoG of the atoms on the crack surface, as shown in Fig. 3.1(d) and Fig. 3.2(d).

5. Estimate the nodes or particles on either side of the crack surface or around the tip,
refer Fig. 3.1(c) and Fig. 3.2(c).
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O Atom on the crack surface
@ Atom in the atomistic model

(a) (b) (d

Figure 3.1: Schematic of mesh based equivalent coarse scale model. (a) Coarse mesh super-
imposed on the atomistic model (b) elements containing the atoms on the crack surface are
highlighted along with the normals of the crack surface in each element (c) calculation of
level sets and (d) approximation of crack surface by joining the crack path in the regions
containing the crack.

The details of approximating the crack path is explained in section 3.1.3. The crack path is
a continuous surface when extended mesh-free methods [3-13] or partition-of-unity enriched
methods such as the eXtended Finite Element Method [14-19], the Generalized Finite Ele-
ment Method [23-29], the Partition of Unity Finite Element Method [30, 31], the eXtended
Element Free Galerkin method [32-39], the Cracking Particles Method [40-46], the phantom
node method [47-53] or the Numerical Manifold Method [54, 55] are used on the coarse scale.
Hence, the crack in the CG model is approximated by joining the crack paths in each crack
region, shown in Fig. 3.1(d) and Fig. 3.2(d). However, when the CG model is based on the
‘cracking particles’ method [40—46], crack path continuity is not required. This facilitates the
multiscale approach tremendously as no detection of branching or joining cracks need to be

considered.

3.1.2 Centro symmetry parameter

The CSP is employed to detect the atoms on the crack surface. Consider an atom « in a fine

scale model with the face centered cubic (fcc) lattice structure. Let 5 denote the neighbours
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Figure 3.2: Schematic of meshless equivalent coarse scale model. (a) Meshfree particles
superimposed on the atomistic model (b) regions containing the atoms on the crack surface
are highlighted along with the normals of the crack surface in each region (c¢) calculation of
level sets and (d) approximation of crack surface by joining the crack path in the regions
containing the crack.

of a. The centro symmetry parameter of an atom « is defined as [123]

nnb/2
CSp, = Z ’I‘aﬂ + ra(5+nnb/2)|2 (3.1)
B=1
where n™ are the total number of nearest neighbours of atom « and rop and ry(gypmb /o)

are the distance between the atoms o and 3 and « and (8 + n™/2), respectively. In an fcc
lattice structure there are 6 nearest neighbours (n"°) for any atom « in the fine scale domain.

Therefore, the CSP of the atom « in the fcc lattice is given by

3
CSpP, = Z ‘I‘ag + ra(5+3)]2 (3.2)
f=1

From equation (4.34), the CSP of an atom « in the fcc lattice, is the summation of the square
of the sum of the distances between the opposing neighbours. We consider periodic crystal
structures with symmetry in atomic arrangement for full scale atomistic models. Because of
the symmetry of the lattice structure in a perfect crystal, the CSP of an atom in a perfect
lattice is zero. In other words, the atoms on the crack surface will possess CSP values other
than zero. Atoms on the crack surface can be selected corresponding to the range of CSP

values normalized with the square of the lattice parameter, listed in table 4.1. In the present
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Defect csp,/a3 | Range Acsp, /a3
Perfect lattice 0.0000 csp, < 0.1
Partial dislocation | 0.1423 | 0.01 < csp, < 2
Stacking fault 0.4966 | 0.2 <csp, <1
Surface atom 1.6881 csp, > 1

Table 3.1: Range of centro symmetry parameter for various defects, normalized by square of
the lattice parameter a3.

work, atoms on the crack surface are the atoms possessing normalized CSP values greater
than or equal to 1.6881.

3.1.3 Crack surface orientation

Consider a deformed configuration of the fine scale model and the discretized coarse scale
model as shown in Fig. 3.1(a) or Fig. 3.2(a). Atoms on the crack surface in the fine scale model
can be separated based on the CSP values estimated from equation (4.34). Let the atoms in
the fine model be separated into small rectangular cells surrounded by four nodes/particles in
the coarse model. These cells are categorized into cells containing atoms on the crack surface
and atoms not on the crack surface.

The CoG of the neighbours of a particular atom on the crack surface « is calculated as
the average position of the neighbours of . If § are the neighbours of «, the CoG of the
neighbours of « is given by

nnb
ré%e = Z[;:nlb ali (3.3)
where r¢ is the position vector of the CoG of atom a and n"™ are the total number of
neighbours of . The normal to the crack surface of atom « is estimated by vectorially

adding the position vector of o with its CoG vector:
ny’® =r, —rg® (3.4)

where ng’® is the normal to the crack surface at atom «. The normalized normal to the crack

surface at atom « is given by

nco

co

nang = ’ncog‘- (35)
o

In this work, we pointed all the normals in the positive y direction. This is achieved by
changing the sign of the normals pointing in the negative y direction. The process is repeated
to estimate the CoGs and normals of all the atoms on the crack surface in a particular cell.

Hence, the center of gravity of a cell can be calculated by averaging the positions of center
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[] Discretized coarse region

[] Crack region

— Approximated crack surface
in each crack region

= Equivalent continuous crack surface
in the coarse region

P

Radius of influence

o~
L

\,
\
\

i

sk A point on the crack surface on a vertical
edge of a crack region, denoted by A,B,C, ...

= >

@® Averaged point on the equivalent crack surface
on a vertical edge of a crack region, denoted by 1,2,3, ...

/
o]

Figure 3.3: Schematic of averaging the approximated individual crack surface orientation in
each crack region, to generate a smooth continuous equivalent crack surface.

of gravities of the atoms on the crack surface in that cell

cacr
n CO;
reos

cog __ a=1 *«
re” = pcacr (36)
where ri2® is the approximated position of the center of gravity of the atoms on the crack

surface and n®cr

are the total number of atoms on the crack surface, in a crack region. The
normal of the approximated crack surface in the crack region is computed as the average of
the normals of the atoms on the crack surface

cacr

n cog

1 h
ng)g _ Zuwa=1la (37)

ncacr
where ng’® is the normal vector of the approximated crack surface in a crack region. The

crack surfaces in the crack regions are obtained by the planes passing through r&®, whose
normals are estimated from equation (3.7). Therefore, the approximated crack surface in the
CG model is obtained by joining the crack surfaces in each crack region.

However, to generate a smooth and continuous crack surface in the CG domain, we average
the start/end positions of the crack surfaces on the vertical edges of the crack regions, illus-
trated in the schematic Fig. 3.3. To achieve the goal, first, identify the number and locations
of the start/end points on a vertical edge of a CG domain. Secondly, estimate the points
separated by the largest distance. Thirdly, if the points separated by the largest distance fall
within the domain influence, then the point on the equivalent crack surface on that edge is
given by averaging the positions of the identified points in the first step. If not, there exists
more than one point on the equivalent crack surface. In other words, the crack has a different
orientation on that particular edge. The suggested radius of domain of influence is between

1 to 1.5 times the element length in the y direction.
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A simple example of a continuous crack surface is shown in Fig. 3.3. We discuss the
construction of points 1 to 5. Consider two crack surfaces at the left vertical edge of the
CG domain; the crack surfaces start at points A and B, respectively. The (largest) distance
between point A and point B falls within the domain of influence. The coordinates of point
1 on the equivalent crack surface are obtained by averaging the coordinates of points A and
B. Secondly, consider the vertical edge containing points C,D E, and F. The points D and E
correspond to end points of two crack surfaces and the points C and F are the starting points
of new crack surfaces. The largest distance between these points is the distance between the
points C and F, which is larger than the domain of influence. Therefore, there exists more
than one point on the equivalent crack surface on this particular edge. The total number of
points on the equivalent crack surface on this vertical edge can be estimated by recursively
checking if the distance between the neighbours of points C,D,E and F falls within the domain
of influence. Hence, for the scheme mentioned in Fig. 3.3, two points, point 2 and point 3
exist on the equivalent crack surface. The coordinates of points 2 and 3 is estimated by the
averaging procedure as in the first step. Thirdly, a similar procedure is used for the edge
containing points I,J,K and L to arrive at points 4 and 5 on the equivalent crack surface.
The final path of the equivalent crack surface is obtained by joining points 1,2,3,....n

In this thesis, a cell containing at least 12 atoms on the crack surface is considered as
crack region. Therefore, the adopted minimum size of the cell as 13 times the lattice param-
eter. However, the size of the cell or the fine-scale domain in general can be determined by
a-posteriori error estimators and an adaptive refinement procedure. An alternative simpler
procedure might be based on the change in the crack orientation of neighboring cells. The
proposed CG model is equivalent to the fine scale. Therefore, the CG and the atomistic

models can be validated through their potential energy.

3.1.4 Validation

The proposed CG model is equivalent to the fine scale. Therefore, their potential energy
must be equal. The total potential energy of a fine scale system as shown in Fig. 3.1(a) is
given by the sum of all bond potentials ¢, where ¢, is the potential energy associated with
atom «, defined below
1 n
ba = ) Z V(rozﬂ) (3'8)
B#a

where V(rqg) is the bond potential between the atoms a and 3, separated by distance rqg.

Therefore, the total potential energy of the fine scale model is given by

l\DM—\

Up = 2 ;g (Tap) (3.9)
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Figure 3.4: Schematic of domain and surface descriptions of a body in coarse region (a)
displacements, tractions and the crack along with their surfaces (b) a closeup of the crack tip
indicating the directions on the normals on the crack surfaces.

where Up represents the total potential energy of the atomistic model.

Consider an equivalent CG model, illustrated in Fig. 3.1 or Fig. 3.2. Since the fine scale
and CG models are equivalent, their potential energy must be equal. Hence, we define ¢,
as the energy density function from the CG model. The discrete summation of the potential
energy defined in the original molecular structure, can now be replaced with an integral based
on the CG model, i.e.

Ucg = /Q . Do ~ > wady. (3.10)
0 G

In case of a periodic crystal structure, ¢, can be evaluated using a VAC [74, 120] like model.
For an elastic isotropic material to ensure the consistent mechanical behaviour the strain

energy of a coarse grained model can be estimated from
Ucq :/ o . e dQ°. (3.11)
0cC

We consider a displacement field which is discontinuous at the cracks and continuous
elsewhere in the coarse domain QC, see Fig. 3.4. The displacement field is decomposed into

continuous and discontinuous components,

u’ =u% +uP =Y N (X)u + Y D NEX)YF(X)al (3.12)
IeS Ke€ [esC

where u® is the coarse scale displacement, u®® is the continuous component and u®P is the
discontinuous component, in the coarse scale; S is the set of nodes in the entire discretization,
SC is the set of enriched nodes that are influenced by the interface, N; and N are the
'standard’ and ’enriched’ shape functions; aj are additional degrees of freedom and £ denotes

the total number of interfaces. The shifted enrichment function ¢;(X) is chosen according
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to the problem:

Pr(X) = ¢(X) = (X7). (3.13)

A continuum model based on the VAC [74, 120] model combined with the XFEM, is used
to estimate the potential energy of the CG model. XFEM is used for the discretization of the
displacement field in equation (3.12). Equation (3.12) is used in equation (3.15) to estimate
the potential energy of the CG model, which in turn is compared with the potential energy

of the atomistic model in equation (3.9).

3.2 Numerical examples

In this section, the proposed CG model is validated with four numerical examples. The
quasi-static crack propagation in two dimensions with an initial angular edge crack is studied
in the first example. In the second example, we study two dimensional dynamic crack growth
in a double notched specimen. Quasi-static crack propagation including crack branching and
crack coalescence in two dimensions is studied in the third example. In the final example, we
study three dimensional dynamic crack growth of an edge cracked specimen.

In order to directly compare the fine scale solution to the coarse scale solution, we ensure
identical boundary conditions of the fine and coarse-scale models. Therefore, ghost atoms
are placed all along the four edges of the fine scale model. The initial crack in the fine scale
region is created by deleting the bonds between the atoms on the crack surface and updating
the neighbor list accordingly. The neighbour list is generated based on a radius of influence.
To model brittle material behaviour, the neighbour list is not updated at each load step
and only immediate neighbours are considered while estimating the potential energy. The
crack pattern at each load step is then used in the coarse-grained model and the solution of
both models is compared. In future, the CG algorithm will be employed in the context of a

concurrent multiscale method [74, 76].

3.2.1 Example 1: Angular crack propagation

Let us consider the mode I quasi-static crack propagation of a slanted edge crack, as shown in
Fig. 3.5. The triangular lattice corresponding to the (111) plane of an fcc crystal and a lattice
constant 3.645A is adopted in the fine scale. The Lennard-Jones potential is used to model
the atomistic interactions with o = 2.29621A and e = 0.467 €V. The full scale molecular
statics model consists of 36157 active atoms and 768 ghost atoms. To propagate the crack
quasi-statically, a total triangular displacement load of 15.678A is applied on the top and
bottom edges, in 25 equal load steps. Both the top and bottom edge atoms are fixed in the
x and y directions, whereas the left and right edge atoms are fixed only in the x direction.

In this example, we want to develop a hierarchical CG model corresponding to a particular
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Crack
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Figure 3.5: Schematic of fine scale model with initial crack used in example 1.

deformed configuration of the atomistic model. Therefore, the dimensions of the CG model
are calculated based on the atom positions in the atomistic model for each load step. The
CG model is discretized with 12x10 nodes in the x and y directions, respectively. The CG
background cells are identical to the element size and the potential energy of the CG model
is estimated from equation (3.15).

The initial configuration of the MS model is shown in Fig. 3.6(a). The deformed configu-
ration of the MS model at the 15" load step is plotted in Fig. 3.6(b), highlighting the ghost
atoms and the atoms on the crack surface. Fig. 3.6(c) shows the rectangular discretization
created on the deformed configuration in Fig. 3.6(b). The discretization helps to capture
the cells containing the atoms on the crack surface. Two particular atoms on the crack sur-
face are identified and their neighbours and normals estimated based on equation (3.5), see
Fig. 3.6(d). Fig. 3.6(e) shows the normals (estimated by equation (3.7)) of all the regions in
the coarse scale, containing the atoms on the crack surface. Highlighted crack regions along
with their center of gravities and normals are plotted in Fig. 3.6(f).

Since the fine scale and the CG models are equivalent, their potential energy must be
equal. Hence, we define ¢, as the energy density function from the CG model. The discrete
summation of the potential energy defined in the original molecular structure, can now be

replaced with an integral based on the CG model, i.e.

Ucg = /Q L P D wady (3.14)
0 G
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Figure 3.6: Development of a CG model of a given fine scale model, for a quasi-static crack
propagation of an angular edge crack. (a) Initial configuration of the fine scale model. (b)
Fine scale model at the 15" load step highlighting the ghost atoms and the atoms on the
crack surface. (c) Fine scale model at the 15" load step, superimposed with the rectangular
discretization. (d) Normals and neighbours of two particular atoms on the crack surface. (e)
Normals of all the crack regions. (f) Rectangular discretization of the fine scale model at the
15" load step, highlighting the crack regions and their CoGs and normals.
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Figure 3.7: Equivalent CG models, atoms on the crack surface and the approximated crack
surface along with their normals. (a) Distribution of Gauss points on the CG model in (b),
used to calculate the potential energy. (b) Equivalent CG model of the fine scale model in

Fig. 3.6(b). Equivalent CG model of the fine scale model at the (c) 10'" load step (d) 13"

load step (e) 20" load step and (f) 25" load steps.



3.2 Numerical examples 49

Load step Potential energy from the
fine model (Epg) | CG model (Ecg) | % error
0 1.0265e+05 1.029e+-05 3.01
10 1.0241e+05 1.059e+-05 3.29
13 1.0236e+05 1.069e+-05 4.24
15 1.0233e+05 1.075e+-05 4.80
20 1.0225e+05 1.092e+-05 6.36
25 1.0218e+05 1.109e+-05 7.86

Table 3.2: Comparison of potential energies from Atomistic and CG models.

For an elastic isotropic material to ensure the consistent mechanical behaviour the strain

energy of a coarse grained model can be estimated from
Uce :/ o . de dQ°. (3.15)
0C

Fig. 3.7(a) shows the Gauss point distribution used to calculate the potential energy of the
CG model. Fig. 3.7(b) depicts atoms on the crack surface and the final approximated crack
surface orientation at the 15" load step. Similarly, the final approximated crack surface
orientations along with the atoms on the crack surface, at the 10", 13t 20" and 25 load
steps are plotted in Figures 3.7(c), 3.7(d), 3.7(e) and 3.7(f), respectively. The potential
energies of the fine scale model and the CG model at the 10", 13t 152 20" and 25" load
steps are compared in table 3.2. The percentage error in the potential energy is estimate as:
LECE;EFS' x 100, where Ecq is the potential energy of the CG model and Erg is the potential
energy of the fine scale model. The minimum and maximum percentage errors are observed

to be 3.29% and 7.86%, at the 10*® and 25 load steps, respectively.

3.2.2 Example 2: Dynamic crack propagation in a double notched speci-

men

The second example is a dynamic crack propagation problem in a double-notched specimen
as shown in Fig. 3.8. The initial left and right edge cracks are located at 270A and 538A,
respectively from the bottom edge with an initial length of 102.1A each along the x direction,
as shown in Fig. 3.8. The fine scale model consists of 168551 atoms and 2604 ghost atoms.
Initial velocities are prescribed on the bottom and top rows of atoms at the rate of 8.8 m/s,
whereas the atoms in between the top and bottom rows are ramped with a maximum velocity
of 8.8 m/s, refer to Fig. 3.8. The velocity is applied in 20000 time steps; each time step is
equal to 8 pico-seconds. Fig. 3.9(a) shows the initial configuration of the fine scale model
highlighting the atoms on the crack surface.

The deformed configuration at 48 pico-seconds is plotted in Fig. 3.9(b). We observed sev-
eral regions in Fig. 3.9(b) containing less than 12 atoms on the crack surface. Therefore,

they are not identified as the regions containing the atoms on the crack surface. The su-
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Figure 3.8: Schematic of double notched specimen used in example 2.

perimposed rectangular discretization highlighting the regions containing the atoms on the
crack surface and their normals are also shown in Fig. 3.9(b). Note that all normals are
pointing in the y direction and the changes in the crack surface orientation along the x di-
rection are accurately captured. Fig. 3.9(c) shows the deformed configuration just before the
two cracks join at 78 pico-seconds. The number of atoms on the crack surface have signif-
icantly reduced at 78 pico-seconds compared to 48 pico-seconds due to the coalescence of
many small cracks/dislocations. The deformed configuration after crack coalescence is shown
in Fig. 3.9(d). Fig. 3.9(d) also shows the superimposed rectangular discretization of the CG
model highlighting the regions containing the atoms on the crack surface and their normals.
The deformed configuration at 108 seconds and 180 pico-seconds (Fig. 3.9(e) and Fig. 3.9(f))
shows the separation of the united crack surfaces.

A closeup of the deformed configuration at 108 pico-seconds is shown in Fig. 3.10. Fig. 3.10(a)
shows a closeup of the Fig. 3.9(e) on the top half of the crack surface. Small cracks and dislo-
cation cores can be observed. Two particular atoms on the branch crack formed in Fig. 3.9(d)
are selected to estimate the neighbours and the normals. Fig. 3.10(b) shows the normals of
the selected two atoms on the crack surface along with their neighbours. Fig. 3.10(c) and
Fig. 3.10(d) shows a closeup of Fig. 3.9(e), on the left and right halfs, respectively. The
change in the direction of the normals according to the orientation of the crack surface can
be closely observed in Figures 3.10(c¢) and 3.10(d).

The approximated equivalent crack surface with varying discretizations is studied in
Fig. 3.12. The deformed configuration of the fine scale model in Fig. 3.9(e) and the CG
model discretizations of 7x5, 14x8, 21x12 and 21x16 nodes along the x and y directions,
are selected in the study. Fig. 3.12(a) shows the CG model with discretization of 7x5 nodes,
superimposed on the fine scale model. The corresponding CG model with the approximated
equivalent crack is given in Fig. 3.12(b). Since the discretization is very coarse, details of
the branch crack and the changes in the crack surface orientation are not accurately cap-

tured in the CG model. Secondly, a discretization of 14x8 nodes is considered, as shown in
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Figure 3.9: Development of an equivalent coarse scale model of a given fine scale model, for
a dynamic crack propagation of double edge crack model. (a) Initial configuration of the fine
model. Fine model at (b) 48 pico-seconds (c) 78 pico-seconds (d) 88 pico-seconds (e) 108
pico-seconds and (f) 180 pico-seconds, along with the highlighted atoms on the crack surface,
crack regions and their normals.
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Figure 3.11: CG model with approximated equivalent crack surface at 48 pico-seconds. (a)
Atoms on the crack surface along with the highlighted regions containing the atoms on the
crack surface and the approximated equivalent crack. (b) Gauss point distribution used to
calculate the system energy.
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Figure 3.12: Approximated crack surface with different discretizations of (a) 7x5 (¢) 14x8 and
(d) 21x12 nodes, along the x and y directions, respectively. The corresponding approximated
equivalent crack surfaces are shown in subplots (b), (d) and (f), respectively.
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Figure 3.13: Approximated crack surface with different discretizations of (a) 28 x16 nodes,
along the x and y directions, respectively. (b) The corresponding approximated equivalent
crack surface.

Fig. 3.12(c). The discretization is selected so that in majority of the cases, the top and bot-
tom surfaces of the crack lies in the same identified region containing the atoms on the crack
surface. The corresponding approximated equivalent crack surface is plotted in Fig. 3.12(d).
In this case, some of the branch cracks are captured and the crack surface orientation is rea-
sonably approximated. Thirdly, a discretization of 21 x12 nodes is selected, refer Fig. 3.12(e).
Note that the selected discretization allows the top and bottom surfaces of the crack to lie
in two different adjacent identified regions containing the atoms on the crack surface. There-
fore, for a given location in the = direction, two normals of the crack regions are observed;
refer to Fig. 3.12(f) for the corresponding approximated equivalent crack surface. The crack
surface orientation and the branch cracks are accurately captured here. Finally, consider a
discretization of 21x16 nodes, refer to Fig. 3.13(a). Similar to the third case, the top and
bottom surfaces of the crack lie in two different identified regions containing the atoms on
the crack surface. Due to the sufficiently refined discretization, the approximated equivalent
crack surface in Fig. 3.13(b), closely agrees with the fine scale model. Subsequently, we con-
sider the discretization of 14x8 nodes in all the calculations for the CG model. Table 3.3
gives the system energy estimated from the fine scale model and the CG model at different
times. The minimum and maximum percentage errors are range from -2.79% and 6.01%,
respectively.

The effect of the value of CSP in identifying the atoms crack surface is studied in Fig. 3.14.
Varying CSP values of 1.5, 2.0, 2.5, 3.1, 3.25 and 3.5 are considered and the corresponding
atoms on the crack surface are plotted in Fig. 3.14(a), Fig. 3.14(b), Fig. 3.14(c), Fig. 3.14(d),
Fig. 3.14(e) and Fig. 3.14(f), respectively. The number of atoms on the crack surface starts

reducing when the CSP value is greater than 2.0. The number of atoms on the crack surface
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Figure 3.14: Atoms on the crack surface based on different values CSP (a) 1.5 (b) 2.0 (¢) 2.5
(d) 3.1 (e) 3.25 and (f) 3.5. The number of atoms on the crack surface starts reducing the

CSP values more than 2.0.
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. . System energy from the
Time (pico-seconds) fine model (Erg) | CG model (Ecg) | % error

0 2.320246e+05 2.257086e+-05 -2.79
48 2.267228e+05 2.275007e+-05 0.34
78 2.275510e+05 2.306417e+-05 1.34
88 2.272985e+05 2.344631e+05 3.05
108 2.275401e+05 2.373267e+05 4.12
180 2.274723e+05 2.420270e+-05 6.01

Table 3.3: Comparison of potential energies from Atomistic and CG models.

significantly reduced for the CSP values greater than 3.0, which in turn will result in poor

approximation of the crack surface in the CG model.

3.2.3 Example 3: Crack branching and coalescence

In this example, we study a two dimensional crack branching problem. The atomistic
simulations are carried out with the open source software Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS). Consider a rectangular region with dimensions of
100.00A x60.00A in the x and y directions, respectively. LJ units are considered in all the cal-
culations. The hexagonal lattice with lattice constant 0.8A and unit atomic mass, is adopted
in the fine scale. The Lennard-Jones potential is used to model the atomistic interactions
with ¢ = 1A and € = 1 eV. Neighbours within the domain of influence of 2.5A are considered.
The neighbourlist is updated after every 5 load steps. The full scale molecular statics model
consists of 12161 atoms. A total displacement load of 30.65A is applied in the y direction on
the top and bottom edges, in 3065 equal load steps. Both the top and bottom edge atoms
are fixed in the x and y directions, whereas the left and right edge atoms are fixed only in
the x direction.

Deformed configurations at particular load steps and the corresponding approximated
equivalent crack surfaces are plotted in Fig. 3.15. Fig. 3.15(a) shows the configuration of the
fine-scale model at the final load step with a superimposed 12x9 rectangular discretization.
Fig. 3.15(b) depicts the highlighted atoms on the crack surface, regions containing the atoms
on the crack surface and their normals. The approximated crack surfaces in each crack region
are plotted in Fig. 3.15(c).
CG model. To study the effect of the mesh size on the equivalent CG model, the atomistic

Fig. 3.15(d) shows the corresponding approximated equivalent

model in Fig. 3.15(a) is discretized with 8x10 nodes in the x and y directions respectively,
plotted Fig. 3.15(e). The corresponding equivalent CG model is shown in Fig. 3.15(f). The
equivalent CG models in Fig. 3.15(e) and Fig. 3.15(f) are in agreement.
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Figure 3.15: Equivalent CG model of the crack propagation through branching. (a) Deformed
configuration of the fine model at the final load step, superimposed with CG model discretiza-
tion of 12x9 nodes along the x and y directions, respectively. (b) Highlighted atoms on the
crack surface, crack regions and their normals of the fine model in Fig. 3.15(a) (c) crack
paths in each crack region (d) equivalent approximated crack surface. (e) Configuration in
Fig. 3.15(a) discretized with 8 x10 nodes in the z and y directions, respectively (f) equivalent
approximated crack surface of Fig. 3.15(e).
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Figure 3.16: Equivalent CG model of a 3D crack propagation with a discretization of 6x4x2.
(a) Deformed configuration of the atomistic model at 18 pico-seconds. (b) Another view
of Fig. 3.16(a) highlighting the atoms on the crack surface. (c) and (d) Two dimensional
projection of Fig. 3.16(a). (e) Atoms on the crack surface and the normals of the crack
regions in 3D. (f) Two dimensional projection of Fig. 3.16(e).
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Figure 3.17: Equivalent CG model of a 3D crack propagation with a discretization of 6x4x2,
showing crack surfaces and their normals. (a) Highlighted crack regions in 3D. (b), (

(d) The crack surfaces in each crack region and their normals in different views.
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Figure 3.18: Equivalent CG model of a 3D crack propagation with a discretization of 6x4x3,
showing crack surfaces and their normals. (a) The deformed configuration at 18 pico-seconds.
(b) and (c) The crack surfaces in each crack region and their normals in different views. (d)
Two dimensional projection of Fig. 3.18(a).
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3.2.4 Example 4: Three dimensional crack growth

We study the three dimensional crack growth in the final example. Therefore, consider a
three dimensional domain of dimensions 288.83A x288.83A x43.32Awith an initial edge crack
of length 72A along the x direction, located at 144.415A from the bottom surface, cutting
through the entire thickness in the z direction. We consider the fcc lattice structure of copper
with embedded atom model (eam) potential to simulate the atom-to-atom interactions in the
fine scale. The adopted atomic weight of copper is 63.546 amu. Neighbours within the radius
of 4.949A are considered in building the neighbour list. The neighbour list is updated after
every 5 load steps. The left and right edges are constrained in the x direction, whereas the top
and bottom edges are moved with a velocity of 40 m/s. The forces in the z, y and z directions
on the bottom edge atoms are fixed at 0.0. The atoms in between the top and bottom edges
are ramped with minimum and maximum velocities of 0 m/s and 40 m/s, respectively.

Fig. 3.16(a) shows the deformed configuration of the atomistic model superimposed with
the coarse scale discretization of 6x4x2 nodes along the x, y and z directions respectively,
after 18000 time steps; the time step is equal to 1 pico-second. Another view of Fig. 3.16(a),
highlighting the atoms on the crack surface is illustrated in Fig. 3.16(b). The two dimensional
projection of Fig. 3.16(a) in the zy plane is plotted in Fig. 3.16(c). Fig. 3.16(d) highlights
the atoms on the crack surface in the CG discretization. Fig. 3.16(e) plots the atoms on the
crack surface and the normals of the crack regions in the 3D discretization. A 2D projection
of Fig. 3.16(e) is shown in Fig. 3.16(f). The crack regions are highlighted in Fig. 3.17(a).
The crack surfaces in each crack region and their normals, in different views are plotted in
Fig. 3.17(b) to Fig. 3.17(d).

In order to study the effect of the discretization, the deformed configuration in Fig. 3.16(a)
is discretized with 6x4x2 nodes along the z, y and z directions, respectively, as shown in
Fig. 3.18(a). The crack surfaces, along with the normals in two different orientations are
plotted in Fig. 3.18(b) and Fig. 3.18(c), respectively. The two dimensional projection of
Fig. 3.18(a) in the zy plane is shown in Fig. 3.18(d), along with the normals of the crack

surfaces.

3.3 Discussion

A coarse graining technique to upscale fracture pattern from an atomistic model to an equiva-
lent CG model has been presented. The present method is the first of its kind. The developed
CG technique can be applied to identify and upscale the defects like: cracks, dislocations and
shear bands. Atoms lying on the crack surface in the fine scale model are separated from
the atoms not on the crack surface through the centro symmetry parameter. A rectangular
discretization is superimposed on the fine scale model to capture the atoms into rectangular
cells. The crack path in each cell is approximated using the atoms on the crack surface and

their neighbours. An equivalent crack surface in the coarse scale model is obtained by joining
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the cellular crack paths.

The performance of the method is demonstrated through four examples. In the first ex-
ample, quasi-static propagation of an edge crack is considered. The upscaled crack pattern
agree well with the deformed crack pattern in the fine scale. Also the error in the potential
energies of both models agree reasonably well. The second example shows the CG approach
for a complex crack pattern. The developed technique is tested for a crack branching and
crack coalescence problem in the third example. In the final example, the present method is
applied to a three dimensional problem. In all examples, the coarse-grained crack patterns
agree well with the crack pattern from the fine-scale simulations.

The presented CG technique serves as a sound basis for future studies of adaptive prop-
agation of complex crack patterns. The developed CG technique will be employed in the
context of a concurrent multiscale models [74, 76, 84]. In future, we plan to develop an error
estimator to determine the size of the fine scale domain (inside the coarse scale domain) and

to drive an adaptive refinement in the context of concurrent multiscale methods for fracture.



Chapter 4

A meshless adaptive multiscale

method for fracture

In this chapter®, a meshless adaptive multiscale method for crack propagation is discussed.
The coarse region is modeled by the differential reproducing kernel particle method. The
crack in the coarse scale region is modeled by node enrichment. A molecular statics approach
is employed in the fine scale where crack propagation is modeled naturally by breaking of
bonds. The triangular lattice corresponds to the lattice structure of the (111) plane of an
FCC crystal in the fine scale region. The Lennard-Jones potential is used to model the atom-
atom interactions. The coupling between the coarse scale and fine scale is realized through
ghost atoms. The ghost atom positions are interpolated from the coarse scale solution and
enforced as boundary conditions on the fine scale. The fine scale region is adaptively refined
and coarsened as the crack propagates. The centro symmetry parameter is used to detect the
crack tip location. The method is implemented in two dimensions. The results are compared
to pure atomistic simulations and show excellent agreement.

Meshless methods (MM) [3, 4, 38, 42, 46, 111, 124] are based on the idea of using the nodes
in the zone of influence of a selected point to construct its approximation space. Popular
meshless methods include the Element Free Galarkin (EFG) method [6], reproducing kernel
particle method (RKPM) [8, 9], radial point interpolation method (RPIM) [5, 125], Meshless
Local Petrov-Galerkin (MLPG) [126, 127], to name a few. Yang et al [128] have proposed a
meshless collocation method based on the differential reproducing kernel (DRK) approxima-
tion. The main feature of the DRK is that the shape function of reproducing kernel (RK)
approximants is replaced by a set of differential reproducing conditions. Therefore, it is not
required to be directly differentiated, whereas in the EFG [6, 129] method the shape functions
are directly differentiated. As a result, the number of degrees of freedom are reduced, im-
proving the computational efficiency of the differential reproducing kernel particle (DRKP)
method as compared to the RKPM. On the otherhand, the shape functions of the RK approx-

3This work is published in the Computational Material Science Journal [77].
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Figure 4.1: (a) Schematic of a coupled continuum-atomistic model. (b) Coarse scale domain
with the crack. (c) Fine scale region containing the crack tip.

imants do not satisfy the Kronecker delta property, which necessitates to post possess. To
resolve the difficulty in the DRK approximation, Chih Ping et al. [130-132] have proposed a
meshless collocation method based on the DRKP method [130-133] satisfying the Kronecker
delta property. The DRKP method is comparatively more expensive but allows for a more
“natural” coupling between the two scales due to the meshless interpolation functions. The

higher order continuity is also beneficial.

4.1 Meshless Adaptive Multiscale Method for Fracture (MAMMEF)

The basic idea of the MAMMEF is based on the decomposition of the domain into coarse and
fine scale regions as shown in Fig. 4.1. The crack originates from the coarse scale region with
the crack tip in the fine region. The coarse region is discretized by the DRKP method. The
crack in the coarse scale region is modeled by node enrichment. Fracture in the fine scale
is realized by restricting the interactions between the atoms on the crack surface. This is
achieved by updating the neighbor list accordingly. The neighbour list is generated based on
a radius of influence. The neighbourlist is not updated after each load step. As the crack
starts to propagate, the centro symmetry parameter explained in section 3.1.2, is employed
to identify the atoms on the crack surface and hence the location of the crack tip. Ghost
atoms are located in the coarse region but within the cutoff radius of the atoms in the fine
region. Their positions are interpolated from the coarse scale solution and enforced as the
boundary conditions for the fine scale solution [69, 71, 73]. The fine scale region is adaptively

refined and coarsened when the crack propagates [34, 74, 84].
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4.1.1 Coarse scale model

The governing equations for large deformation problems will first be presented in the total
Lagrangian formulation, where the conservation equations and constitutive equations are
expressed in terms of the material coordinates X. They will then be presented in the updated

Lagrangian formulation, where the equations are described in the current configuration, see
Rabczuk et al. [4].

Governing equations

Consider a body 2 in two dimensional vector space R? with boundary I', as shown in Fig.
3.4. The crack is denoted by ¢ on the surface I'.. The strong form of the equilibrium equation

in the total Lagrangian description is given by
Vo-0e+ pob=0 in Qo\ro (4.1)

with the boundary conditions

ng-o., = EO on Fg (42)
u=nu on I'j (4.3)
ng-o, =ng-o; =0 on I'§ (4.4)

where o, is the engineering stress, b are the body forces, pg is the initial density, u is the
displacement vector, ng is the normal to the boundary in the initial configuration and u and

t are the specified displacement and traction on the surfaces I'y and I'fj, respectively.

Displacement field

We consider a displacement field which is discontinuous at the cracks and continuous else-
where in the domain €2, as shown in Fig. 3.4. The displacement field is decomposed into

standard/continuous and discontinuous/enriched part;

u= ucont 4 uenr (4_5)

cont by

where u is the continuous component and u®®" is the discontinuous component. The

meshfree approximation of equation (4.5) is given by

u'(X) =Y N(X)ur + Y Ni(X)aq, (4.6)
Ies [ese

where N§°" and N§™ are the displacement interpolation functions in the continuous and
discontinuous domains, respectively, as shown in Fig. 4.2. The nodal parameters associated

to the continuous and discontinuous displacement field are denoted by uy and q;, respectively.
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Figure 4.2: Shape functions in (a) the continuous domain and (b) the discontinuous domain.

In the DRKP method, it is assumed that there are nt discrete nodes randomly selected and
located at x = x1, X2, ..., X,,p, respectively in the domain Q€. The DRKP interpolant function
N§ort(X) is defined as

N§™ (X) = Ny (X) + Ny (X). (4.7)

We choose the quartic spline given by

. —3s* 4+ 853 — 652 + 1 <1
N(s) = s* +8s s°+1 for s< (48)
0 for s>1
with
JE=X+ (V=Y

Ay

in which a, and a, denote the principle radii of curvature of the elliptic zone of influence.
N;(x) in equation (4.6), is introduced to impose the n*® order reproducing conditions and is

given by

Ni(X) = we(X — X)PT(X - X[)z(X) (4.10)

where the weight function w,(X —X7) is centered at X7, defined by the normalized Gaussian

function given by

(5 _ ()7
e Jorsst (4.11)
0 for s>1

we(s) =
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where a is 0.3. The set of complete n'® order polynomial functions are given by
PT(X — X;) = [1,(X = Xp), (Y = Y1), (X = X0)%, (X = X0)(Y = Y0), (Y = Y12, (X = Xp)"|4.12)

For an n*® order complete polynomial basis, a set of reproducing conditions can be obtained

B

to determine z;(X),i = 1,2,...,n2, where nP are the total number of basis functions given

by (n+1)(n+2)/2. It can be shown that the reproducing conditions are given by

nP

Z[NI(X) + Nr(X)]zfyh = a9y",  where g+ h <n. (4.13)
I=1

The reproducing conditions in equation (4.13) can be explicitly estimated for several combi-

nations of g and h values ChihPing2011, and expressed in matrix form by

SP(X — X))Ni(X) = P(0) — 3 P(X — X;)Ni(X) (114)
I=1 I=1

where P(0) = [1 0 0 ... 0]T. Substituting the expression for N;(X) from equation (4.10)

into equation (4.14), the undetermined function z(X) can be estimated as

z(X) = A~4X) |P(0) - Y PT(X — X;)N;(x) (4.15)
1

3

T

AX) =Y P(X - Xpw,(X — X)PT(X - X). (4.16)

The enriched shape functions in equation (4.6), are expressed by the product of the standard

shape function and the sign function H,

NF™(X) = N (X)H(f1(X)) (4.17)
where
(1 e
H(E) = { 1V €£<0. (4.18)
and
f1(X) =ng - (X - X) (4.19)

where ng is the normal of the split nodes in the initial configuration, which is estimated from

the fine scale.
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Variational formulation

The governing equations in weak form can be stated as:

find ueU ViueUl, (4.20)
such that
OW = 0Wint — OWexy =0 (4.21)

where u = @ on ', and u € H(2), Wiy is the first variation of the internal energy
§Wins = / (Vou) o df (4.22)
Q\I§
and 0Weyt is the virtual work from the external forces
OWext = / pgéu - bd)y + / du - Eodr (423)
Qo\I'§ rn

The test functions du"(X) have a similar structure as the trial functions

sul(X) = > N (X)dus + > Nf™(X)dq;. (4.24)
IeS IeSe

Substituting equations (4.6) and (4.24) into equation (4.21) and noting that Ju; and dq; are

arbitrary, we obtain the discrete system of equations as
K;y-dy =17 (4.25)

where K;; is the stiffness matrix and f‘}Xt denote the external force vector and dj is the

vector containing the nodal parameters. The stiffness matrix is given by

uu Kuq
K :/ 1y By ] a0 196
R P -
where
wu _ ONF(X) L ONG™(X)
=" C < (4.27)
K% _ 5Nf°“t(X)CaNjont(X)H(fJ(X))
L X X ’
K ONEO (X)H (f1(X)) CaNj;OHt(X)
1J X X
K% _ 8N1°°“t(X)H(fz(X))CaNEO“t(X)H(fJ(X))
I1J —

0X 0X ’



4.1 Meshless Adaptive Multiscale Method for Fracture (MAMMEF) 69

where C is the matrix of material constants. The expressions for the nodal forces can be
obtained as Rabczuk2004IJNME

foxt — / Nent(X)Th dQ + / NST(X)Th dQ. (4.28)
Q\I§ Qo\L§

4.1.2 Fine scale model

In molecular statics (MS) the objective is to determine the positions of the atoms for the
given boundary conditions, by minimizing the system’s potential energy. The total potential

energy of the system is given by
I = Wint _ Wext (429)

where Win represents the internal energy of the system and W is the external work done
on the system. Consider the simplest atom-atom interactions in which the potential energy
is only a function of the distance between two atoms, the total internal energy of the system

is given by summing the energies of all the atomic bonds over all the atoms, as given below:

A A
. 1 n n
Wit — 3 SN Vires) (4.30)
a=1p#a

where V(rog) is the bond potential between the atoms o and 3, separated by distance rqg.
The system potential energy will be minimum, when the first derivative of the potential
function with respect to the positions of the atoms goes to zero. We use the Lennard-Jones

potential given by

12 6
V(rag) = 4e [(") - (0') ] (4.31)
Taf Taf

where o and € are the specific Lennard-Jones parameters. The energy minimization is carried

out using the conjugate gradient method.

4.1.3 Coupling the coarse and fine scales

The coupling is realized through ghost atoms. The positions of the ghost atoms are interpo-
lated from the coarse scale solution, as illustrated in Fig. 4.3. Let 5 be the index of the ghost

atoms; the corresponding ghost atom displacements are given by

ug =y N (Xp)ur + Y NP (Xp)H(f1(Xp))ar (4.32)
Ies 1eS¢

The ghost atom positions estimated from equation (4.32), are applied as boundary conditions

on the fine scale model. The estimation of the ghost atom positions using only the coarse scale
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Figure 4.3: (a) Schematic of a multiscale model with initial crack. Unfilled circles denote the
nodes in the coarse scale and the filled circles are the fine scale atoms. (b) A closeup of the
coupling region within the radius of influence and (c) a closeup of the coarse region within
the domain of influence.

component of the displacement will impose a constraint that does not exist in the original
problem Qian2003. However for quasi-static problems, such an error can be controlled by

properly choosing the interface of the coupling region.

4.1.4 Cracking criteria

The atoms on the crack surface and hence the atoms around the crack tip are identified by
the CSP in the fine scale region. Therefore, consider an atom « in the fine scale model with
the face centered cubic (fcc) lattice structure. Let 5 denote the neighbours of . The centro

symmetry parameter of an atom « is defined as Plimpton1998

nnb/2
CSPa — Z ’I’aﬂ + ra(ﬁ+n11b/2)|2 (433)
p=1
where n™ are the total number of nearest neighbours of atom a and rop and Ty gy b))

are the distance between the atoms o and 3 and « and (8 + n™/2), respectively. In an fcc
lattice structure there are 6 nearest neighbours (n"?) for any atom « in the fine scale domain.

Therefore, the CSP of the atom « is given by
3
CSPo = Y [rag + Taaia)l’ (4.34)
B=1

We consider periodic crystal structures with symmetry in atomic arrangement for full scale

atomistic models. Because of the symmetry of the lattice structure in a perfect crystal, the
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Defect csp,/a3 | Range Acsp, /a3
Perfect lattice 0.0000 csp, < 0.1
Partial dislocation | 0.1423 | 0.01 < csp, < 2
Stacking fault 0.4966 | 0.2 <csp, <1
Surface atom 1.6881 csp, > 1

Table 4.1: Range of centro symmetry parameter for various defects, normalized by square of
the lattice parameter a3.

CSP of an atom in a perfect lattice is zero. Atoms on the crack surface will possess CSP
values other than zero. Atoms on the crack surface can be selected corresponding to the
range of CSP values normalized with the square of the lattice parameter, listed in table 4.1.
In the present work, atoms on the crack surface are the atoms possessing normalized CSP
values greater, or equal than 1.6881. The crack path in the coarse scale is obtained by a

coarsening procedure as explained in Budarapu2014TAFM.

4.2 Adaptivity

The atoms on the crack surface and the hence the atoms around the crack tip are identified
by the CSP in the fine scale region. The crack path in the coarse scale is approximated based
on the CG technique [119], as explained in section 3.1.2. The two step adaptive procedure

consists of an adaptive refinement and coarse graining:

1. Estimate the region in the coarse model QF to be refined. Refine the model by expand-
ing the atomistic region, i.e by converting the estimated coarse scale region into a fine

scale region.

2. Estimate the region in the fine model Q4 to be coarse grained. Coarsen the model by
shrinking the fine scale region, i.e by converting the estimated fine scale region into a

coarse scale region.

The fine scale domain is embedded within the ’boundaries’ of the particles around the crack
tip.The fine scale region contains the crack tip with a "sufficient" distance to the coupling
boundary. At least one element layer is considered between the crack tip and the buffer layer
and the minimum fine scale region is embedded within a 4x4 particle background mesh.
Let P be the set containing the total particles in the MAMME. The load step just before an
adaptive operation is denoted with subscript n, and subscript n+1 indicates the load step just
after an adaptive operation. Therefore, PC is the set of particles in the coarse scale domain
and P2 is the set of fine scale atoms, at load step 'n’ just before an adaptive operation;
where P2 € P and P2 N PY = 0. Let PPt be the set of completely split particles in the
fine scale region, where PSPt € PA and PP be the set of particles containing the crack tip

before refinement. The sets Pre4, Preff and P93t P9AC represent the fine scale and coarse
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Figure 4.4: Sketch of the adaptive refinement operation. (a) Flagged particles to be refined
are hashed. (b) Increased atomistic region after the refinement operation.

scale particles at load step n 4 1, just after adaptive refinement and coarsening operations,

respectively. The set PRA is the minimum set of particles in the fine scale domain after

refinement, required to accurately capture the physics of the defects in the fine scale region.

4.2.1 Adaptive refinement

The major steps of the refinement operation (Fig. 4.4) are:

[

. Identify the region to be refined.

2. Create and initialize the atoms in the region to be refined.
3. Identify and update the newly cracked atoms.

4. Update the fine and coarse scale regions.

Figure 4.4(a) shows the area to be refined. The final atomistic region is shown in Fig. 4.4(b).

The steps of adaptive refinement operation are summarized as follows:

1. Store the particles before refining; in the fine scale region into the set P2, in the coarse
scale region into the set PS and the completely cracked particles in the fine scale region

into the set PSPlt,

2. Calculate the atoms on the crack surface based on the CSP and store the regions

containing the atoms on the crack surface into the set PS°P.

3. Estimate the neighbours of the regions containing the atoms on the crack surface in

fpminA

PSP and store them in Py
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4. Calculate the regions to be refined, be’ff{‘e by removing the fine scale region P2 from

inA
the set Py,

5. Flag the regions to be refined and increase the atomistic domain by creating the atoms

in the flagged elements.

6. Initialize the positions of the newly created atoms using equation (4.32).

7. Update the fine scale regions (Pf4) after the refinement operation, by including the
g n+1

particle set Prefin® into the set Py

8. Update the coarse scale regions (P,ﬁf(f) after the refinement operation by deducting the

atomistic regions P} from the total cells P.

9. Update the neighbour list (nlist,+1) of the fine scale atoms in the set P,

10. Identify the newly cracked particles in the fine scale region (Pﬁiplht) by removing the
split (PsPit) and tip (PUP) regions from the CSP particle set PSP,

11. Update the split nodes and the nodal connectivity table.

12. Update the split (Psihf) and tip (Ptifl) regions.

n n

The detailed algorithm of selecting the particles to be refined, initializing the newly created
atoms in the region identified for refinement and propagating the crack in the coarse scale

region is explained in algorithm 3.

4.2.2 Adaptive coarsening

The major steps of the adaptive coarsening operation are:
1. Identify the region to be coarsened.
2. Delete the atoms in the region to be coarsened.
3. Update the fine and coarse scale particles.

The process of the adaptive coarsening operation is explained in Fig. 4.5. Let PLP be the
regions containing atoms on the crack surface at load step n, P¥ ¢ PA. Let PBA be the
regions which are in the fine scale domain attached to the coupling 'boundary’, PBA c P4,
The particles to be coarsened are the particles which are in both set PP and the set PEA in
front of the crack tip, Pcoarsen — pLP n PI]?A. The steps of the adaptive coarsening operation

are:

1. Store the particles before refinement in the fine scale region into the set P2. Store the
particles in the coarse scale region into the set PS and the completely cracked particles

in the fine scale region into the set PSPt
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Figure 4.5: Schematic of the adaptive coarsening operation.

(b)

(a)
(a) Flagged particles to be

coarsened are hashed. (b) Reduced atomistic region after the coarsening operation.

9.

10.

. Calculate the atoms on the crack surface based on the CSP and store the regions

containing the atoms on the crack surface into the set P:°P.

Estimate and store the regions containing the elements on the crack surface (far away

from the crack tip) into PLE.
Find the fine scale regions attached to the coupling boundary and store them in P24,
The regions to be coarsened (P°™) are given by PLE N PBA,

Flag the regions to be coarsened and decrease the atomistic domain by deleting the

atoms in the flagged regions.

Update the particle set in the fine scale region after the coarsening operation Pg‘jf‘lA by
deducting the set PN from the set Pr.

Update the particle set in the coarse scale region after the coarsening operation P,?fjflc

by deducting the atomistic regions P from the total set P.

n+1

Update the neighbour list of the fine scale atoms in the element set P,Cl‘ff.

Update the fine scale, coarse scale and the split particles for the next iteration.

To deduce the crack surface in the coarse scale domain, consider a deformed configuration of

the fine scale model and the discretized coarse scale model as shown in Fig. 3.2(a). Atoms on

the crack surface in the fine scale model can be separated based on the CSP values estimated

from equation (4.34). Let the atoms in the fine model be separated into small rectangular

cells surrounded by four nodes/particles in the coarse model. These cells are categorized into
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Figure 4.6: Geometry of the initial angled edge crack specimen along with the prescribed
displacements studied in example 1.

cells containing atoms on the crack surface and atoms not on the crack surface. Refer [119]
for details on obtaining an equivalent crack surface orientation in the coarse scale model. The

algorithm explaining the coarsening steps is shown in algorithm 4.

4.3 Numerical examples

In this section we present three numerical examples. In the first example we consider the
crack propagation of an initial angled edge crack. We study the crack propagation in a
double edge notched specimen in the second example. The final example is on the mixed

mode propagation of an edge crack.

4.3.1 Example 1: Angled edge crack propagation

Consider a specimen with a slanted edge crack as shown in Fig. 4.6. The triangular lattice
corresponding to the (111) plane of an fcc crystal and a lattice constant 3.645A is adopted in
the fine scale. The distribution of the atoms in the fine scale region is based on the arrange-
ment of the atoms on the the (111) plane of an fcc crystal. The Lennard-Jones potential is
used with o = 2.29621A and € = 0.467 eV. As reference solution, we provide results based on
a "pure" MS model. The full scale molecular statics model consists of 36157 active atoms and
768 ghost atoms. A total triangular displacement (refer to Fig. 4.6) of 15.678A is prescribed
on the top and bottom edges, in 42 equal load steps. Both the top and bottom edge atoms
are fixed in the z and the y directions, whereas the left and right edge atoms are fixed only in
the = direction. In our multiscale model, the coarse scale domain is discretized with 13x12

nodes, along the x and y direction, respectively. The initial set up including the fine scale
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Normalized time

Example | MS | MAMMF
1 1.0 0.16
2 1.0 0.42
3 1.0 0.54

Table 4.2: Computational times of the MS and the MAMMF models in examples 1, 2 and 3.

region is illustrated in Fig. 4.7(d). The fine scale region consists of 3723 atoms in total con-
taining 244 ghost atoms. As in the "pure" atomistic model, a total triangular displacement
of 15.678A is prescribed on the top and bottom edges, in 42 equal load steps.

The initial configuration of the full scale atomistic model is plotted in Fig. 4.7(a), high-
lighting the initial crack and the ghost atoms. Deformed configurations after the 16*" and
42 Joad steps are plotted in Fig. 4.7(b) and Fig. 4.7(c), respectively.  Figure 4.7 shows
the results of our multiscale model and Fig. 4.8 shows some closeups around the crack tip.
The results of our multiscale methods are similar to those of the atomistic model. The atom
positions from the atomistic and the coupled models are compared in Fig. 4.7(i). The nor-
mals and the CoG of the each coarse region containing the atoms on the crack surface are
shown in Fig. 4.7(e). The normalized computational times are calculated as the ratio of the
computational time with respect to the MS model. They are summarized in table 4.2. The
computational cost of the MAMMEF model is 16% of the MS model.

4.3.2 Example 2: Crack propagation in double-notched specimen

In the second example, we study the crack growth in a double-notched specimen as shown in
Fig. 4.9. In the fine scale, we use the same lattice and the potential functions as in the first
example. The pure atomistic model consists of 12870 atoms in total along with 454 ghost
atoms. A total triangular displacement of 10.789A is prescribed on the top and bottom edges
as shown in Fig. 4.9, in 32 equal load steps. The left and right edge atoms are fixed only in
the = direction, whereas the top and bottom edge atoms are fixed in both the x and the y
directions.

In the multiscale model, the coarse scale domain is discretized with 15x15 nodes. The
initial fine scale regions are specified around the crack tips as shown in Fig. 4.10(d). Each of
the fine scale regions consists of 975 atoms in total containing 124 ghost atoms. Similar to
the atomistic model, a total triangular displacement of 10.789A is prescribed on the top and
bottom edges, as shown in Fig. 4.9, in 32 equal load steps. The top and bottom edge nodes
are fixed in the x and y directions, whereas the left and right edge nodes are fixed only in
the = direction. The initial configuration of the pure MS model is plotted in Fig. 4.10(a),

9th and

highlighting the initial crack and the ghost atoms. Deformed configurations after the 1
3274 Joad steps are plotted in Fig. 4.10(b) and Fig. 4.10(c), respectively. Note that because of

the prescribed displacement boundary conditions the cracks travel in the opposite directions,



4.3 Numerical examples

77

» fine scale atom

- + ghost atom
@ Py dga
g —initial crack
g
-~
@
=)
2
g
:
=
= 100
)
)
o
i i i i i
0 100 200 300 400 500
X - coordinate (angstroms)
(a)
= DRKP nodes

A4°° - s = om - - initial crack
a e fine scale aton
£ 350
8 : : : : : : : : * ghost atom
£ 300
|- S T T T T
5250f . . P e e m mm
w200 " " " s a = owom
&150r " s a = owom
¥100
0 | = & = = = = = = = = = = =
Y s0
s Of s = = = = = s = = s = &= =

6 160 260 36 560

400
X - coordinate (angstroms)

(d)

Y - coordinate (angstroms)

0 50
Y - coordinate (angstroms)

(8)

400f 7
—~
)
g
£
£ 300} 1
@
g
E’ 2007 1
:
=
] 100 A
e
1]
Mool ]
; i i i i H
0 100 200 300 400 500
X - coordinate (angstroms)
(b)
= DRKP node
_400r . L L L . . .. * fine scale aton
E350 e e s s s m s . ® ghost atom
Q e e e e e e . * crack atom
+ 300 normal of the
[ = = = = m o om om X
o 250 crack region
8 " a CoG of the
o200f © " \\ \ I - crack region
4‘; . = . . . . . ]
£ 150r « " e w om ow om
- L]
H100F = = = = B
o s = = = = = = = ® = = = =
0 5ol
) a = = = = = = = = = = = =
s O w = = = = m m = o= = ==
6 160 260 360 400 560
X - coordinate (angstroms)
(e)
230

N N
[ N
o _ o

N

X - coordinate (angstroms)

550

450 5
X - coordinate (angstroms)

(h)

i
g
°
-
-
1]
H
&
&
=
la=]
=
5
o
(3]
ol
: ; i b ;
0 100 200 300 400 500
X - coordinate (angstroms)
(c)
S400F "t s e e w . ...
Basol * " " "t ot s e a4 .. .
a . = s s . -
{;3007 - L] L] - - - I7
L R e T
o
Gasof = = ¢ 0« ... ]
o200 . . . C "ot 1
e
8 150} " s 1
:aq = = o m om o mom
§100 a = = = = = = = = = : : :,
O 50, = = = = = = = = F oo
1 - - - " . " Ll = " - -
s 9 . . e e e womomomommm=
0 100 200 300 400 500
X - coordinate (angstroms)
(f)
210 ¢ multiscale model]
n seeee ® atomistic model
205 (X
s > "0’”"’.’.’.’.’.‘?::0?::::“sm
2 2000 ”’QQOOQ.. B
o OXYYYYS ."‘::n»n“m
PP A XY Y viivivivivivivivivivivivivigl
s 9999000000000 A :::::::::m
Y190 0048800000000000000
o u“uun‘o“““““““.,".
Fi185. sssseseee 06 00000000000000000
2 0“““Oﬂ““““»oooum
8 180 ‘c‘c‘c:‘o‘o:.ﬂ. 260 60000000000060000 |
©000EPBEPEHID
' 2000000000000000°
175 4
>
170220 180 500

440 60
X - coordinate (angstroms)

(i)

Figure 4.7: Development of the multiscale model, for the quasi-static propagation of an angled
edge crack. Configuration of the atomistic model: (a) at the start of the simulation, (b) at
the 16" load step, as the crack in the fine scale model starts to open and propagate and (c)
at the 42" load step, at the end of the simulation. Configuration of the multiscale model:
(d) at the start of the simulation, (e) at the 16" load step, crack after changing the direction
of propagation and (f) at the end of the simulation. A closeup around the crack tip; (g) of
the atomistic model in figure (c¢) and (h) of the multiscale model in figure (f). (i) Comparison
of the positions of atoms around the crack tip in (g) and (h).
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displacements studied in example 2.
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Figure 4.10: Development of the multiscale model for quasi-static propagation of a double
edge notched specimen. Configurations at the start of the simulation, at the 19*" load step
and the end of the simulation; of the MS and the coupled models are plotted in (a)-(c) and
(d)-(f), respectively. A closeup around the crack tip; (g) of the atomistic model in figure (c)
and (h) of the multiscale model in figure (f). (i) Comparison of the positions of atoms around
the crack tip in (g) and (h).
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Figure 4.11: Initial nodes, atoms, crack orientation and the domain of influence of the mul-
tiscale model based on the DRKP method.

crossing each other at the center. Further load application leads to block the propagation of
each other, as the tensile forces in one crack will act as the compressive forces in the other
crack. Therefore, we stopped the simulation when both the cracks propagates until half the
length of the domain.

Figure 4.10(d) shows the initial configuration of the multiscale model. Figure 4.11 shows
more details of the initial configuration of the coupled model, highlighting the initial crack,
DRKP particles, split, tip and boundary nodes, atoms in the fine scale region along with
the ghost atoms. The deformed configurations after the 19*® and the 32"? load steps of
the multiscale model are plotted in Fig. 4.10(e) and Fig. 4.10(f), respectively. A closeup of
the atomistic model in Fig. 4.10(c) around the crack tips is shown in Fig. 4.10(g). A similar
picture for the multiscale model in Fig. 4.10( f) around the crack tips is shown in Fig. 4.10(h).
The atom positions from the atomistic and the coupled models at the end of the simulation

are compared in Fig. 4.10(7).

4.3.3 Example 3: Mixed mode edge crack propagation

In the final example, we study the mixed mode crack propagation in a edge cracked specimen
as shown in Fig. 4.12. In the fine scale, the same lattice and the potential functions used in
the first and second examples are adopted. The pure atomistic model consists of 4410 atoms
in total along with 262 ghost atoms. A triangular displacement of 13.456A is prescribed at

an angle of 45" to the z axis, on the top and bottom edges in opposite directions (refer to
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Figure 4.12: Schematic of the specimen with edge crack in mixed mode propagation studied
in example 3.

Fig. 4.12), in 58 equal load steps. The top and bottom edge atoms are fixed in both the z
and the y directions. The multiscale model in the initial configuration is shown in Fig. 4.13.
Configurations at the start of the simulation, at the 27" load step and at the 42" load step
of the MS are plotted in Fig. 4.13(a)-(c), and the corresponding deformed configurations of
the multiscale model are plotted in Fig. 4.13(d), Fig. 4.13(e) and Fig. 4.13(f), respectively.
Closeups around the crack tip are plotted in Fig. 4.13(g) and Fig. 4.13(h), respectively. A
close agreement of the atom positions around the crack tip from the MS and the multiscale

model are observed.

4.4 Discussion

First novel meshless adaptive multiscale method for fracture has been discussed. The devel-
oped multiscale method is employed to perform energy minimization of a triangular lattice
which contains stably propagating fractures. Coupling of the continuum and atomistic mod-
els was realized through the use of a bridging scale method. The DRKP is enhanced so
that arbitrary cracks are admissible at the coarse scale based on the enrichment leading to
a Meshfree Adaptive Multiscale Method for Fracture. The crack was incorporated into the
fine scale model by breaking atomic bonds. The crack in the coarse scale is modeled by node
enrichment. The fine scale and coarse scale models are coupled by enforcing the displacement
boundary conditions on the ghost atoms.

The MAMMEF was used to study the crack propagation in three examples. In the first

example, a triangular displacement was prescribed to a domain containing an angled edge
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Figure 4.13: Development of the multiscale model for mixed mode propagation of a edge
crack specimen. Configurations at the start of the simulation, at the 27" load step and at
the 42" load step of the MS model are plotted in (a)-(c), and the corresponding deformed
configurations of the multiscale model are plotted in (d)-(f), respectively. A closeup (c) and
(d) around the crack tip are plotted in (g) and (h), respectively. A comparison of the atom
positions around the crack tip from the MS and the DRKP models are plotted in (i).
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crack. The value of the prescribed displacement was chosen so that the crack propagates
close to the right edge. The atom positions around the crack tip from the MS and MAMMF
were compared. The error in displacement between the MS and MAMMF was found to be
0.2%. In the second example, crack propagation in a double-notched specimen propagating
in the opposite directions was studied. In the final example, mixed mode propagation of a
specimen edge crack was studied. The positions of atoms around the crack tip were compared
between the MS and the MAMMF. Adaptive refinement and coarsening schemes were im-
plemented in all the examples, during crack propagation. Very close agreement in the atom
positions is observed between the MS and the MAMME models. The MAMMEF is 3 times
more computationally efficient than the MS.

A meshless adaptive multiscale framework has been introduced here; it serves as a sound

basis for future studies of three dimensional crack propagation and other material defects.






Chapter 5

Crack propagation in Graphene on

Silicon surface

In this chapter 4°, a multiscale method to model the fracture in Graphene on Silicon surface
has been developed. To begin with, the crack initiation and growth mechanisms in the two
dimensional (2D) Graphene lattice structure are studied based on the molecular dynamics
simulations. Crack growth in an initial edge crack model in the arm-chair and the zig-zag
lattice configurations of Graphene are considered. Influence of the time steps (1 fs and 0.1
fs) on the post yielding behaviour of Graphene is investigated. Variation of the potential
energy and the stress along the loading direction are also studied. A systematic study of
the bond stretching and bond reorientation phenomena is performed. It is observed that the
crack propagates after significant bond elongation and rotation in Graphene. Variation of the
crack speed with the change in crack length is estimated for arm-chair and zig-zag Graphene.
Three dimensional coarse scale model to simulate the fracture in Silicon has been developed.
The coarse scale domain containing Silicon need to be coupled with the atomistic domain

consisting of Graphene, leading to a multiscale model for Graphene on Silicon surface.

5.1 Introduction

Graphene is the first two-dimensional (2D) atomic crystal consisting of carbon atoms ar-
ranged in a hexagonal lattice. The excellent material properties of Graphene have attracted
researchers of different backgrounds. For example, Graphene (i) is a giant molecule which can
be readily modified for chemical applications [134-137] (ii) can be used as a novel electronic
system [138, 139] (iii) is promising for a wide range of applications ranging from medical ap-
plications to composite materials [140-143]. Some characteristics of Graphene measured in

experiments have reached the theoretically predicted limits [144]. The properties of Graphen

4This work is done in collaboration with the Dept. of Aerospace Engg., 1ISc, Bangalore, India.
5This work is planned to submit to the Journal of Applied Physics.
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include: (i) the ability to sustain extremely high densities of electric current, a million times
higher than copper [145], (ii) complete impermeability to any gases [146] (iii) extremely high
Young’s modulus of 1 TPa and intrinsic strength of 130 GPa [147, 148], (iv) very high ther-
mal conductivity [149] and optical absorption [150], (v) room-temperature electron mobility
[151] and (vi) the ability to chemically functionalize [152]. However, some of the above char-
acteristics have been achieved only for the samples of highest quality, which are prepared in
extremely controlled environments. Such manufacturing techniques will be very expensive
and not suitable for mass production. Defects occurring during the synthesis and fabrication
of Graphene-based devices [153] are unavoidable. Therefore, the presence and propagation
of the defects can affect the extraordinary mechanical properties [154].

Estimating the fracture properties of Graphene is difficult due to the practical difficulties
in setting-up the experiments [155]. Numerical simulations are good alternative for predicting
the fracture related properties of Graphene. Due to their extreme Young’s modulus values
carbon nanotubes (Graphene sheet folded into a cylinder) helps in stiffening the polymers
in which they are distributed [156]. Zhang et al. [157] have investigated the influence of the
polymer wrapped on two neighbouring single-walled carbon nanotubes on their load transfer
by MD simulations. They [158] developed an analytical model for the interface debonding,
for large diameter carbon nanotube-reinforced composite with functionally graded variation
inter-phase. Due to the extremely small out-of-plane stiffness of Graphene, the differential
thermal expansion causes the formation of wrinkles during the chemical vapor deposition
[159]. The collapse of the standing wrinkles leads to folds in Graphene [160]. A quasi-
analytical solution based on the minimum length has been proposed in [161], to estimate the
system energy of the stable multi-layer folded Graphene wrinkles. Jiang et al. [162] have
investigated the interlayer energy of the twisting bilayer Graphene by molecular mechanics
simulations using both the registry-dependent potential and the Lennard-Jones potential.
The high stiffness and large surface area of Graphene combined with low mass of carbon
atoms, makes it an excellent mass sensor to detect individual atoms or molecules [163]. The
enhancement of the mass sensitivity and resonant frequency of Graphene nano-mechanical res-
onators are investigated through MD simulation in [164] by driving the nano-resonators into
the nonlinear oscillation regime. The mechanisms underpinning the unresolved, experimen-
tally observed temperature-dependent scaling transition in the quality factors of Graphene
nano-mechanical resonators is investigated in [165].

Zhao et al. [166] performed MD simulations to estimate the mechanical properties of three
types of carbon allotropes: super-Graphene, cyclic-Graphene and graphyne. They studied the
chirality dependence of the mechanical properties including Young’s moduli, shear moduli,
Poisson’s ratio, ultimate strength/strains, based on the adaptive intermolecular reactive em-
pirical bond order (AIREBO) potential. The cohesive energy between the carbon nanotubes
and the Graphene and its substrates has been theoretically estimated in [167], by modeling
the van der Waals interactions. Further, the stick-spiral and beam models are developed in

[168] to model Graphene based on the principles of continuum mechanics. The analytical
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solutions help in arriving at quick estimates for understanding the interaction between the
nanostructures and substrates, and designing composites and nano-electro-mechanical sys-
tems. The extreme reduction of the thermal conductivity due to the presence of defects and
folds in carbon nanocoils is studied in [169], based on the non-equilibrium MD simulations.
The presence of the vacancy defects significantly reduces the ultimate strength of Graphene
in the zig-zag direction [170], while the effect is minimal on the Young’s modulus. The ef-
fects of the vacancy defects on the fracture strength of Graphene sheets are studied in [171]
with the AIREBO potential and was found that the temperature and loading directions will
significantly affect the fracture strength.

Omeltchenko et al. [172] performed the MD simulations of notched graphite sheets under
uni-axial tension. Multiple branching cracks were observed sprouting off the primary crack
front. The retention of the cutoff function of early version potential made the quantitative
aspects of results questionable [173]. However, the predicted values of the stress intensity
factor (Kic) in [172] are within the same range as those reported in [155, 174]. The frac-
ture of Graphene nano-ribbons under uni-axial tension are studied in [175]. Terdalkar et
al. [176] have performed MD simulations with an analytical bond-order potential (BOPS4)
to investigate the kinetic processes of bond breaking and bond rotation near a crack tip in
Graphene. They report that the fracture of Graphene bond is governed by the competition
between bond breaking and bond rotation at the crack tip. An experimental and theoretical
study on cracks in suspended mono-layer Graphene membranes is presented in [155]. It is
suggested that the preferred tear direction depends on the Graphene edge energy and the

edge orientation with respect to the lattice.

5.2 Three dimensional Adaptive Multiscale Method

In this section, the modeling aspects of the three dimensional adaptive multiscale method
(TAMM) are discussed. Consider the TAMM model consisting of the coarse and fine scale
regions along with the crack surface is shown in Fig. 5.1(a). The discretized coarse scale
model along with the crack surface is shown in Fig. 5.1(b). Note that the completely cracked
elements are shown in dotted lines in Fig. 5.1(b). The fine scale model is shown in Fig. 5.1(c).
The material behaviour at the crack tip is expected to be highly non-linear and/or non-

homogeneous, and away from the tip it is expected to be homogeneous.

5.2.1 Coarse scale model

The unit cell of the periodic diamond crystal structure of Silicon in an isometric view is
shown in Fig. 5.2(a), Fig. 5.2(b) shows the front view of Fig. 5.2(a) and the space lattice of
the Silicon is shown in Fig. 5.2(c). The geometric parameters of the diamond crystal lattice

are expressed using the lattice constant a, as shown in Fig. 5.2(a). Because of the symmetry



88

Crack propagation in Graphene on Silicon surface
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Figure 5.1: (a) Multiscale partition of a cracked atomistic lattice. The solid circles represent
the atoms from the cracked atomistic model. The coarse scale nodes are denoted by squares.
(b) A zoom around the crack tip.
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Figure 5.2: Silicon unit lattice in (a) an isometric view and (b) front view, highlighting the
quarter atoms. (c) The front view of the space lattice.

of the crystal structure, the coarse scale can be modeled based on the VAC, as explained
in the section 2.1.2. The coarse scale displacement u$ of an atom « in the VAC can be
estimated using equation (2.2).

The total potential energy of a fine scale system is given by the sum of all bond potentials
®a, estimated using equation (B.2). Consider an equivalent coarse scale model based on the
VAC is illustrated in Fig. 5.3. Figure 5.3(a) shows an isometric view of the space lattice,
Fig. 5.3(b) shows the equivalent VAC based continuum model and the VAC considered in the
present work is shown in Fig. 5.3(c). Since we want the fine scale and coarse scale models to
be equivalent, their potential energy must be equal. Hence, we define ¢, as the distributed
energy density function from the VAC model. The discrete summation of the potential energy
defined in the original molecular structure, can now be replaced with an integral based on
the VAC model, i.e.

nA
Wit = 3" ¢, = /Q GpdQ ~ Y WGy (5.1)
a=1 0 G
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Figure 5.3: Silicon space lattice in (a) isometric view, (b) equivalent VAC based continuum
model, showing the VAC placed at the Gauss points in the lowest left element. Due to the
periodicity of the lattice structure (refer Fig. (5.2)), any single atom can be considered as
VAC. (c) The considered single atom VAC (atom 1) along with its four nearest neighbors.

Due to the periodic nature of the lattice, we can define ¢, as the potential energy of a
VAC divided by the volume of the VAC. For a homogeneous lattice, as considered in this
article, each VAC consists of a single atom and its volume is that of the unit cell of the
lattice. The volume of the VAC for a diamond lattice is Vo = %. When only nearest
neighbour interactions are considered, each atom in the diamond lattice interacts with four
neighbouring atoms, refer Fig. 5.3(c). The energy attributed to a central atom involves
summing the contributions from each bond with neighbouring atoms. The energy of the
central atom is the energy of the VAC. The number of neighbours that the central atom has
does not influence the volume/area attributed to the atom and therefore does not effect the
volume/area attributed to the VAC. In other words, the volume/area of the VAC do not
increase if more neighbours are considered in the computation of the potential energy of the
central atom. Using the numbering scheme shown in Fig. 5.3(c), the potential energy of the

VAC is given by
1 5
Pvac = 5 > V(rig). (5.2)
B=2

Therefore, the distributed energy density function ¢, can be defined as

dvac L R V(rg) 1
% Vo _2522 a3 /8 _2/322¢16 (5-3)
where
p1g = L1, (5.4)
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Hence, the energy density function ¢, becomes

bp = %(¢12 + ¢13 + P14 + P15)- (5.5)

in which ¢15 are the bonding energy densities. wqg denote the quadrature weight and gbg’

is the corresponding energy density function evaluated at a quadrature point. The internal

kA B

forces on node I’ in the coarse scale region, can be estimated by taking the derivative of

equation (5.1) with respect to the nodal displacements u?
: oW/int L) d¢, Ou 095 au
Firt = — :/ de / —— 2 dQy ~ 5.6
I ou¥ Q, ou¥ 0~ Q, Ou ouf 0 ZMG ou 8 (56)

Therefore, the internal forces are calculated from the potential energy density of the VAC,
which is placed at each Gauss point. As shown in Fig. 5.3(c), there are 5 atoms including
the central VAC atom and its neighbours. Therefore, the energy density function (ﬁE:
QSS‘ (r1,rg,r3,r4,r5). Since the VAC model is used in the coarse scale equation which assumes

u, = uf, for a = 1-5. Therefore,

005 Hu 965 Hul
1nt P ~ P
F} Z WG - JuC EG: e Z . 5uC Jus (5.7)

Using the definition of u§ from equation (2.2), the second term on the right hand side of

equation (5.7) can be reduced to

0uc

BuI

= Ni(Xa)- (5.8)

Therefore, after substituting equation (5.8) into equation (5.7), the nodal internal forces in

the coarse scale domain are given by

nG

5
Fi'=-> wg Z (5.9)

G=1 al

The term g;ié in equation (5.9) can be evaluated for each « as given below:

a=1

9¢p _ O¢12 12 n O0p13 T13i N O0p14 7144 n O0¢15 15

5.10

ou§,  Orig riz2  Oriz Tz Oriuria Oris Tis (5-10)
a=2

9¢p _ Opr2112i (5.11)

8u% oria 12
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where i is the index of the coordinate axes. In equations (5.10) to (5.14), rog; is the component

of 7o in the ith direction, which is defined as
TaBi = Tai — TBi- (5.15)

The detailed derivation of the term gl% for a single atom VAC in a face centered cubic (fcc)
lattice structure is given in appendix section C. The same methodology can be extended to
the single atom VAC of a diamond lattice structure considered in the present work. Equations
(5.10) to (5.15) are substituted into equation (5.9) to calculate the internal nodal forces. The
minimization problem can be solved for the coarse scale solution by minimizing the potential

energy for the given boundary conditions.

5.3 Numerical examples

In this section, we study the crack propagation in Graphene through two numerical examples,
with the lattice structure oriented along the arm-chair and the zig-zag directions, respectively.
The arm-chair and the zig-zag arrangement of the Graphene lattice structure are shown in
Fig. (5.4)(a) and Fig. (5.4)(b), respectively. In the first example, we consider the crack
propagation of an initial edge crack in the armchair Graphene. The crack propagation of an

initial edge crack in the zig-zag Graphene is considered in the second example.

5.3.1 Example 1: Crack propagation in the armchair Graphene with an
initial edge crack

Consider the mode I propagation of an initial edge crack in Graphene, as shown in Fig. 5.5.
The hexagonal lattice structure of the Graphene layer with a lattice constant 2.45A and
oriented along the arm-chair direction as shown in Fig. (5.4)(a), is adopted to develop the
atomistic model. The Tersoff potential [177] is used to model the atom to atom interactions.

The details of the Tersoff potential function are mentioned in appendix B.2 and the first
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Y
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Figure 5.4: Lattice orientation of grahene in the (a) arm-chair and in the (b) zig-zag directions.

derivative is given in section B.3. The initial crack tip is located at (144A, 216.15A). The
crack in the atomistic region is simulated by segregating the total domain into several regions,
as shown in Fig. 5.5. Region 1 and 4 consists of the atoms on the top and bottom edges,
respectively. The initial crack is modeled by restricting the neighbour interactions between
the regions 2 and 3. Region 5 consists of the atoms contained in the shaded region. The forces
in the y direction of the top and bottom edge atoms are set to zero, whereas forces on the
left and right edge atoms in the x direction are set to zero. These boundary conditions will
lead to arresting the degrees of freedom of the top and bottom edge atoms in the y direction
and left and right edge atoms in the x direction, respectively. The full scale atomistic model
consists of 75269 atoms with 1625 atoms on the top and bottom edges and 1043 atoms on
the left and right edges.

To propagate the crack, a velocity of 0.1 angstroms/pico-seconds (A /ps) is prescribed on
the top and bottom edge atoms. A velocity ramp profile as shown in Fig. 5.5 is applied in the
middle of lattice. A load cycle is defined as prescribing the velocity on the top and bottom
edge atoms for a specified time period, followed by an equilibration for another specified
time period. In each load cycle, the prescribed velocity on the top and bottom edge atoms
is applied for a period of 1 ps, after which the system is equilibrated for a period of 40 ps,
so that each load cycle yields a strain rate of the order of 4.4x107 per second. Fig. 5.6(a)
shows the distribution of the strain over time. The stress computed in the present work is
the averaged stress estimated based on the Virial theorem. In this example, crack growth is
studied with two time steps, 0.1 fs and 1 fs. Therefore, each load cycle corresponds to 1000
steps for velocity loading and 40000 steps for equilibration with a time step of 1 fs. The cor-
responding number of steps with time step equal to 0.1 fs are 10 times to that of the number
of steps with time step equal to 1 fs. The velocity-Verlet scheme is applied to estimate the
current atom positions in the current time step. Several simulations are performed to study

the effect of the time step on the crack initiation and further growth in Graphene.
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Figure 5.5: Schematic of the edge crack model used in examples 1 and 2.

Figure (5.7) shows the distribution of stress per atom along the y direction (o) in the
deformed configuration of the atomistic model at various times. Each picture in Fig. 5.7
consists of two sub pictures. The sub picture on the top shows a closeup of the distribution
of stress per atom around the crack tip and the sub picture on the bottom shows the loca-
tion of the crack tip along with highlighting the atoms on the crack surface. The deformed
configuration of the full scale atomistic model at 990.5 ps, just before the crack starts to
propagate is plotted in Fig. 5.7(a). The deformed configuration at the 991.5 ps is plotted in
Fig. 5.7(b). The breaking of first bonds close to the crack tip can be observed in Fig. 5.7(b).
With the continuous application of load the crack starts to propagate after initiating at 991.5
ps. Deformed configurations at the 993.0 ps is plotted in Fig. 5.7(c). From figures 5.7(b)
and (c), the time taken for the crack tip to travel along the x direction, from around 140A to
around 190A is observed to be 1.5 ps. During the period between 991.5 ps to 993.0 ps, a
drop in the system potential energy is shown in Fig. 5.6(b), which corresponds to a drop from
the point R1 to the point R2 in Fig. 5.6(c). Similar drop in the stress per atom along the y
direction with strain, can be observed in Fig. 5.6(d) and Fig. 5.6(e), respectively.

With the continuous application of the velocity on the top and bottom edge atoms, crack
continues to grow. The deformed configurations at 994.5 ps, 995.5 ps and 996.0 ps are plot-
ted in Fig. 5.7(d), (e) and (f), where the crack tip is observed to be located around 240A,
280A and 290A, respectively. The potential energy drops between the points R3 to R4 in
Fig. 5.6(c), corresponds to the time slot between 994.5 ps to 996.0 ps. From Fig. 5.7(f), it can
be observed that the crack front took a small kink and the crack tip is oriented along the y
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Figure 5.6: Distribution of the (a) strain with time, (b) system potential energy with strain
and (c) a closeup of (b) around the crack propagation zone. Variation of the (d) stress along
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distribution of the potential energy with time for the crack growth in the arm-chair Graphene.
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at various times, with the lattice oriented in the arm-chair direction and time step equal to

1 fs.
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Figure 5.9: Variation of (a) the bond angle and (b) the bond length when the time step is
equal to 1 fs and the lattice is oriented along the arm-chair direction. The corresponding
atoms and the bonds around the crack tip actively involved in the bond stretching and
the reorientation are shown in the sub-picture, highlighting the atom numbers shown in
Fig. 5.8(a). Another sub-picture shows a closeup of the variation at the initiation of the
crack propagation. Legends indicate the defined bond angles and the bond lengths in the
atomic model.
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direction. However, later on the crack tip changed its orientation and continues to propagate
along the x direction.

The bond breaking and the crack growth process can be understood from the bond stretch-
ing and bond rotation phenomena as explained below. With the application of the load, the
bonds continue to stretch and change the orientation, as shown in Fig. 5.8(a), until point
R1 in Fig. 5.6(c). Which in turn leads to continuous increase of oy, and hence the potential
energy. The variation of the bond angle and the bond length with time where At = 1fs, at a
particular point around the crack tip, immediately after the initiation of the crack propaga-
tion, are plotted in Fig. 5.9(a) and Fig. 5.9(b), respectively. From Fig. 5.9, the increase in the
bond length and the change in the bond orientation with time can be noticed, leading to the
accumulation of the system potential energy and hence the increase in o,,. The energy of the
atoms around the crack tip will be the highest in the entire lattice. Therefore, the process of
bond stretching and reorientation will be more intense in the regions around the crack tip.
From Fig. 5.9(a) and (b), it can be observed that the initial loading leads to change in bond
angle 61, which leads to increase in the length of the bond b;. The bond b; starts to stretch
after reaching the maximum bond length of 1.8 A. Similarly, bonds by and by starts stretch-
ing, after bond b; reaches the critical bond length. Finally, the last bond b5 starts taking the
load, and once the bond b5 reaches the critical bond length, a sudden rise in the bond angle
03 is observed, which leads to the bond breaking and hence the crack growth in Graphene.
Results indicate that all the bonds reach their critical bond length before breaking, which is
independent of the bond angle. However, the bonds break only after the stretching of the
last bond (b5) and the subsequent change in the bond angle 63 until the sudden failure, as
discussed above. The similar behavior of bond stretching and bond rotation is also observed
for other cases considered in the present study as shown in Fig. 5.12, Fig. 5.15 and Fig. 5.17
for the arm-chair Graphene with A t = 0.1 fs and zig-zag Graphene with At =1 fsand A t
= 0.1 fs, respectively. Further details on Fig. 5.12, Fig. 5.15 and Fig. 5.17 are provided in the
subsequent sections. The study of bond stretching and bond rotation is repeated at several
locations of the Graphene sheet and the results (not shown here) are found to be consistent
with the phenomena reported above. At point R1, the stresses exceeds the failure stresses
leading to sudden failure of the Graphene bond. As a result, the stress reduces drastically
to point R2, which leads to relaxation in the bond energy and hence a drop in the potential
energy can be observed from point R1 to point R2 in Fig. 5.6(c). The bond breaking at 991.5
ps can be observed in Fig. 5.9, where the bond angle and the bond lengths are drastically
changing. Since some of the bonds are broken in the process as shown in Fig. 5.8(b), the crack
tip moves to a new location, exposing the broken bonds. Further loading leads to stretching
of the bond and therefore increase of the potential energy from point R2 to R3 in Fig. 5.6(c).
At point R3 where the stresses are more than the fracture strength, further breaking of the
bonds occurs and the process continues as shown in Fig. 5.8(c)-(f).

The deformed configurations at 1009.5 ps, 1031.0 ps and 1072.0 ps are plotted in
Fig. 5.7(g), (h) and (i), respectively, and the crack tip is observed to be located around



(j) at 1179.0 ps, At = 0.1 fs (k) at 1191.5 ps, At = 0.1 fs (1) at 1231.0 ps, At = 0.1 fs

Figure 5.10: Distribution of stress per atom along the y direction in Graphene, with the
lattice oriented in the arm-chair direction, at various times with At = 0.1 fs. The sub picture
on the top shows a closeup around the crack tip and the sub picture on the bottom shows
the location of the crack tip along with highlighting the atoms on the crack surface.
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340A at all the above times. Therefore, the crack has not propagated between 996.0 ps to
1072.0 ps. This is because of the bond stretching and reorientation during this time slot,
as explained in the above paragraph. The system potential energy is observed to increase
corresponding to the region between the points R4 to R5 in Fig. 5.6(c). The deformed config-
urations at 1113.0 ps, 1196.0 ps and 1236.0 ps are plotted in Fig. 5.7(j), (k) and (1), where the
crack tip is observed to be at around 385A, 390A and 440A, respectively. From Fig. 5.7(1),
the crack tip has reached the right edge at 1236.0 ps and therefore, the specimen is separated
into two. The drop in the system potential energy corresponding to the time slot between
1113.0 ps to 1236.0 ps, can be observed between the points R5 to R6 in Fig. 5.6(c).

To study the effect of the time step on the crack growth, the above analysis is repeated
with time step equal to 0.1 ps. The deformed configuration including the crack propagation
with time step equal to 0.1 ps, is plotted in Fig. 5.10. The deformed configuration of the
full scale atomistic model at 1010.0 ps, just before the initiation of the crack propagation is
plotted in Fig. 5.10(a). The atoms around the crack tip in Fig. 5.10(a) possess the highest
values of oy and hence the bonds are ready to be broken. The deformed configuration at
the 1011.0 ps is plotted in Fig. 5.10(b). The breaking of first bonds close to the crack tip
can be observed in Fig. 5.10(b). With the continuous application of load the crack starts to
propagate after initiating at 1011.0 ps. Deformed configurations at the 1149.0 ps is plotted in
Fig. 5.10(c). A closeup of the atoms around the crack tip along with their potential energy at
various times are plotted in Fig. 5.11. The variation of the bond angle and the bond length
with time where At = 0.1fs, at a particular point around the crack tip, immediately after the
initiation of the crack propagation, are plotted in Fig. 5.12(a) and Fig. 5.12(b), respectively.
From Fig. 5.12, the increase in the bond length and the change in the bond orientation with
time can be noticed, leading to the accumulation of the system potential energy and hence
the oy,. From Fig. 5.10(b), the onset of the crack propagation is observed at 1010.5 ps, which
is confirmed by the significant change in the bond angle and the bond orientation around
1010 ps in Fig. 5.12.

The crack propagate smoothly along the x direction without any kink, as opposed to a
kink at 996.0 ps in Fig. 5.7(f) when the time step is equal to 1 fs. The crack tip reached
the right edge at 1179.0 ps as shown in Fig. 5.7(j) and the two sections continue to separate
each other there after as shown in the deformed configurations at 1191.5 ps and 1231.0 ps
in Fig. 5.7(j) and (1), respectively. We estimated that in total 1.236 million time steps are
required to completely propagate the crack through the length, with 1 fs time step. Whereas,
12.31 million steps are required with the 0.1 fs time step.

From Fig. 5.6(e), it is observed that the crack initiation in both the cases occurred at
the same time, which is of the similar order at strain equal to 0.046. Afterwards, a drop
in the o, is noticed in both the cases, i.e., At = 1 fs and 0.1 fs. However, the case with
At = 1 fs shows a large drop compared to the case with At = 0.1 fs. Results indicate that
lower relaxation times and higher time steps can lead to inaccurate post yielding material

behaviour. This is confirmed with a further lower relaxation rate, as discussed as discussed
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(c) at 1011.5 ps, At = 0.1 fs

(f) at 1178.5 ps, At =

) at 1174.5 ps, At = 0.1 fs

(e

Figure 5.11: Distribution of the potential energy per atom on the atoms around the crack

tip at various times, with the lattice oriented in the arm-chair direction and time step equal

to 0.1 fs.
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Figure 5.12: Variation of (a) the bond angle and (b) the bond length when the time step is
equal to 0.1 fs and the lattice is oriented along the arm-chair direction. The corresponding
atoms and the bonds around the crack tip actively involved in the bond stretching and
the reorientation are shown in the sub-picture, highlighting the atom numbers shown in
Fig. 5.11(a). Another sub-picture shows a closeup of the variation at the initiation of the
crack propagation. Legends indicate the defined bond angles and the bond lengths in the
atomic model.

in the next paragraph. The post yielding behavior of Graphene with time step equal 0.1 fs
is compared with another higher time step At = 0.2 fs. The results (not shown here) with
At = 0.1 fs and At = 0.2 fs shows the similar post yielding behavior. Based on the results,
we conclude that 0.1 fs time step is accurate enough to predict the post yielding behavior
of Graphene. A large drop in potential energy as well as oy, can be seen (from point R1 to
R2) in Fig. 5.6(c), for the case with At = 1 fs. However, the case with At = 0.1 fs shows a
small drop in potential energy as well as o, from point Q1 to Q2 in Fig. 5.6(c). Further
loading shows hardening in both the cases, from points R2 to R3 and Q2 to Q3, respectively
Fig. 5.6(c).

Finally, to study the effect of the lower relaxation on the crack growth we performed a
simulation of the problem shown in Fig. 5.5 with time step equal to 1 fs and without any
intermediate relaxation. The strain loading on the top and bottom edge atoms with time is
plotted in Fig. 5.6(a). From Fig. 5.6(b) and (d), the onset of crack initiation (corresponding
to point P1 in Fig. 5.6(c)) lies on the higher side as compared to the cases with intermediate
relaxation with time step equal to 1 fs and 0.1 fs. However, after the crack initiation the
crack propagation is not smooth and stable. This can be observed through the zig-zag pat-
tern of the potential energy after point P2 in Fig. 5.6(c) and in Fig. 5.6(e). Results indicate
that the intermediate relaxations are indeed essential for obtaining accurate post yielding be-

haviour. Therefore, in the present work, we are not considering the case without intermediate
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Figure 5.13: Distribution of the (a) strain with time, (b) potential energy with strain and
(¢) a closeup of (b) around the crack propagation zone. Variation of the (d) stress along
the y direction with strain, (e) a closeup of (d) around the crack propagation zone and (f)
distribution of the potential energy with time for the crack growth in zig-zag Graphene.

relaxation.

5.3.2 Example 2: Crack propagation in zigzag Graphene with an initial
edge crack

In this example, the crack propagation in the Graphene sheet as shown in schematic Fig. (5.5),
with lattice oriented along the zig-zag direction (Fig. (5.4)(b)) is studied. The same domain
dimensions, boundary conditions, loading cycle and the time steps, as discussed in example
1 are adopted in this example as well.

To propagate the crack, a velocity of 0.1 angstroms (A) per pico-seconds (ps) is prescribed
on the top and bottom edge atoms, refer to Fig. 5.5. A velocity ramp profile as shown in

Fig. 5.5, is applied in the middle of lattice. Distribution of the strain, system potential energy

2500
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(b) at 1770.0 ps, At =1 fs (c) at 1771.0 ps, At =1 fs
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Figure 5.14: Figures (a)-(f): Distribution of stress per atom along the y direction in Graphene,
with the lattice oriented along the zig-zag direction, with At = 1 fs. The sub picture on the
top shows a closeup around the crack tip and the sub picture on the bottom shows the
location of the crack tip along with highlighting the atoms on the crack surface. Figures
(g)-(1): Distribution of the potential energy per atom on the atoms around the crack tip at
various times, with the lattice oriented in the arm-chair direction and At = 1 fs.
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Figure 5.15: Variation of (a) the bond angle and (b) the bond length when the time step
is equal to 1 fs and the lattice is oriented along the zig-zag direction. The corresponding
atoms and the bonds around the crack tip actively involved in the bond stretching and
the reorientation are shown in the sub-picture, highlighting the atom numbers shown in
Fig. 5.14(g). Another sub-picture shows a closeup of the variation at the initiation of the
crack propagation. Legends indicate the defined bond angles and the bond lengths in the
atomic model.
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(j) at 1766.5 ps, At = 0.1 fs (k) at 1892.5 ps, At = 0.1 fs (1) at 1894.0 ps, At = 0.1 fs

Figure 5.16: Figures (a)-(f): Distribution of stress per atom along the y direction in Graphene,
with the lattice oriented along the zig-zag direction, with At = 0.1 fs. The sub picture on
the top shows a closeup around the crack tip and the sub picture on the bottom shows the
location of the crack tip along with highlighting the atoms on the crack surface. Figures
(g)-(1): Distribution of the potential energy per atom on the atoms around the crack tip at
various times, with the lattice oriented in the arm-chair direction and At = 0.1 fs.
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and the stress along the y direction with time and strain are plotted in Fig. 5.13. Fig. 5.13(f)
shows the distribution of the system potential energy with time, for the simulations with
intermediate relaxation for 40 ps, with time step equal to 1 fs and 0.1 fs. The intermediate
steps in Fig. 5.13(f) corresponds to the equilibration period. Figure 5.14(a-f) shows the
distribution of stress per atom along the y direction (o) in the deformed configuration of
the atomistic model, at various times for At = 1 fs. A closeup of the atoms around the crack
tip along with their potential energy at various times with time step equal to 1 fs is plotted
in Fig. 5.14(g-1).

The deformed configuration of the full scale atomistic model at 1769.0 ps, soon after the
crack starts to propagate is plotted in Fig. 5.14(a). The deformed configurations at the
1770.0 ps, 1771.0 ps and 1772.0 ps are plotted in Fig. 5.14(b), (c) and (d) where the crack
tip is located around 210A, 260A and 310A along the z direction, respectively. The crack
progression is continuous until 1772.0 ps, after initiating at 1769.0 ps. However, because of
the bond rotation and stretching at 1772.0 ps, the crack does not progress and only opens
up, until 2006.5 ps. The variation of the bond angle and the bond length with time where
At = 1fs, at a particular point around the crack tip, immediately after the initiation of the
crack propagation, are plotted in Fig. 5.15(a) and Fig. 5.15(b), respectively. From Fig. 5.15,
the increase in the bond length and the change in the bond orientation with time can be
noticed, leading to the accumulation of the system potential energy and hence the oy,.

In order to investigate the effect of the time step on the crack propagation with the lattice
oriented along the zig-zag direction, another simulation with time step equal to 0.1 fs is
performed. The deformed configurations at 1765.5 ps, 1888.5 ps, 1890.0 ps, 1892.0 ps, 1893.5
ps and 1894.0 ps are plotted in Fig. 5.16(a) to (f), respectively. A closeup of the atoms around
the crack tip along with their potential energy at various times with time step equal to 0.1
fs are plotted in Fig. 5.16(g-1). The variation of the bond angle and the bond length with
time where At = 0.1fs, at a particular point around the crack tip, immediately after the
initiation of the crack propagation, are plotted in Fig. 5.17(a) and Fig. 5.17(b), respectively.

Based on the first and second examples, for smooth crack growth time step of 0.1 fs is
recommended. The crack speed is estimated by dividing the distance traveled by the crack
front with the time taken. The distance traveled is calculated from the positions of the crack
tip in the current and previous times. Variation of the crack speed for different scenarios
is plotted in Fig. (5.18). From Fig. (5.18), the crack speed is observed to increase with the
crack length.

5.3.3 Example 3: Crack growth in Graphene on Silicon surface

In this example, we study the crack growth in Graphene on Silicon surface. Consider a three
dimensional atomistic model with dimensions 543.09A x 543.09A x 5.4309. The initial crack
of length 180.23A in the z direction located at 271.5A in the y direction, is created in the fine

scale model by restricting the interaction between the atoms. The atom to atom interactions
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Figure 5.17: Variation of (a) the bond angle and (b) the bond length when the time step
is equal to 0.1 fs and the lattice is oriented along the zig-zag direction. The corresponding
atoms and the bonds around the crack tip actively involved in the bond stretching and
the reorientation are shown in the sub-picture, highlighting the atom numbers shown in
Fig. 5.14(g). Another sub-picture shows a closeup of the variation at the initiation of the
crack propagation. Legends indicate the defined bond angles and the bond lengths in the
atomic model.

are modeled based on the Tersoff potential. To simulate the mode I crack propagation of
an edge crack, the triangular displacement loads are applied in small increments, in the y
direction, on the top and bottom rows of atoms. The neighbours are updated after each
load step. The atom positions are estimated after each load step by minimizing the system
potential energy.

Atom positions in the deformed configuration after the final load step from the atomistic
model are plotted in Fig. 5.19. Fig. 5.19(a) and Fig. 5.19(b) shows the crack opening and
growth in Graphene and Silicon at the end of the simulation. Fig. 5.19(c) shows the Graphene
atoms atoms are bonded to the Silicon atoms on the surface. The crack propagation in the
coupled Graphene on Silicon surface is shown in Fig. 5.19(d).

The deformed configuration of the coarse scale model developed based on the VAC in the
xy plane is shown in Fig. 5.20(a). Rotated view of Fig. 5.20(a) in the yz plane is shown in
Fig. 5.20(b).

5.4 Discussion

Fracture in two dimensional Graphene structure is studied. The bond stretching and the
bond reorientation are the net mechanisms of the crack growth. The crack propagation in
Graphene is studied through two numerical examples. In both the examples, a model with
initial edge crack model is considered. In the first example, the Graphene lattice oriented
along the arm-chair direction is considered and in the second example it is oriented along

the zig-zag direction. We also studied the influence of the time step on fracture. Therefore,
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Figure 5.18: Variation of the crack speed with the location of the crack tip, when lattice
is oriented along the (a) arm-chair direction, with time step equal to 1 fs, (b) arm-chair
direction, with time step equal to 0.1 fs, (c) zig-zag direction, with time step equal to 1 fs
and (d) zig-zag direction, with time step equal to 0.1 fs.
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.
TRy

(d)

Figure 5.19: Crack propagation in (a) Graphene sheet, (b) Silicon. (c¢) Graphene on Silicon
surface highlighting the bonds of the Silicon atoms connected to the Graphene atoms and (d)
Crack propagation in the combined Graphene on Silicon surface.
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Figure 5.20: Deformed configuration of the coarse model highlighting the initial and final
positions of the nodes (a) in the front view and in an (b) an isometric view.

two different time steps, 1 fs and 0.1 fs, with an intermediate relaxation period of 40 ps are
considered.

A sudden drop in the system potential energy is noticed just before the crack propagation.
Breaking of the severely stressed bonds increases the crack length, exposing the new set of
atoms to resist the applied load. The phenomena continues until the crack front reaches the
other boundary, where the specimen is separated into two. The crack propagates at a later
stage in the zig-zag Graphene than the arm-chair Graphene as the lattice structure of the
zig-zag Graphene resists higher tensile loads compared to the arm-chair Graphene. Similar
crack initiations are observed for At = 1 fs and 0.1 fs. However, when At = 0.1 fs the post
yielding behaviour of Graphane is more accurate.

The crack speed is estimated by dividing the distance travelled by the crack front with the
time taken. The distance travelled is calculated from the positions of the crack tip in the
current and previous times. Variation of the crack speed for different scenarios is plotted and
the crack speed is observed to increase with the crack length. Pure atomistic simulations of
fracture in Graphene on Silicon surface are presented. Details of the mathematical modeling

of the three dimensional multiscale method are discussed.






Chapter 6

Concluding remarks and future

scope

6.1 Conclusions

A novel adaptive multiscale method for fracture has been developed by enhancing the BSM
using the phantom node method so that cracks can be modeled at the coarse scale. To ensure
self-consistency in the bulk, a virtual atom cluster is devised providing the response of the
intact material at the coarse scale. A molecular statics model is employed in the fine scale
where crack propagation is modeled by naturally breaking the bonds. The fine scale and
coarse scale models are coupled by enforcing the displacement boundary conditions on the
ghost atoms. Adaptive refinement and coarsening schemes are developed and implemented
during the crack propagation. The simulated fracture pattern based on the AMM, accurately
matches with the pure atomistic simulations. Atom positions around the crack tip from the
pure atomistic model and the AMM were compared. The error in the displacement and the
potential energy between the pure atomistic and the AMM simulations is found to be 0.208%
and 0.824%, respectively. The AMM is observed to be 9 times more computationally efficient
compared to the pure atomistic simulations. However, the computational efficiency will be
multiplied for problems of large domain dimensions.

A three dimensional (3D) coarse graining technique to convert a given atomistic region
into an equivalent coarse region, in the context of multiscale fracture has been developed.
The present method is the first of its kind. The developed CG technique can be applied to
identify and upscale the defects like: cracks, dislocations and shear bands. Atoms lying on
the crack surface in the fine scale model are separated from the atoms not on the crack surface
through the centro symmetry parameter. A rectangular discretization is superimposed on
the fine scale model to capture the atoms into rectangular cells. The crack path in each cell
is approximated using the atoms on the crack surface and their neighbours. An equivalent

crack surface in the coarse scale model is obtained by joining the cellular crack paths. The
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current method has been applied to estimate the equivalent coarse scale models of several
complex fracture patterns arrived from the pure atomistic simulations. The upscaled fracture
pattern agree well with the actual fracture pattern. The error in the potential energy of the
pure atomistic and the CG model was found to be well within the acceptable limits.

First novel meshless adaptive multiscale method for fracture has been developed. The
phantom node method is replaced by a meshless differential reproducing kernel particle
method. The DRKP method is comparatively more expensive but allows for a more “natu-
ral” coupling between the two scales due to the meshless interpolation functions. The higher
order continuity is also beneficial. The developed multiscale method is employed to study the
complex crack propagation. Results based on the MAMMF were observed to be in excellent
agreement with the pure atomistic simulations. Atom positions around the crack tip from
the pure atomistic and the MAMME' simulations are compared. The error in displacement
between the MS and MAMMF was found to be 0.2%. The MAMMEF is observed to be 6
times more computationally efficient than the pure atomistic simulations.

The developed multiscale methods are applied to study the fracture in practical materials
like Graphene and Graphene on Silicon surface. The bond stretching and the bond reorienta-
tion were observed to be the net mechanisms of the crack growth in Graphene. Crack growth
in both the arm-chair an dteh zig-zag Graphene are studied. The influence of time step on
the crack propagation was studied using two different time steps, 1 fs and 0.1 fs with an
intermediate relaxation period of 40 ps. The post yielding behaviour of Graphane was found
to be more accurate when At = 0.1 fs. Pure atomistic simulations of fracture in Graphene on
Silicon surface are presented. Details of the mathematical modeling of the three dimensional

multiscale method are discussed.

6.2 Future scope

The CG technique can be employed in the context of a concurrent multiscale models [74, 76,
84]. An error estimator can be developed to determine the size of the fine scale domain (inside
the coarse scale domain) and to drive an adaptive refinement in the context of concurrent
multiscale methods for fracture.

The developed multiscale methods can be applied to practical problems like fracture in
Silicon, which is used in applications like photo-voltaic cells. Silicon being a very brittle
material, several micro-cracks are developed [178] during the transportation, installation and
due to the external loads like snow, rain and wind loads on the installed panels. The micro-
cracks significantly reduce the over all yield [179] of the solar panels. To improve the fracture
strength and to improve the electrical properties of Silicon, the latest technique is to add a
layer of Graphene on the surface of Silicon. Developing multiscale techniques incorporating
the surface effects like Graphene on the Silicon surface is challenging. The author would like

to pursue the above goals during his post-doctoral studies.



Appendix A

Derivation of the internal forces:

fine scale

The internal forces in equation (2.6) can be further simplified using the chain rule to split

the partial derivative with respect to rqg, as explained below

GWim 1 g G rag 3ra3
— Al
or), 2 g g Orag ory ( )

Substituting equation (2.9) into the second term on the right hand side of equation (A.1)

I

Orog; _ O Eimrleg =10 Shres 1)

TaB
ax —08y) = (0ax — IprJA.2)
T v AT A

Further, we will drop the summation symbol in equation (A.2). Lets consider two possible
cases for . First, when A = a and \ #

Oragj _ (Taj *Tﬂj)(l) (A.3)

O ak Tag

and secondly, when A = 8 and \ # «

Orass _ (rag =7s5) _yy. (A)

orgx, Tap

Since « and 3 are interchangeable, after exchanging 8 with a and vice-versa, equation (A.4)

becomes,

ar,@aj _ (T/Bj — Taj) (_1) _ w (A 5)
8Tak TBo Tap ' |
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Combining both cases in equations (A.3) and (A.5) for any arbitrary atom A, yields

Orag _ ,(Ta —15) (A.6)
aI')\ Ta,B

Therefore, substituting equation (A.6) into equation (A.1) using equation (2.6), the internal

forces on an atom « are defined as

nA
Fint — _ Z OV (rap) [ra —1rs _ (A7)
@ et Orag Tap



Appendix B

Bond potentials

The bond potentials used to model the atom to atom interactions in the present thesis are

explained below

B.1 Lennard-Jones potential

The mathematical expression of the Lennard-Jones potential is given by

12 6
V(rap) = de [(‘7) = (‘7) ] (B.1)
Tag T’ag

where o and € are the specific Lennard-Jones parameters and 7,3 is the distance between the

atoms « and (3 defined in equation (2.9).

B.2 Tersoff potential

The mathematical expression of the bond energy based on the Tersoff potential is given by
[177]
V(rag) = fe(rap)lfr(rag) + bagfa(rap)]- (B.2)

The bond energy in the Tersoff framework is a combination of repulsive (fr) energy func-
tion which is exponentially decaying and attractive (f4) energy function that exponentially
increases; with the increase of distance between the atoms. f. is a smooth spherical cutoff
function around atom « based upon the distance to the first nearest-neighbor shell. The
function f. in equation (B.2) is defined as [177]

1 when 1,5 < Rag
[e] _Ra
fe(rag) = % + %cos (%) when Rag < 7ag < Sap (B.3)
0 when ro3 > Sop
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Variable Silicon (Si) Carbon (C)
R (A) 2.7 1.8
S (A) 3.0 2.1
A (eV) | 1.8308 x 103 1.3936 x 10°
B (eV) | 4.7118 x 10? 3.4670 x 102
D (A1) 2.4799 3.4879
(A1 1.7322 2.2119
P 1.1000 x 1076 | 1.5724 x 107
q 7.8734 x 107! | 7.2751 x 107!
c 1.0039 x 10° 3.8049 x 10*
d 1.6217 x 10! 4.3840 x 10°
h -5.9825 x 1071 | -5.7058 x 107!

Table B.1: Parameters for Silicon and Carbon to be used in equation (B.2), adopted from
[177]. R and S were not systematically optimized.

from equation(B.3), f. returns a value of 1 if r, is less than R,g and 0 when r,g greater than
Sap- The values of the constants Ras = /RaRp and Sapg = /SaSs, (where o and 3 can be
two different atom types, like Silicon and Carbon) are listed for Silicon and Carbon atoms in
table (B.1). The repulsive and attractive potential energies are tuned with the parameters

Aqp and Bg, respectively. The repulsive potential energy is defined as [177]

fR(rag) = Aage™Posmer (B.4)
and the attractive potential energy is estimated from [177]
fA(Taﬁ) = _Baﬁeigaﬁraﬁ (B'5)

where A = /A, Ag, B =/BaBg, Dap = (Do +Dp)/2 and Eup = (Ea + £3)/2, in equations
(B.4) and (B.5), are the constants listed in table (B.1). The variable b,s in equation (B.2)
is designed to represent the bond strength of the potential. b,z is inversely proportional to

the coordination number and is defined as [177]

)_1/2% (B.6)

b = Eap (1 +PICl
where P and ¢ are the constants listed in table (B.1). (,g provides a weighted measure of
the number of other bonds () competing with the bond «a-f, which is defined as [177]

Ca,b’ = Z fc (Tav) g (Qaﬁ'y) (B'7)

y#,B

where .3 is the strengthening or weakening factor of the hetero-polar bonds and g (f.s)
provides a measure of dependence on the bonding angle 6,3+, subtended at atom « by atoms

B and 7. The variable g (f,,) is included to stabilize the atomic geometry under shear
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operations and to provide an effective coordination contribution based on the elastic energy

of the current configuration, which is defined as [177]

) L & B.8
N =1+ o & '
9 (0apy) 2 42 + (ho — cos (Haﬁ'y»z o

«

where c¢,, d,, and h, are the constants listed in table(B.1). Refer appendix for the derivation

of the first derivative of the potential function in equation (B.2).

B.3 First derivative of the Tersoff potential

The internal forces in equation (2.6) estimated based on the Tersoff potential function in
equation (B.2) are derived below. Considering the first derivative of the bond potential
function (V(reg)) in equation (B.2), with respect to the position of a particular atom A in a

particular direction k, i.e.,

OV (rag)  O(fe(rap)lfr(Tag) + bapfa(ras)])

87">\k 87%

. afR(Taﬂ) 8fA (rocﬁ) abaﬁ 8fc(raﬁ>
= fe(rap) R + ba o T B fa(rap)| + oy [fR(rap) + bapfa(rap)]-
(B.9)

Ofr(rag) Ofa(rap) Afe(rap)
oryeg ! or i and Ok

The terms, in equation (B.9) are further split, based on the

chain rule of the derivatives as shown below
Of(rag)  0f(rap) Orap

= 1
aT‘)\k 87‘ag 8r,\k (B 0)

af
Ak

where 7,4 is defined in equation (2.9). Therefore, the derivative g: in equation (B.10) can

be evaluated by substituting definition of r,5 from equation (2.9)

3 . )2
O0rap _ 8\/Zj:1(r063 r5;) _ (raj —73;) (Bax — 0p3) = "afj (dax — 0fB.11)
I Or Vi1 (ras —75;)? rof

Lets consider two possible cases for A. First, when A = o and A #

Orap;  (Taj —755)
e ) (B.12)

and secondly, when A = § and A # «

Oras; _ (rag =T85) 3y (B.13)

orgx, Tag
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Since v and (3 are interchangeable, after exchanging § with « and vice-versa, equation (B.13)

becomes,
Orga; _ (rgj — Taj) (—1) = (raj —78;) _ TaBj (B.14)
OT ok T8a Taf TaB

Combining both cases in equations (B.12) and (B.14) for any arbitrary atom A, yields

O0rap _ 2(ra —rg)
ory TaB

. (B.15)

The first derivative of the function f with respect to 7,5 in equation (B.10) can now be

estimated as

afR (Tozﬁ)

= —D,zA,ze PebTas B.16
s sAage (B.16)
and 5
fgr(raﬁ) — EosBageEusTas. (B.17)
af

The cutoff function (f.) is differentiable only in the range of Rog < rog < Sag. Therefore,

8fc(ra6) L. W(Taﬁ - Rag) 7T
——sin ( ) 5. (B.18)

Orag 2 Sas — Rap 5—Rag

Now, the derivative of byg in equation (B.9) is given by

Obag 1 (=1/2ga—1) —10Cap
= 1 Qo (e o Pl (1o B.1
a’rAk 2qa faﬁ ( + PO( aﬁ) q POc Caﬂ 87"Ak ( 9)
1 bos Pl 0Cas
2 (gﬁ}gq“) + ng‘g‘ag) Ork
where
9ap Ofe(ray) Oray 09(0apy) 0cos(0apy)
_ 9Je\Tay) 0, (re B.2
orx, 7;%( OTany 8r,\kg( go) + Jelr 7)8005‘,(9()437) Ork (B-20)
and )
ag(eaﬁ’Y) — _ 2604(]7“04 - COS(GOCB'Y)) ) (B21)
9 cos(0apy) (d2 + (ha — cos2(9aﬁw))2
The subtended angle cos(f,s,) can be evaluated from
COS(@a@y) _ Top " Tay _ TaBiTavyi T TaBjTayj + TapkTavk ‘ (B.22)

TapTay TapTay
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Therefore, the derivative of cos(6,5,) with respect to ry; can be evaluated as

8( afB Ta ) 8( o 23 )
9 cos(0apy) _ TapTay raf; . raf;c "+ (Tap - Tay) (B.23)
Ork (TQ,BTQW)Z ‘

where the term “% ;;” in equation (B.23) can be calculated as

O(rap - Tay) _ O(rapiTani + TagiTarnj + TapkTark) _ O(Eii rapirast) _ O1Xiz1(rer = rat) (ryr = rar)]

87’)\]@ 67% 87’)\k 87%
= Taﬁl((sa)\ - 57)\) + ((5(1)\ — 65)\)7'a71- (B.24)

The term %::7) in equation (B.23) becomes

3 _ 2 3 _ 2
8(7'04/37”(17) o g <\/Zl1(ral Tﬁl) \/Zl:l(ral T’Yl) ) . Toz'yl((sa/\ - 5’yA) raﬁl((sa)\ - 5,3)\)
or N or = ToB T + T Toey
Ak Ak ay aff

(B.25)

Therefore, substituting equations (B.24) and (B.25) in equation (B.23), yields

OCOS(Qa,B'y) _ ra,@l(da)\ - 67)\) + (504)\ - 6[3/\)7‘0/% —COS(@ag-y) (ra'yl(éoz)\ - 5'yA) + Toe,Bl((SoeA - 65)\)) ‘

Ok TafTary rZ, r2 s
(B.26)
Considering the case when (i) A = a, A # [ and \ # v
8 90& « Qv oY% «
c0S(0apy) _ Tapl + Tan — c08(0ay) | 22t 4 TaBL) (B.27)
OT ok TaBTay Tan Tos
when (ii)) A = 8, A #«a and A # ~v
8 90& 6% o
Qcorllain) _ __Terl_ | oos(f,5,) o2 (B.25)
orgy; TaBTary Tog
and when (iii) A =9, A # a and XA # 8
6 o
9cos(0apy) _ _ Tap c05(Bay) 22 (B.29)

0Tk TaBTay Tan
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Derivation of the internal forces:

coarse scale

The term gf@ in equation (2.20) can be evaluated for any arbitrary atom A as given below:

0p,  0¢, Orap

= . C.1
ol Orap Ou§ (G-1)
Substituting the the expression for 7,43 from equation (2.9) into equation (C.1) yields
3
Orag; _ O (VEim1 (s = 100) S0, (rag =) ((Orey Oy (C.2)
ou§, ou, Taf ou§, oS, )’ '
The position of atom « in the current configuration r, is given by
C— . C
Toj = ROé] + uozj‘ (03)
where R, denote the initial atom positions. Similarly for the atom g
rs; = Rg; +ug;. (C.4)
Using equations equations (C.3) and (C.4) in equation (C.2)
araj 81'63'
- = 0ar0ik — 050k = (dar — 9pA)0jk- C.5
<8u§k o, axdji = 0andjk = (Bax — 95x)djk (C.5)

Hence, after dropping the summation symbol over the free index j, equation (C.2) becomes

Irapj _ (raj —1pj)
= dax — 08x)0k- C.6
s, oy Ger = 9o (C.6)
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Lets consider two possible cases for A\. The first case, when A = « and A # 3

0rag; Taj — TBj
augj _ ( JT ; 5])(1) (C7)
ak a

and the second case, when A = 8 and X\ # «

Orag;j Taj — TB;
8ug] _ ( ]r p B])(_l) (08)
Bk o

Since « and (3 are interchangeable, after exchanging 8 with o and vice-versa, equation (C.8)

becomes,
87"/304]’ _ (Tﬂj - Taj) (-1) = w (C.9)
8112]{ TBO[ Tﬁa ' |

Combining both the cases in equations (C.7) and (C.9) for any arbitrary atom \, yields

a/raﬁj _ 2 (/raj _ rﬁ]) (Clo)
6u§k Tap

Substituting equation (C.10) into equation (C.1)

8¢p . a¢p aroz,b’ _9 a¢p (rai — T,Bi) —9 8¢p Tapi

— C.11
Ouf\ji Orag 8u§i Orag TaB Orag Tap ( )

where 7,4; is defined in equation (2.28). For the VAC configuration shown in the fourth
column of Fig. 2.4(2b), « is always set to 1 and § varies from 2 to 7. Therefore, using the
definition of ¢, from equation (2.16) in equation (C.11) and considering the case where A\ = «
and A\ # [, equation (C.11) becomes

9y _ "\ 0¢ap Tapi o=l 9y _ NPT r1gi
auC ) 8Ta5 Tap 8u1CZ =2 87“1,3 718

i

(C.12)

Second part of equation (C.12) is nothing but equation (2.21). Equations (2.22) to (2.27) can
be obtained by interchanging o and 8 and considering the case A = 5 and A # « in the first
part of equation (C.12). Since « is always set to 1 and S varies from 2 to 7, the summation

in equation (C.12) can be removed. Therefore,

9y _ 091 Tp1i
8ugi 8r51 Tp1 '

(C.13)

Now equations (2.22) to (2.27) can be obtained by varying /5 from 2 to 7 and accepting the
following equalities: ¢g1 = @1, rg1 = r1g and rg; = —7r1g;.
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Algorithms

D.1 Energy based refinement algorithm

The energy based refinement algorithm is explained in algorithm 1.

D.2 Energy based coarsening algorithm

The energy based coarsening algorithm is explained in algorithm 2.

D.3 CSP based refinement algorithm

The refining algorithm 3 explains the adaptive refinement process adopted in the MAMM.

D.4 CSP based coarsening algorithm

The coarsening algorithm 4 explains the adaptive coarsening process adopted in MAMM.
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input : &2, £, £, YP plist,, nconn,
output: £2, 1, EC, 1, EXN EMPL rrtA nlist, i1, nconnni
£HE _ ¢
for each atom o do
if energy > tol” then
e = element containing o in Q%
add e to EF
end
end
£migh — gHE
for each element e in EHF do
‘ add neighbours of e to set XA
end
greine — gA /gminh
Create the atoms in the element set £refine,
for each element e in £ do
for each atom o in element e do
| Initialize the positions (ri*f}) using equation (2.2).
end
end
Exft = Ex U Exefine
ET = &/ E
for each element e in Eﬁﬁl do
for each atom o in element e do
| Update the neighbour list (nlist,11)

end
end
EVR = (EP U ) /N

for each element e in " do
| Create the phantom nodes
end
it =gt uen’
Update the crack tip element Sfliﬁl.
Initialize the positions of the new phantom nodes by interpolation.
Update the nodal connectivity (nconn,i1) table.

if coarsening then

A __ crefA
&

n — “n+l
gC _ crefC

n n+1
gsplit 5Splilt

n - Yn+
else

:
gA __ crefA
n+1 = “n+1
gC __ crefC
n+1 — “n+l1
end

Algorithm 1: Steps to model refinement, n is the load step indicator.
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input : 5,1?, EC, SE’A gsplit
output: £2,1,E, 1, SZI_;EI{“, nlist, 1
EHE _
for each atom o do
if energy > tol” then
e = element containing « in

add e to EE

end
end
SLE gHE / gA

coarsen __ LE BA
geoarsen — £LE [ oF

for each element e in £5°*“" do
| Delete the fine scale atoms.

end
gcoalA 5coarsen / EA
P =

n

gcoa gcoaA / £
5 ht S ht coarsen
geplit’ — gsplit  go

spht split’ split
n+1l — E / 5

for each element e in ECO“A do

for each atom o in element e do
| Update the neighbour list (nlist,11)

end
end
5 gcoaA
n+1 - n—&-lc
EC = £

Algorithm 2: Steps to model coarsening, n is the load step indicator.



128

Algorithms

input : P{f, PS , Pﬁplit, Pffp, nlisty, nconny
output: PﬁH, PSH, leihlt, Pltffl, riﬁﬁ,nlistnﬂ,nconnnﬂ
PP = ()
for each atom o do
if csp > tol®P then
p = particle containing « in Qé
add p to PSP
end
end
Pt = Py
for each particle p in PSP do
‘ add neighbours of p to set
end
pieine = P /PritA
Create the atoms in the particle set Prefine,
for each particle p in P;eﬁne do
for each atom o in particle p do

minA
anr 1

| Initialize the positions (ri*f}) using equation (4.32).
end
end
Pre) = P U pyeine
Pt = it /P

for each particle p in P;ﬁf’f do

for each atom « in particle p do
| Update the neighbour list (nlist,y1)
end
end

i . .
,Pnsp it (Prslpht U 'P;Dllp)/’])gSP

n+1
for each particle p in Pgipf” do

| Create the phantom nodes
end
Psplit _ ,Psplit U ,Pnsplit
n+1 n n+1 .
Update the crack tip particle 73;141_)1.
Initialize the positions of the newly cracked particles by interpolation.
Update the nodal connectivity (nconnyi1) table.
if coarsening then

A __ prefA
o Tukl
__ pre
Pn — n+1 y
split __ psplit
Pn - Pn—i-l
else
; A A
__ pref
Pt~ Totl
_ pre
Pn—i—l - Pn—i—l
end

Algorithm 3: Steps to model refinement, n is the load step indicator.
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input : P2, PO pBA Pﬁplit
Lo
output: P2, PS, . PrE nlisty
PP —
for each atom o do
if csp > tol®P then
p = particle containing « in g
add p to PSP
end
end
Pyt = PP /Pyl
pcoarsen _ PLE N PBA
n n n
Employ the coarse graining scheme discussed in section 4.2.2

for each particle p in P4 do
| Delete the fine scale atoms.

end
PcialA — Pﬁoarsen/Pﬁﬁ}

n
fpcialC — PC(J)ralA/fP

n n
rprslplit’ — rprslplit N fpr(ioarsen
731513_111‘5 _ pﬁplit’/fplslplit
for each particle p in P2% do

for each atom « in particle p do
| Update the neighbour list (nlisty+1)

end
end
A __ pcoaA
Pn+1 — n+1
PC __ pcoaC
n+1 — " n+1

Algorithm 4: Steps to model coarsening, n is the load step indicator.
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