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Abstract. Initiation of crack and its growth simulation requires accurate model of traction — separation law.
Accurate modeling of traction-separation law remains always a great challenge. Atomistic simulations based
prediction has great potential in arriving at accurate traction-separation law. The present paper is aimed at
establishing a method to address the above problem. A method for traction-separation law prediction via
utilizing atomistic simulations data has been proposed. In this direction, firstly, a simpler approach of
common neighbor analysis (CNA) for the prediction of crack growth has been proposed and results have
been compared with previously used approach of threshold potential energy. Next, a scheme for prediction
of crack speed has been demonstrated based on the stable crack growth criteria. Also, an algorithm has been
proposed that utilizes a variable relaxation time period for the computation of crack growth, accurate stress
behavior, and traction-separation atomistic law. An understanding has been established for the generation of
smoother traction-separation law (including the effect of free surface) from a huge amount of raw atomistic
data. A new curve fit has also been proposed for predicting traction-separation data generated from the
molecular dynamics simulations. The proposed traction-separation law has also been compared with the
polynomial and exponential model used earlier for the prediction of traction-separation law for the bulk
materials.
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1. Introduction

The process of fracture mechanics has attracted considerable attention since last few decades.
Even though continuum mechanics has been very successful in predicting material behaviors at
macroscopic scale, the atomic simulations has proven to be a most indispensable tool in
forecasting response of the material subjected to extreme stresses. Despite achievement of
significant milestones in the development of continuum mechanics of fracture (Griffith 1921,
Irwin 1948, Irwin 1956, Dugdale 1960, Irwin 1957, McClintock 1968, Rice and Rosengren 1968,
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Westergaard 1939, Williams 1957) the complex fracture mechanism occurring at atomistic level is
not completely understood. However, it is well known that the observable fracture phenomenon at
macroscopic level is an outcome of various events occurring at micro- and nano- scale. The
smallest scale could be the breaking of bonds between the atoms as the crack propagates. In this
direction, Molecular Dynamics (MD) Simulations have played a vital role in micro-/nano- scale
modeling of material and to track the individual atom of interest. Studies carried out by MD
simulation helps in accurate modeling and estimation of cohesive zone (Krull and Yuan 2011,
Zeng and Li 2010, Tvergaard 2001, Yamakova et al. 2006, Tomar et al. 2004, Kubair and
Geubelle 2003, Dantuluri et al. 2007), fracture mechanism occurring at the interface of two
materials (Zhou et al. 2009). Atomic simulations not only helps to accurately estimate the stress
field in the vicinity of crack tip, it also aids in better understanding of fracture dependency on
crystallographic loading orientation, initial nano-void volume fraction, geometry, temperature,
strain rate etc. (Abraham and Broughton 1998, Holland and Marder 1999, Rosch et al. 2006,
Bringa et al. 2010, Wu and Yao 2012).

In order to perform an accurate cohesive zone modeling, it is important to first understand the
behavior of crack initiation and crack growth accurately so that the accurate cohesive law could be
implemented. Even though most of the atomistic studies of fracture behavior at the nano-scale
have been focused on investigation of brittle fracture events, there are a few discoveries that
provide an analysis and understanding of nano-scale ductile fracture events, which is indeed a
result of void formation ahead of the crack tip, void growth and link up with the main crack
(Garrison and Moody 1987, Tai and Yang 1986, Xu and Deng 2008, Bhatia et al. 2012, Potirniche
et al. 2006, Roy et al. 1981). It is also shown that ductile fracture is an end result of sequence of
three processes (i) void formation, (ii) void growth, and (iii) coalescence (McClintock 1968,
Thomason 1968). However, predicting failure in ductile material requires thorough understanding
of complex process of micro structural damage evolution and progression wherein the void forms,
grow, and link up with the main crack. Xue and Wierzbicki (2008) have also modeled the ductile
fracture mechanism using damage plasticity theory.

In the present work, nano-scale single crystal aluminum with a stationary single edge crack,
subjected to remote mode-I loading has been considered. The aim of the present study is to
identify the several nano-scale events that lead to fracture in aluminum, and to figure out the
dependency of atomic scale fracture events on atomic stresses. To study the nano-scale fracture
behavior and investigate the effect of stress fields on the fracture process, several atomistic stress
definitions have been employed in the present work. It includes atomic stress, average atomic
stress, hydrostatic atomic stress, and Von-Mises atomic stress based on the average atomic stress.
Next, an attempt has been made to develop an accurate traction separation law which is one of the
main aims of the present paper. It is also very important to understand the crack initiations and
crack growth accurately so that an accurate traction - separation data could be generated from MD.
In this direction, an attempt has been made to understand the stability of the crack initiation and
crack growth and its impact on the traction - separation data. Also, the MD traction - separation
data has been compared with the existing polynomial (Needleman 1987) and exponential form
(Needleman 1990) of traction - separation law used for bulk material modeling. It is shown that
both the polynomial as well as exponential form of fit used for macroscopic studies does not match
well with the MD traction - separation data of single crystal Al. However, the effect of crystal
orientation, different initial temperature, and different class of FCC single crystal are still an open
area of research. Finally, a new curve fit for the present set of MD traction - separation data has
also been proposed.
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2. Modeling setup and simulation methodology

In this section, details of modeling setup and simulation methodology adopted to carry out MD
simulations are discussed. Firstly, a brief discussion of MD techniques and interatomic potentials
utilized in the present study is presented. Next, the details of model geometry and boundary
conditions are presented. Finally, discussions on several atomistic stress definitions employed in
this work are provided to understand the nano-scale fracture behavior and to investigate the effect
of stress fields on various fracture process.

2.1 Molecular dynamics (MD) and interatomic potential details

MD simulations predict the motion of an atomistic system using the equations of motion
governed by Newton’s second law. The governing equation for an atom i in the system is given
by F; = m;i;, where m; and r; are the mass and position of atom i, respectively. t; is the double
time derivative of r;, and F; is the total interaction force on atom i by its neighbors. In MD
simulations the total interaction force F; on atom i by its neighbors is determined by the gradient of
the total interatomic potential E of the atomic system through F; = —V; E (ry, 1y, 13, ...,,) Where
r;, Iy, I3, ... I, are the positions of the atoms in an atomic system of n atoms. In this work, the most
common numerical time integration method of Velocity Verlet algorithm is used (Swope et al.
1982). Many forms of reliable interatomic potentials with various levels of complexity and
accuracy have been proposed in the recent past for a range of materials based on large set of
experimental, empirical, semi-empirical, and ab-initio data.

Among these potentials, the embedded atom method (EAM) potential (Daw and Baskes 1984)
is one of the most commonly used potentials for FCC metallic materials. The EAM potential
describes the total energy E for a system of atoms as

E=XVFi (o) + 3200y (xy)) @)

where the summations in Eq. (1) extend over the total number of atoms N in the system. F; is the
embedded energy as a function of the host electron density p; induced at site i by all other atoms
in the system, and @;; is the pair potential as a function of the distance r;; between atom i and j .
The electron density is given by

pi = Zy:tipj(rij) 2)
where p(r) is the electron density function assigned to an atom j. EAM potential developed by Liu
et al. (2004) is employed in the present work which is derived from density functional theory
calculations. The potential predicts more accurately crystal defects and dislocations dynamics of

aluminum crystals. A large number of crack growth related studies are already performed in recent
past utilizing this potential (Krull and Yuan 2011, Xu and Deng 2008).

2.2 Model geometry and boundary conditions

In this work, a constrained three dimensional model consist of FCC single crystal of aluminum
with a single edge crack is employed to investigate crack initiation and crack growth behavior
(similar model has also been considered in the recent past by Krull and Yuan (2011), Xu and Deng
(2008)). The size of the model considered is 125ax70ax6a (50.51 nmx30.3 nmx2.42 nm), where a
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Fig. 1 Crack specimen geometry of a FCC single crystal Al considered for MD simulations

(a=0.4041 nm) is the lattice constant of aluminum, as shown in Fig. 1. The corresponding MD
sample consists of ~ 2,20,000 atoms. All the simulations are carried out with 50 Intel core at 3.0
GHz Processors in parallel utilizing Linux. An approximate time of 1-5 days (depending on
different simulation conditions considered in the present paper) used to takes for the completion of
one run. The model thickness is considered to be greater than 4a, to diminish additional size
effects (Horstemeyer and Baskes 1999). Because of the use of the periodic condition and a small
number of lattice layers in the thickness direction (to limit the amount of computation), this 3D
model is called a constrained 3D model (Xu and Deng 2008). Also, periodic boundary condition
along the thickness of the specimen ensures the plane strain condition for the simulation. The
lattice is orientation such that X-direction is along [100], Y-direction is along [010], and Z-
direction is along [001].

An artificial crack is created in the left central region of the geometry by removing atoms of
those regions, as shown in Fig. 1. In the model, the two faces of the single edge crack are parallel
to the <010> plane and are a distance of 2a (0.808 nm) apart, and the initial crack length is equal to
10a (4.04 nm). Energy minimization of the structure is performed (at T=0 K) utilizing Conjugate
Gradient method. After the energy minimization, the top and bottom boundary of the structure
(consists of distance 4a) is held fixed, as shown in Fig. 1. The displacement in the X-direction
along the right boundary is constrained to zero in order to limit boundary effects. Following the
energy minimization process, the system is equilibrated at a given temperature of ~0 K using the
Nose-Hoover thermostat (Nose 1984, Hoover 1985) for 50 picosecond (ps) with a time step of
0.001 ps. All simulations are performed using an MD code called LAMMPS (Plimpton 1995,
LAMMPS 2013). Next, the system is stretched in the Y direction along the top boundary with a
displacement controlled loading while the bottom boundary is held stationary. After the
application of displacement controlled loading of a given duration of 1ps, the system is relaxed for
a particular time period. Six different relaxation time periods of 1ps, 10ps, 20ps, 30ps, 40ps, and
50ps are considered between two consecutive loading steps to see the stability of crack growth.
After this fixed interval of relaxation time period, further displacement controlled loading is
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applied for further growing the crack and this process continues till the complete fracture is
observed in the sample. Finally, the deformed configuration of the system is predicted using MD
simulation. All simulations are preformed at temperature of ~0 K using a method to rescale the
velocities of the atoms to avoid any thermal activation. This assumption diminishes effects of atom
vibration and will not affect our discussions. However, the effect of temperature grow during the
displacement controlled loading is still an open area of research.

2.3 Atomic stresses

The atomic stress at an atom i is a stress quantity at the atomic scale. It is a strength
measurement of the interatomic interactions of the atom with its neighboring atoms. This stress
tensor is defined in component form as (Zhou 2003)

Sap() = = 3 Lei Fa(i D 150 ) 3)

where a, =X, Y, z. N is the number of atoms in a region around atom i within an EAM potential
cut-off distance (which is 6.063 A for Al), F, (i, j) is the vector component form of the interaction
force exerted by atom j on atom i, rg(i,j) is the vector component form of the relative position
from atom j to atom i, and V; is the volume of atom i given by V; = % T R;3, where R; is the

radius of the atom i. Taking an average of the atomic stress over the volume around atom i within
the cut-off distance, the average atomic stress at an atom i is defined as

Oop () = —Z, 10ap() (4)

where ag,p(j)is the atomic stress at atom j. Analogous to stress definitions at a point in a
continuum, the mean (hydrostatic) average atomic stress gp,ean (i) and the Von-Mises effective
average atomic stress a,,, (i) at an atom i can be defined based on the average atomic stress at the
atom as

omean(i) — §[ avg+ 0avg + 0avg (5)
0Von(i) =
J [( avg avg) n (Oavg avg) n (Oavg avg) 16 ( avg2 +O_avg2 +0'an2)] (6)
Oxy

2.4 Evaluation of traction — separation over the damage zone

The cohesive zone model is introduced in the literature to study failure of ductile materials. The
main idea of the cohesive zone model is to reduce the finite fracture process zone ahead of the
crack tip, where material damage occurs, to a strip with zero thickness. The damage evolution in
the region is characterized by the relationship between the traction (T) and separation (o), i.e., the
traction—separation law. Since, it is introduced for a fictive zone, which cannot directly be found in
reality, hence, formulation of the traction—separation law becomes a key issue in development and
verification of the cohesive model. Atomistic simulations are based on atomic potentials and can
provide information of inter-relations between these variables and find a new way for
homogenization of the discrete damage process in micro/nano-scale to the macro-scale in
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Fig. 2 A schematic representation of zoomed view of Fig. 1 near the crack tip is shown here. (a) Cell
introduced for evaluating the averaged atomic tensile stress, averaged hydrostatic stress, averaged Von-
Mises stress, and averaged traction-separation data. The initial system is divided into N cells for performing
averaging. In each cell two atoms, one at top side and another at bottom side are identified to calculate the
separation as marked in red. (b) The cell is introduced from twice the cut-off distance (2r.f) from the
initial crack tip to study the effect of surface on the traction - separation law. (c) Region -1 and (d) Region -
2 considered for the computation of stress triaxiality

engineering materials (Krull and Yuan 2011).

In order to evaluate the traction-separation over a damage zone, a method similar to what is
proposed by Krull and Yuan (2011) has been utilized in the present paper, as shown in Fig. 2. In
this method, after the energy minimization, the initial system is divided into N vertical cell along
the y-axis with finite thickness of +/— 4a (a=lattice constant) along x-axis. An approximate width
of 10A is considered for individual vertical cell (along the x-axis). In each cell, one atom from the
upper most regions and another one from the bottom most regions have been considered to track
the crack trajectory that will finally lead to the prediction of separation. The atom ids of all the
atoms inside a cell is stored separately and traced during the crack growth process for the
calculation of averages stress quantities. This will lead to the averaged traction quantity for
separation of a given cell.

3. Identification of crack growth (threshold potential energy vs. CNA)

In the recent past, many attempts have been made to identify crack growth of single crystal
utilizing molecular dynamics simulations. For example, Xu and Deng (2008) have shown effective
crack length during the crack growth study of single crystal Al. An effective crack with the
mathematical crack tip being at the physical crack tip (when there is no void ahead of the crack
tip) or at the forward tip of the leading void (when one or more voids exist ahead of the physical
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Fig. 3 Crack length (A) v/s Time (ps) plot for CNA and energy approach for predicting crack
growth. The length of initial artificial crack considered in the present study is also marked

crack tip) is considered for extracting crack growth. The exact mechanism of extracting crack
growth data is not discussed in Xu and Deng (2008). However, the data presented in the Fig. 3 of
present paper indicates that energy based approach for extraction of data for predicting crack
growth has been considered in Xu and Deng (2008). The details of the energy based approach
considered in the present paper will be provided in subsequent section. Zhou et al. (2008) have
also shown the dynamic variation of crack length during simulations and it is used for examine the
correlation between the observed stress—strain curves and fracture. It is well known that atoms at
the cracked surface have significantly higher energy than those in the bulk. Zhou et al. (2008) have
used threshold energy to determine the crack length. In order to calculate threshold energy, an
average potential energy was calculated over all atoms in each of the regions (Zhou et al. 2008). If
this average energy was larger than the threshold energy, the corresponding region was counted as
cracked. The similar concept of crack detection was used in Zhou et al. (2009) for studying the
effects of elastic constant mismatch for brittle interfacial fracture simulations under mixed mode
loading condition.

Ren et al. (2012), Wu and Yao (2012) have also used the similar approach in which the crack
tip position is determined by searching the surface atom in the vicinity of crack tip on the basis of
potential energy criterion. By choosing an appropriate threshold value of the potential energy, the
surface atom closest to the crack tip region has been extracted and the crack tip position changing
with time has been obtained. A similar concept has also been used in (Paliwal and Cherkaoui
2013) for studying mixed mode cohesive zone law while considering non-planar crack growth.
Different energies including a threshold value (u;), average potential energy (us), and bulk potential
energy (up), and bonded interface energy (u;) and correlations amongst them are considered for the
identification of crack growth.

The above study indicates that the identification of accurate threshold values of potential
energy is a cumbersome task. It is also observed by the present authors that the threshold energy
method requires cross-checking at every loading steps for the prediction of accurate crack growth
and for the confirmation whether the threshold value of energy selected is correct or not (as the
energies of surface atoms keep on fluctuate). In the present paper, two different criterion for the
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CNA Energy

Fig. 4 CNA v/s Energy contours with varying time steps near the crack tip region. The blue
atoms in CNA contour shows perfect FCC lattice and red atoms are corresponds to an unknown
lattice structure and corresponds to surface atoms and dislocations. The energy plot shows the
variations in potential energy (in eV) with blue atom as the energy of bulk atoms

identification of crack growth are studied and compared, i.e., (i) threshold potential energy and (ii)
common neighbor analysis (CNA). In the case of first method, value of potential energy at the
initial crack tip is considered as the threshold and the same value of potential energy is tracked
with growing crack for the identifications of crack tip. The pattern of crack growth observed with
this method as shown in Fig. 3 is similar to what is reported in Xu and Deng (2008) (refer Fig. 15
of Xu and Deng (2008) for further details). During the process of crack growth identifications, it is
observed that this method does not work well for the identifications of crack tip due to the
following two reasons. Firstly, localized defects for example voids formation, which are not at the
crack tip (could be ahead/behind of actual crack tip) may have the same threshold value of
potential energy. Secondly, it is also observed by the authors that the potential energy at the crack
tip may have lower values as compared to the threshold potential energy with growing crack.

In order to remove the above mentioned artifacts of potential energy approach, a modified
scheme is adopted in the potential energy approach itself. In the modified scheme, the region
behind of crack tip (region behind threshold potential energy) is neglected in the next step of
loading. In this way, localized defect, if any, (that is in actual behind of crack tip locations) which
has the same threshold potential energy was able to remove during the crack growth computations.
However, this scheme has other drawbacks, i.e. it is not able to capture the closure of the crack tip,
if occurs during the process of crack growth may be either due to stress relaxation or shape
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memory recovery of materials. In order to make the process of identification of crack growth
simpler, a different technique based on common neighbor analysis (CNA) technique is studied. It
is important to mention here that CNA technique is used extensively in the literature in past for the
identifications of defects and free surfaces in nano-crystalline materials. The concept of CNA is
introduced by Honeycutt and Andersen (1987) for determining the equilibrium structure of small
clusters of Lennard- Jones atoms. Jonsson and Andersen (1988) used the same technique to study
the structures produced by cooling Lennard- Jones fluids to below the glass transition. Clarke and
Jonsson (1993) used a slight different version of the CNA to investigate the densification and the
icosahedral ordering of hard-sphere packing. Faken and Jonsson (1994) used the same version of
CNA in combination with 3D computer graphics to study the crystal nucleation in a molten copper
slab. The CNA has also been useful in the investigation of the microstructure of liquid and
amorphous Ni (Garzon and Amarillas 1996), small Au clusters (Amarillas and Garzén 1996, Li et
al. 2000), metallic nano contacts (Serensen et al. 1998), grain boundaries (Schigtz 1997a, b),
dislocation processes in nano-crystalline aluminum (Yamakov 2002) liquid and super-cooled
tantalum (Jakse and Pasturel 2004), liquid and super-cooled copper (Ganesh and Widom 2006),
and metallic glasses (Yavari et al. 2007). The use of CNA makes dislocations, grain boundaries,
and stacking faults visible in the simulation. This efficient and convenient technique serve well in
the visualization and interpretation of datasets obtained from MD simulations of simple systems
with fcc, hep, or bec structure. However, no attempt has been made for the identification of crack
growth utilizing this approach.

CNA technique identifies the local structure in atomic systems by using information about the
mutual relation between neighbors of atoms pair. In this technique, the surface atoms show an
unknown lattice, which is due to the fact that the surface atoms do not have the same neighbors of
atom pairs (due to the free surfaces) compared to the other part of the structure which has perfect
FCC lattice. The atoms are shown in blue in Fig. 4(a) which has perfect FCC crystal structure
(having CNA patterns 1) and the atoms shown in red are the atoms at the free surfaces (having
CNA patterns 5). For further details on the CNA patterns, refer (LAMMPS 2013, Faken and
Jonsson 1994). In order to monitor the crack growth, the position of CNA=5 is monitored along
the crack length axis. As the crack started growing, the CNA value shifted from the free surface of
the crack tip to the inside (refer Fig. 4 for further details) and CNA of perfect lattice (CNA =1)
changes into 5. Hence, the accurate crack tip is identified with growing crack. Also, if any closure
of the crack happens, this method is able to predict it accurately, as it occurs during 96ps to 97ps in
the present simulation, as also shown in Fig. 4. In the present work, CNA has been studied at OK;
however, the effect of CNA on the crack prediction with temperature needs to be studied.

A detailed comparison between the threshold potential energy and CNA technique with
growing crack is presented in Fig. 4. It can be seen that the crack is slightly opened up from both
the top and bottom end of the crack tip, as marked by red atoms in CNA and shown in snapshot ‘@’
of Fig. 4. On the other side, the threshold potential energy that is not able to capture the crack
initiations as the potential energy observed in those regions are lower than the threshold values.
The similar behavior is shown in snapshot ‘b’ of Fig. 4 where CNA capture the crack initiation
accurately. In the snapshot ‘C’ of Fig. 4, it is observed that the crack is closing at that particular
step of loading (it can be seen in both the CNA as well as energy approach). However, the
threshold potential energy still shows the location of crack growth at the initial crack tip locations
only. On the other hand, the CNA technique shows the crack growth reductions during the closure
of crack tip (also demonstrated in Fig. 3 at 97ps where a sudden drop in crack growth is shown for
CNA technique). In the snapshots ‘d’ and ‘e’ of Fig. 4, it can be seen that the crack is started
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growing and both the technique shows increase in crack length, however, still the energy approach
shows smaller length of crack compared to the CNA technique (also demonstrated in Fig. 3). In
the snapshots ‘f” and ‘g’ of Fig. 4, it can be seen that the crack is further grown and it leads to
localized defects which has potential energy much lower than the threshold value of potential
energy. However, the CNA technique captures all such events (as shown by red atoms which do
not have perfect FCC lattice structure). Finally, it is observed that CNA technique studied in the
present paper is a much simpler and easier way to track the crack tip location for a growing crack.
The growing crack tip location may be identified accurately by tracking the CNA patterns along
the length of the crack.

4. Prediction of stable crack growth and corresponding crack speed

During a uniaxial tensile loading (for a pre-cracked sample), it is important to know that
whether the crack under investigation is stable or not at a particular load step (under displacement
controlled loading) before applying any further loading. The stability of the crack/ crack growth
would lead to the identification of accurate crack growth rate (i.e., the crack speeds). Hence, the
relaxation period between two consecutive load steps is an important parameter for studying the
stability of crack growth and for accurate crack growth rate prediction. In the recent past, many
attempts have been made to identify crack growth rate of single crystal utilizing molecular
dynamics simulations. For example, an average crack speeds during various stages of crack growth
of single crystal Al is shown in [25]. An increase in average crack speed is reported with an
increase in crack length, for example during initial crack blunting an average crack speed of 146.7
m/s, during initial crack growth and at first void nucleation an average crack speed of 768 m/s,
during second void nucleation an average crack speed of 1497 m/s, and during third void
nucleation an average crack speed of 2318 m/s, are reported. A constant rate of loading at the top
boundary of the structure is applied without any relaxation time between two consecutive loading
steps in Xu and Deng (2008). However, it is not clearly demonstrated in Xu and Deng (2008) that
whether the growing crack is reached its maximum limits (crack is stable or not) before the
application of next load step.

In another study, an incremental displacement loading during MD simulations of Al single
crystal for the prediction of stress behavior and traction-separation law is used (Krull and Yuan
2011). A relaxation period of 25ps is considered between two consecutive loading steps. However,
no attempts have been made to calculate crack growth as well as crack speed (Krull and Yuan
2011). Also, it is not shown that whether the relaxation period of 25ps considered between two
loading step will have any impact on the results presented in Krull and Yuan (2011). Krull and
Yuan (2011) have also demonstrated various events during the crack initiations and crack growth.
It is also important to mention here that the first events of crack growth (for example, crack tip
blunting, initial crack growth, void nucleation, void growth and coalescence etc.) have also been
identified in Krull and Yuan (2011). The corresponding structural configurations are considered
for the post processing of various stress behaviors including tensile stress, hydrostatic stress, VVon-
Mises stress. However, the stability of the crack growth is not been considered for studying
various stress behaviors (Krull and Yuan 2011). In an another study (Wu and Yao 2012), a
relaxation time of 20ps is considered while performing MD simulation of Ni single crystal to find
out the crack growth and stress behavior with varying temperature. The crack length is calculated
every 1ps for a total of run time 600ps in Wu and Yao (2012) without discussing the fact of the
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Fig. 5 Crack length v/s Time (ps) plot for CNA approach for predicting crack growth with varying
relaxation time of (a) 10ps and (b) 20ps considered between two consecutive displacement controlled
loadings. (Each block consists of 1ps of displacement controlled loading step and then subsequent 10 or
20ps of relaxation periods. For example, figure 5(a) shows scale of 1012 to 1023, in which 1012-1013
periods consist of displacement controlled loading step of 1ps and 1013-1023 periods consist of 10ps of
relaxation step. Similarly, figure 5(b) shows scale of 1911 to 1932, in which 1911-1912 periods consist of
displacement controlled loading step of 1ps and 1912-1932 periods consist of 10ps of relaxation step.)

stability of the growing crack. Results are compared with varying temperature and interpretations
are made as temperature being considered as a key parameter on the prediction of crack growth. It
is possible that the interpreted results may lead to totally different conclusions if the stability of
crack growth is not considered for the identification of crack length.

In this direction, firstly, stability of crack growth is demonstrated and it is shown that how the
relaxation time leads to different crack growth behaviors. Next, crack speed is calculated based of
stable crack growth region and the relaxation time. Finally, an efficient and simple method of
varying relaxation time is proposed for predicting crack growth length.

In order to demonstrate the effect of relaxation time on the crack growth and crack speed, six
different cases are considered. First case is similar to what is used in Xu and Deng (2008) where a
constant rate of loading at the top boundary of the structure is applied without any relaxation time
between two consecutive loading steps. Other five cases are in which the relaxation time of 10ps,
20ps, 30ps, 40ps, 50ps are considered between two consecutive displacements controlled loading
steps (refer section 2.2 for further details on loading). These procedures are similar to what is used
in (Krull and Yuan 2011, Wu and Yao 2012), where the relaxation time of 25ps and 20ps are
considered, respectively.

Fig. 5 shows the variations of crack length with time for two different relaxation periods shown
here for demonstration. The relaxation period of 10ps and 20ps are considered in Figs. 5(a) and
(b), respectively. The displacement controlled loading is applied in 1ps and then the system is
equilibrated for the corresponding relaxation time before the application of the next loading. Each
grid box of Fig. 5(a) is consist of 11ps that includes 1ps (i.e., 1012-1013 in Fig. 5(a)) of
displacement controlled loading and remaining 10ps (i.e., 1013-1023 in Fig. 5(a)) of relaxation
time. It can be seen that no crack growth has been seen (as there is no increase in crack length in
the time interval of 1012-1023ps and in the time interval of 1023-1034ps); hence, the crack is
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stable as the crack is reached to its maximum crack growth limit in that particular loading step.
However, in the time interval of 1034-1045ps, it can be seen that the crack is keep on growing and
did not reach to a constant crack length in a given relaxation time period; hence, it indicates that
10ps of relaxation time is not sufficient for the crack to get stable in that particular loading step of
1034-1045ps. Hence, the application of the next step of displacement loading in the time interval
of 1045-1056ps may suppressed the crack growth behavior of previous step. The time interval of
1034-1045ps indicates that at this stage of loading a larger relaxation time is required for crack to
grow completely and to reach a stable state. Hence, an increased relaxation time of 20ps is
considered next, as shown in the Fig. 5(b). It can be seen in the Fig. 5(b) that initially the crack is
stable for the time interval 1890-1911ps and 1911-1932ps. Later, the crack started growing in the
time interval of 1932-1953ps, however, it can be seen that the crack has reach its stable limit (i.e.,
maximum crack length limit) in this particular time interval. In the cases, where the crack growth
has reached a stable condition, the crack speed is calculated, as shown in Fig. 5(b). The time
interval of 1932-1953ps where a stable crack growth is seen shows a crack speed of ~258.9m/s.
Above studies indicate that the 20ps of relaxation time is required for the crack to reach stable
configuration in this particular step of loading.

On the other hand, if we look closely to the time interval between 1890-1911ps (refer Fig. 5
(b)), it can be seen that 10ps of relaxation time could have been sufficient for the crack to reach
stable state as no crack growth is seen in that loading step. Hence, using a larger relaxation time of
20ps between two consecutive displacements controlled loadings in the time interval between
1890-1911ps is computationally more costly. It also indicates that utilization of a constant
relaxation time may lead to higher computation cost for the same results. In order to reduce the
computation cost for predicting crack growth, a variable relaxation time based algorithm is
proposed, as discussed in the subsequent section.

The relaxation time period of 30ps, 40ps, and 50ps is also considered in the present study as it
is observed that with further increase of crack length the relaxation time of 20ps is found not to be
sufficient for obtaining a stable crack. This is demonstrated in Fig. 6. Figs. 6 (a) and (b) is
corresponding to 20ps and 30ps of relaxation time between two consecutive loading steps. The
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Table 1 Algorithm for the calculation of stress and traction-separation data

Step 1 Apply displacement controlled loading for 1ps
Equilibrate structures for minimum 10ps and check last 5ps data (last 5 data
Step 2 point needs be checked whether the crack is become stable or not) if yes go
to Step 3 else equilibrate till last 5ps data becomes constant
Step 3 Average out the last 5ps data
Step 4 Compute and store stress data and traction-separation data

Step 5 GotoStep 1

time interval of 2331-2352 (20ps relaxation time) shows that crack is not reached its stable state
(as the crack length is increasing linearly with time from ~80A to ~110A) before the next
increment of displacement controlled loading. Hence, a further increase in relaxation time is
required to obtain a stable crack length, as shown in Fig. 6(b) with a 30ps relaxation time. It can be
seen from the Fig. 6(b) that the crack length reached a stable state during the 30ps relaxation time
(as can be seen that crack grows from ~80A to ~110A during time interval of 3505-3536ps). The
crack speed for a stable growth of crack in this region has also been calculated, as shown in Fig.
6(b). The time interval of 3505-3536ps where a stable crack growth is seen shows a crack speed of
~265.8m/s. The calculation of crack speed indicates that during the stable crack growth the crack
grows with a speed lower that the speed of sound (330m/s). Above results indicate that <100>
oriented Al shows almost a constant crack speed during the stable crack growth process.

In order to reduce the computation times without compromising the results, a simple and robust
algorithm is proposed here that utilizes a variable relaxation time period for the computation of
crack growth, (also for stress behavior and traction-separation atomistic law). In the proposed
algorithm, an initial displacement controlled loading is applied at step 1. Later, the atomistic
configuration considered during study is initially equilibrated for 10ps at step 2. The data of last
5ps is analyzed for checking the crack growth stability. The last 5 data points of 5ps are evaluated
and it is checked whether the crack growth is constant in the last 5 data sets or not. If the crack is
found to be still growing in the last 5 data sets, the system configuration is further allowed to
equilibrate (in subsequent steps of 5ps) before application of next loading step. This process will
continued till the last 5ps data is observed constant for a given load step. Once the stable crack is
achieved, the last 5ps data is averaged for the computation of traction-separation law in the step 3
(a detailed discussion on the effect of crack stability on the traction - separation law is presented in
section 6). In the step 4, the computation of stresses and traction-separation data is performed and
stored. Next, subsequent displacement controlled loading is applied in the step 5 and it continues
till the complete data is generated.

5. Stress behavior during crack initiation and crack growth

In this section, a detailed study of various stress quantities is explored including tensile stress,
Von-Mises stress, and hydrostatic stress. This section is further divided into two parts: (1) event
based stress behavior and (2) stable region based stress behavior. In the event based stress
behavior, firstly, various events have been identified from the post processed data via visualizing
the structure as done in Krull and Yuan (2011), Xu and Deng (2008). This process includes initial
crack tip, crack tip blunting, crack initiation and growth, void nucleation, void growth and
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coalescence process. Once the events are identified from the post processed data, the
corresponding stress data has been considered for the visualization of various stress patterns as
well as averaged stress behavior along the crack length axis, as shown in Fig. 7. On the other hand,
in the second method, stresses are visualized based on stability criteria of crack. Firstly, the stable
regions are identified from the crack length versus time plots (see Figs. 3 and 4 for further details)
and the corresponding time step has been considered for the visualization of various stress patterns
as well as averaged stress behavior along the crack length axis, as shown in Fig. 8.

5.1 Event based stress behavior

Identification of events during the crack initiation and growth of the single FCC crystal
simulations consist of four major stages, i.e., (1) crack tip blunting, (2) crack growth initiation, (3)
void nucleation and growth, and (4) void coalescence and crack growth. The similar phenomena of
event based crack initiation and crack growth has already been demonstrated in Krull and Yuan
(2011), Xu and Deng (2008).

When the crystal is stretched by the displacement loading, a stress concentration develops at
the crack tip due to geometric discontinuity. As loading continues, the intensity of stress
concentration at the crack tip builds up and atoms at the crack tip move apart in such a way as to
expand the size of the crack tip, leading to severe local straining at the crack tip and eventually to
crack tip blunting when the stress intensity reaches a certain critical level. To illustrate the above
observation, Fig. 7 shows the field contours of the tensile stress (snapshot (i) of Figs. 7(a) and (b)),
the hydrostatic stress (snapshot (ii) of Figs. 7(a) and (b)), and the Von-Mises stress (snapshot (iii)
of Figs. 7(a) and (b)) around the crack tip just before (at 1937 ps) and after (at 1948 ps) crack tip
blunting. To provide a more quantitative understanding of the stress field just before and after
crack tip blunting, the variations of the three stress quantities along the crack line with the distance
to the crack tip are plotted in snapshot (iv) of Figs. 7(a) and (b). At the time of t=1937ps after
loading is initiated, as shown by the contour levels in snapshots (ii) and (iii) of Fig. 7(a) and by the
field variations in the snapshot (iv) of Fig. 7(a) ahead of the crack tip along the crack line, the
Von- Mises stress and the hydrostatic stress both have their highest values at the crack tip.

A close examination reveals that the blunting of the crack tip is actually accompanied by a
small amount of crack extension, which can be considered as the onset of initial crack growth.
This observation can be made from comparing the crack tip location in snapshot (i) of Figs. 7 (b)
and (c). After the onset of crack growth, the initial period of crack growth continues as the remote
displacement loading continues. During this initial crack growth process, the overall field contour
patterns for the tensile stress, the Von-Mises stress, and the hydrostatic stress around the moving
crack tip remain similar, that is, the near-tip field patterns move with the crack tip in a self-similar
manner (for example, compare snapshot (iii) of Figs. 7(b), (c), and (d)).

The initial period of crack growth after crack tip blunting does not last long before the crack
growth process is filled with events involving void nucleation and growth at a short distance ahead
of the crack tip. At t=2410ps (just before the emergence of the first void) the intensity of
concentration (see Fig. 7 (d)) of the hydrostatic stress has reached its highest levels since the onset
of crack growth. It can also be seen from the snapshot (iv) of Fig. 7 (d) that a small dip in the
stress at the vicinity of voids (between the initial crack tip and the present crack tip). The dip is
observed in all the three stresses, i.e., the tensile stress, the Von-Mises stress, and the hydrostatic
stress.

At t=2462ps (just before the nucleation of the second void), the stress contours (Fig. 7(g))
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Fig. 8 (a) Just before crack tip blunting (1934ps), (b) after crack tip blunting (1950ps), (c) during initial
crack growth (2286ps), and (d) during further crack growth (2414ps)

continue to show a concentration of the hydrostatic stress and the VVon-Mises stress ahead of the
first void. Further loading leads to the formation of a ligament, as can be seen in Fig. 7(e). The
corresponding peak in stress along the crack length axis can also be seen in snapshot (iv) of Fig.
7(e). This process shows the void growth and coalescence. At t=2469ps shows the formation of
second voids as can be seen in Fig. 7(f). Simulation results strongly suggest that the process of
void nucleation and void growth will repeat itself as the remote displacement loading increases.
That is, as loading continues, a new void will be nucleated ahead of the forward tip of the leading
void. To this end, it is noted that in the MD simulation of the current study a third and fourth void
is indeed nucleated at the expected location shortly after t=2482ps and 2496ps, as shown in Figs.
7(g) and (h), respectively.

5.2 Stable region based stress behavior

In this section, identification of events during the crack initiation and growth of the single FCC
Al crystal simulations are obtained based on the stable region data (as demonstrated in the section
4). The stable region of crack initiation and growth consist of the following steps: (1) crack tip
blunting, (2) crack initiation, and (3) crack growth.

Figs. 8(a) and (b) shows the sample just before and after the crack tip blunting at t=1934ps and
1950ps, respectively. A similar stress behavior (as demonstrated in the section 5.1) along the crack
length axis is seen. A close examination reveals that the blunting of the crack tip is actually
accompanied by a small amount of crack extension, which can be considered as the onset of initial
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crack growth. This observation can be made from comparing the crack tip location in snapshot (i)
of Figs. 8(a) and (b). It can also be seen from the snapshot (iv) of Figs. 8(b) that a small dip in the
Von-Mises stress is observed in the stress plot. This indicates that the crack growth process is
filled with events involving void nucleation and growth at a short distance ahead of the crack tip. It
is important to mention here that the process of void nucleation and its growth has been observed
during the process of relaxation of the structure; hence, indicating that the void nucleation and the
corresponding void growth are the phenomena observed during the unstable crack growth process.

At t=2286ps the crack further grows and the shifting of the maximum value of stress can be
seen ahead of new position of crack tip, as shown in Fig. 8(c). It is again seen here that the Von-
Mises stress is able to capture the voids details, as a small dip (position between the initial crack
tip and the present crack tip) in the stress plot can be seen in the snapshot (iv) of Fig. 8(c). Further
loading leads to more void nucleation and grow (occurs during the unstable crack growth process)
that finally leads to the growth of crack, as can be seen in Fig. 8(d). It is also important to mention
here that no ligaments have been formed during the stable crack growth process. Hence, it can be
concluded that the stable region data only consist of crack tip blunting, crack initiation, and crack
growth; however, the void nucleation, void coalescence, and crack growth (observed
intermediately during the relaxation period) are the phenomenon observed during the unstable
crack growth process.

6. Identification of traction-separation law

Three different approaches are explored in this paper for the calculation of traction-separation
law from the atomistic simulations data. These are: (1) continuous data at equal intervals, (2)
stable region data only, and (3) CNA independent Stable region Data.

6.1 Continuous data at equal intervals

In this method, a similar technique as proposed in Krull and Yuan (2011) is used. Krull and
Yuan (2011) have used every 5ps data (from the time interval of 0-315ps) for the calculation of
atomic cohesive law. In the present paper, data at every 10ps data is used (due to the large set of
data used as compared to Krull and Yuan (2011)) for the calculation of atomic cohesive law from
the time interval of 0-2500ps. First, we will discuss the data presented in Krull and Yuan (2011)
and the interpretation made on the traction separation law. Later, the results generated during the
present work will be discussed.

Itis reported in Krull and Yuan (2011) that if the separation becomes larger near the vicinity of
crack tip, damage occurs in the material. It is indicated by the typically non-linear decreasing of
the traction-separation curve in Krull and Yuan (2011). The reported curve shows a wide scatter
band in the region beyond the elastic deformations, since the data contained traction and separation
in all stages (i.e., near the crack tip region, ahead of crack tip region, and further ahead near the
boundary region) of atoms along the crack path. It is also indicated in Krull and Yuan (2011) that
the stress state for crack initiation has to be different from the steady-state crack growth, so that
the traction-separation relations for these two events have to be different. In order to analyze this
scatter band, the cohesive zone region was divided into three vertical regions: (1) Region up to 4.5
nm ahead of the initial crack tip, where the initial crack growth happens. (2) Region of void
nucleation, growth and coalescence, which is between 4.5 nm and 24.0 nm ahead of the initial
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crack tip. (3) Region greater than 24.0 nm ahead of the initial crack tip, where the deformation is
purely elastic in the present computations (see Fig. 5 of Krull and Yuan (2011) for further details).
It is also shown that the third region is dominated by the elastic deformation, because the crack
does not run into this part of the cohesive zone.

Fig. 9 (a) shows the traction-separation data generated in the present work using the above
procedure (as discussed in Krull and Yuan (2011)) with a step of 10ps and a time interval of 0-
2500ps. It can be seen that the trends of total traction-separation atomistic law generated in Krull
and Yuan (2011) (refer Fig. 5(a) of Krull and Yuan (2011)) is similar to what is shown here in Fig.
9 (a). It is shown in Krull and Yuan (2011) that at first region (i.e., region up to 4.5 nm ahead of
the initial crack tip, where the initial crack growth happens) during initial crack growth the scatter
band in the cohesive law are very large since the failure process for that region is constant. Hence,
it is concluded that the initial crack starts to grow at different maximum tractions and is not in a
steady-state. However, no attempt has been made to see that whether the crack growth considered
is in steady-state or not. Also, it is important to mention here that the region 1 (cell 1 to 11)
considered in Krull and Yuan (2011) is not only contribute for the initial crack initiation, however,
the region will also contributes during the void nucleation, void growth and coalescence process.
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However, it is also mentioned in Krull and Yuan (2011) that more detailed computations are
necessary to figure out the inter-dependence among crack initiation, void nucleation, and traction.
In this direction, an in-depth study of inter dependency of crack initiations, void nucleation, and
traction are performed in this section.

It is also shown in Krull and Yuan (2011) that in the second region (cell 12 to 64) the scatter
band becomes narrow and a clear trend of the cohesive law is visible. Hence, it is hypothesized
that the discrete failure process approached as a continuous crack growth, which becomes steady
and the data of this region is considered for the calculation of traction-separation atomistic law.
However, it is important to mention here that the second region data (between 4.5 nm and 24.0 nm
ahead of the initial crack tip) that will also be the part of initial crack tip blunting and crack
initiations as the crack progress further. Hence, the selection of traction-separation law based on
particular region is not justifiable. In this direction, a schematic study is performed in the present
paper to understand the various mechanisms that leads to the scattering in traction - separation
data. Also, a more accurate procedure for the generation of traction-separation atomistic law is
proposed in this paper in the subsequent section.

6.2 Stable region data only

In this section, a new scheme for the accurate prediction of cohesive law is proposed. Only
stable region of crack growth data and the corresponding time step is considered for the calculation
of atomic cohesive law instead of continuous 10ps of time interval of data as done in the previous
section. The calculation procedure of stable crack growth calculation is shown in Table 1. The
corresponding traction-separation atomistic data is shown in Fig. 9 (b). It can be seen that the data
is smoother as compared to the method discussed in section 6.1. It is important to mentioned here
that the stable region of crack growth data consist of only the crack tip blunting, crack initiations,
and crack growth without any formation of void nucleation, void growth, and coalescence process.
It is already discussed that the formation of void nucleation, void growth, and coalescence process
is observed only in the unstable crack growth region. It could be interpreted from the results the
scattered in the Fig. 9 (a) is mainly because of the unstable crack growth and it consists of void
nucleation, void growth, and coalescence process. This is also confirmed by removing the data
points of stable region (data used for generate Fig. 9(b)) from the Fig. 9 (a) and plotted separately
in Fig. 9 (c), which is mainly because of void nucleation, void growth, and coalescence process. It
can be seen in Fig. 9 (c) that the scatter band in the cohesive law is very large. Hence, it is
concluded here that the void nucleation, void growth, and coalescence process starts to grow at
different maximum tractions and is not in a steady-state.

6.3 CNA independent stable region data

In this section, another scheme is proposed for studying scattering of raw atomistic data. In this
method, an atom who’s CNA is not equal to the bulk FCC is neglected while performing the
averaging of stress (refer Fig. 2 for further details). This is done due to the fact that the atoms at
the surfaces are found to be having higher stresses as compared to the bulk counterpart and it may
cause fluctuations of data during the generation of cohesive law. The stable region data is with
CNA #5 is considered in this method while performing averaging of stresses over a given region.
The calculated traction-separation data is shown in Fig. 9(d). It is observed that the pattern is
similar to Method -2 (refer section 6.2) as shown in Fig. 9(b). It is observed that this method does



162 Vijay Kumar Sutrakar, N. Subramanya and D. Roy Mahapatra

not lead to any further improvement over Method - 2. Hence, the prediction of traction-separation
data utilizing stable crack region data (Method - 2) is considered for the next set of studies
(performed in the 6.1, 6.2, and 6.3) the atoms near the crack tip are considered while formulation
of process zone for the prediction of crack growth or traction-separation law and also in (Krull and
Yuan 2011, Wu and Yao 2012, Xu and Deng 2008). In order to find out the effect of atoms at the
free surface of initial crack tip on the generation of traction-separation atomistic law, another study
is performed, as discussed later in section 8.

7. Empirical curve-fitting for traction-separation law

In this section, the polynomial potential utilized for describing the process of void nucleation
from initial debonding through complete decohesion, as proposed in Needleman (1987) for bulk
material has been used for comparing the MD results obtained in the present study. Also, the
popular form of exponential potential (Needleman 1990) which is utilized for interface modeling
and for analyzing the initiation and development of decohesion along interfaces in bulk materials
in recent past has also been compared. The polynomial form of the potential (@) used here that
represents the mechanical response of the interface and can be described through a constitutive
relation that gives the dependence of the tractions T, (opening, Mode - 1), T, (shear, Mode - 1), and
Ty (tearing, Mode - 111) on separations u,, u;, and u; as (Needleman 1987)

() [ -3+ ]

0 () = Fomad ()’ [1-2 () + (3) ]+ ™

2
Lo (@) [1 Z o (W) 4 ()
20((6) [1 2(6)+(6) ] )
where g, 1S the maximum traction carried by the interface undergoing a purely normal

separation (u; = u, = 0), 6 is a characteristic length, and « specifies the ratio of shear to normal
stiffness of the interface. The interfacial tractions are obtained by differentiating Eq. (7). The

normal component of traction 7,, = — % considered in the present context is as
([-2+ )]
T, = _Tmomax a (%)2 [(%) — 1] + (8)

2
Up Up
U@ &)= )
It is assumed that the interface undergoing a purely normal separation (u; = u; = 0). This

assumption could be made in the present context due to the periodic boundary conditions
considered at out of plane loading directions. Hence, the Eq. (8) can further be simplified as

—27 Up Up Up 2
Tn = =~ Omax {(E) [1 -2(3)+ (%) ]} ©)
The polynomial form of traction as shown in Eq. (9) is used in the present paper for fitting of
MD results. On the other hand, the exponential form of potential (@) can be written as (Needleman
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zZ= % , with e = exp(1). The normal component of traction T,, = —% considered in the

present context is as
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It is assumed that the interface undergoing a purely normal separation (u; = u;, = 0). Hence,
the Eq. (11) can further be simplified as

Ty, = —Omax€Z (%“) exp [—z (%)] (12)

The exponential form of traction as shown in Eq. (12) is also used in the present study for
fitting of MD results. The similar form of exponential traction law is also used in Krull and Yuan
(2011) for fitting their MD data. In the present paper, the value of g,,,x = 11.96 GPa and the
critical value of separation of § = 1.0 is considered.

It can be seen from the Fig. 10 (a) that the polynomial form of fitting does not give an accurate
representation of data based on the above considered fitting parameters. On the other hand, the
exponential form of fitting provides a more realistic behavior of MD data. However, the peak of
the initial traction-separation region (also the initial linear region of Figs. 9 and 10) is not able to
capture by the exponential form. Also, the region next to the maximum traction towards the critical
separation, the fitting provides a good correlation only for the full region of data. However, the
stable region of data as shown in Fig. 10(b) does not provide a good exponential fitting. In order to
capture the initial region accurately up to the maximum traction, a modified fitting law is proposed
in the present paper. The proposed law consists of two parts, the first part shows linear behavior
and the second part shows the exponential behavior as



164 Vijay Kumar Sutrakar, N. Subramanya and D. Roy Mahapatra

-
B

© Atomistic Data
Proposed Law |
5 ~ —=-Polynomial Law
===Exponential Law

-
nN
T

=
o
T

@
T

(=)
T

B
T

Average Atomic Stress (GPa)
N

o

0 02 04 06 08
Separation (nm)

Fig. 11 Traction-separation data for Method - 2 (i.e., stable region data only) to study the effect

of surface stress. The Polynomial law of Needleman (1987), Exponential law of Needleman

(1990), and the law proposed in the present paper are also plotted

Ty, = Omax (%) for0 <6 <uylg, (13a)
= Opmax A €xp [—ZA (%")] for &= uplg, (13b)

where the fitting parameters of A =§ and up|,, . = 0.1078 nm is considered. The remaining

values of maximum traction and critical separation considered are similar to what is discussed
above. It can be seen from the Figs. 10(a) and (b) that the proposed traction-separation law gives
more accurate prediction for <100> oriented FCC Al single crystal. However, a detailed study of
other orientations on the proposed traction-separation law and on the other FCC materials is still
an open area of research. It is important here to mentioned that the polynomial (Needleman 1987)
and exponential (Needleman 1990) model considered here to fit the atomistic data, used previously
for generation of cohesive law for bulk materials. However, an attempt has been made in the
present study to understand the effect of polynomial ad exponential model on the nano-scale
behavior.

8. Surface effects on the traction-separation law

A small clutter of data in the initial linear region of traction-separation data can be seen during
stable crack growth region as shown in the Fig. 9(b). In the above study as well as the studies
performed in (Krull and Yuan 2011, Wu and Yao 2012, Xu and Deng 2008), region starting from
the crack tip is considered for the generation of traction-separation data (for example see Fig. 2 of
Krull and Yuan (2011)). It is well known that the free surfaces near the crack tip have higher
stresses as compared to the bulk counterpart of the structure. The stresses at the free surface at the
crack tip may affect the traction-separation law and also could be the reason for the fluctuation in
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the traction-separation data shown in the Fig. 9 (b). In order to investigate the effect of surface
effects, a modified region (without consideration of small strip of atoms ahead of initial crack tip)
is considered with stable crack growth regions only, as shown in Fig. 2 (b). The atoms with twice
the cut-off radius are neglected near the crack tip for the calculation of traction-separation law for
a stable crack growth region. The calculated traction-separation law with modified region
(neglecting the surface atoms at the crack tip) is shown in Fig. 11. It can be seen that the
fluctuations in the data of Fig. 9 (b) in the vicinity of linear region of curve is suppressed. Results
indicate that the fluctuations in the traction-separation data could be controlled by proper selection
of regions (avoiding any surface effects as well as boundary regions) during the cohesive law
computations. However, the effects of surface as well boundary regions on the traction - separation
law could be implemented into the proposed law that requires further studies of different crack
surface as well as boundary conditions. The proposed traction-separation law (Eq. (13)) is also
plotted in the Fig. 11 along with the polynomial (Needleman 1987), and exponential law
(Needleman 1990) proposed for bulk materials. The proposed law gives an excellent fit as
compared to the polynomial and exponential law.

9. Conclusions

A simpler and easier approach of CNA for the accurate prediction of crack growth is proposed.
It is also demonstrated that CNA approach is more accurate as compared to the threshold potential
energy approach at ~OK; however, the effect of temperature needs elaborate studies. Next, a
procedure of prediction of crack speed is demonstrated based on the stable crack growth criteria. A
simple and robust algorithm is also proposed that utilizes a variable relaxation time period for the
computation of crack growth, stress behavior, and traction-separation atomistic law. A detailed
study of stress behavior near the vicinity of crack tip is performed. Pattern of averaged tensile
stress, averaged hydrostatic stress, and averaged Von-Mises stress are studied. It is found out that
the averaged VVon-Mises stress is able to capture the details of void nucleation during the stable
crack growth process. It is also demonstrated that the newly proposed scheme, i.e., based on the
time interval of stable region of crack leads to a smoother traction-separation law. The traction-
separation data obtained via MD is also fitted with the existing polynomial and exponential law
utilized for bulk materials. It is found that both the polynomial and exponential law is not able to
predict the traction-separation law accurately. A new curve fit is proposed in the paper that
predicts accurately the traction-separation data generated by MD. Effect of surface atoms and there
corresponding effects on the overall traction-separation law is also studied. Result shows that the
surface atom near the crack tip lead to the more scatter in the traction-separation law, however, a
further detailed study with different orientations and crack surface is still an open area of research.
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