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Abstract. In this paper, we investigate high-strain-rate deformations in crystalline
materials using a novel implementation of Objective Molecular Dynamics (OMD).
The OMD method is exact and has a rigorous foundation based on the fundamental
invariance of the underlying potential energy surface: all atoms out to infinity satisfy
the equations of molecular dynamics to high accuracy. Using this OMD method, we
compute how dislocations filling all of the space in a crystalline material undergo time-
dependent, three-dimensional motions during deformation. We apply this method
to investigate the dynamics of screw dislocations in FCC nickel. Our key finding is
that the macroscopic motion (i.e., loading conditions) and initial conditions greatly
affect the atomic scale deformation mechanisms—such as the formation, motion,
multiplication, annihilation, and abrupt changes of the slip plane and Burgers vector
of dislocations. In these simulations, there are no nucleation criteria or artificial
forces. Small changes in the macroscopic loading conditions generate a rich variety
of atomic deformation pathways. In certain macroscopic motions, we observe the
growth of a stacking fault into a mechanical twin, which subsequently thickens by a
process of step motion. In other macroscopic motions, we observe the initiation and
subsequent development of cross-slip by the Friedel-Escaig or Fleischer mechanisms
or the combination of two. Our findings on the effect of external strain rate and
temperature on the critical stress for homogeneous cross-slip quantitatively agree with
a version of transition state theory with a stress-dependent activation barrier. Beyond
dislocation motion, we demonstrate the modeling of sliding surfaces using the OMD
framework. These examples highlight potential applications of the OMD framework
to the mechanisms underlying plastic deformation and friction in material systems.

Keywords: Objective Molecular Dynamics, Dislocation Dynamics, Cross-slip, Non-
equilibrium Molecular Dynamics, Unlubricated Sliding, High strain-rate Behavior,
Friedel-Escaig and Fleischer Mechanism
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1. Introduction

Molecular Dynamics (MD) is a powerful simulation technique that elucidates the macro-
scopic response of materials by exploring the dynamics of atoms at a microscopic scale
[1]. Despite its fundamental advantages, the MD approach suffers from two well-known
limitations: its accessibility to only short time and length scales. For ergodic systems,
in which the time evolution of a single atomic system is believed to be in statistical
agreement with the evolution of a very large number of identical systems (ensemble) in
phase space, these limitations are addressable to a certain extent. For example, periodic
boundary conditions help to mitigate the length-scale limitations for bulk phenomena.
With periodic boundary conditions, one surrounds the fundamental simulation domain
by periodic images of itself which helps to remove finite-size/surface effects of the simu-
lation at modest additional computational cost [2]. Similarly, Equilibrium Periodic MD
(PMD) (that is linked to equilibrium statistical mechanics) is computed for different
ensembles corresponding to various macroscopic boundary conditions imposed on the
system. For example, a microcanonical ensemble corresponds to a system that is iso-
lated with fixed total energy, a canonical ensemble corresponds to a system at a constant
temperature, and a (generalized) stress ensemble corresponds to a system subjected to
constant external stress. The simplest equilibrium molecular dynamics algorithm uses
Hamilton’s equations of motion alone, which would be appropriate for a microcanoni-
cal or adiabatic system. The other macroscopic constraints are achieved by imposing
a thermostat and barostat on the system for a constant temperature/constant stress
ensemble [3].

However, Non-Equilibrium Molecular Dynamics (NEMD) does not have a well-
developed theoretical connection with a statistical mechanics framework, because of the
absence of general non-equilibrium statistical mechanics. Thus, the use of equilibrium
concepts of thermostat and barostat which are designed to sample the equilibrium prob-
ability density for tuning a system under far-from-equilibrium conditions is questionable
since it can pollute the natural dynamics of atoms.

The method of Objective MD (OMD) generalizes PMD to non-equilibrium
situations [4, 5, 6]. It provides a framework to simulate a material under a family
of macroscopic Lagrangian motions given by

v(x,t) = (I+tA)x, (1)
where A is an arbitrary assigned 3 x 3 constant matrix, equal to the material time
derivative of the deformation gradient tensor. This 9 parameter family of motions (Eu-
lerian form: v(y,t) = A(I + tA) 'y is quite simple but includes compressible and
incompressible cases, time-dependent vorticity, and strong singularities at ¢* in cases
that det(I + tA) — 0 as t — t*. Since all accepted models of materials in continuum
mechanics (elastic/plastic, nonlinear elastic, Navier-Stokes, non-Newtonian, etc.) have
the property that a motion with deformation gradient depending only on time has stress
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that depends only on time, then

2
pog—g =dive =0, o =0o(t) (2)

is satisfied by all materials in this case. Thus, the invariance of the interaction between
atoms gives rise to “universal motion” which satisfies momentum conservation of con-
tinuum mechanics for all accepted constitutive models [7]. This synergy encourages the
use of OMD to build higher-scale models. One such effort is to develop a non-classical
constitutive model for universal flows of dilute gases which improves Navier-Stokes pre-
diction under strong gradients [8, 9].

Essentially, what we realized in research leading to this paper is that, even in highly
inhomogeneous cases such as complex dislocation motion or frictional sliding, where we
are far from having an accepted macroscopic constitutive equation, the method of OMD
remains a useful tool to learn about the dynamic behavior of materials.

In OMD, one considers a set of atoms (simulated atoms) denoted by y(t), k =
{1,..., M}, and the MD equations are satisfied for those atoms. The motions of all the
other infinite (non-simulated) atoms are obtained by exploiting the basic invariance of
quantum mechanics. More precisely, the positions of the non-simulated atoms are given
by elements of a time-dependent discrete group of isometries acting on the simulated
atoms. The main result is that every atom satisfies the MD equations exactly for its
forces, even though these equations are not being solved for non-simulated atoms ex-
plicitly. The advantage is that the dynamics of atoms is exact and hence is applicable
in the far-from-equilibrium regime. There exist many choices of isometry groups that
provide an exact NEMD approach for various systems ranging from nano-structures to
bulk systems [6, 8]. In this paper, the group is specialized to be the time-dependent
translation group (TDTGQG), which gives rise to macroscopic motions of the form (1).
The computational design of OMD corresponding to TDTG is provided in earlier work
[10].

Generally, the simulated atoms can lie anywhere in space. They can also be chosen
to lie in a fundamental domain of the group, in which case the connection with the peri-
odic boundary conditions becomes more apparent. As in periodic boundary conditions,
if a simulated atom leaves the fundamental domain, then a corresponding nonsimulated
atom enters that domain, but, unlike PMD), it enters with a different velocity. Also, the
fundamental domain deforms in time and its motion is given by (1). All atoms, both
inside and outside the deforming fundamental domain, satisfy exactly the equations of
molecular dynamics for their forces. The macroscopic motion associated with TDTG of
OMD corresponds to the application of a macroscopic boundary condition of constant
engineering strain rate to the material. In the literature, there are computational tools
corresponding to the application of true strain rate [11] as well. To our knowledge, un-
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like OMD), these simulations cannot be extended to larger domains as exact solutions,
but better represent small-volume behavior under these boundary conditions.

Another widely used method to conduct NEMD simulations imposes explicit exter-
nal forces in the equation of motion in conjunction with periodic boundaries to achieve
any desired homogeneous motion. The method was pioneered by Hoover and Evans and
is considered suitable for fluid flows [12, 13]. Because of the fictitious forces, we doubt it
would give results in any way similar to those of OMD and sample the non-equilibrium
distribution corresponding to it, even in cases where the homogeneous motion matches
the average motion of OMD. In other words, we find a significant dependence of be-
havior on the specifics of atomic forces. In the special case of simple shearing motion,
OMD is formally the same as early nonequilibrium simulations of shear flow by Lees
and Edwards [14]. However, it is our opinion that the use of moving boxes as in the
work by Lees and Edwards method is not an efficient implementation and apparently
does not extend to the many other possible choices of A besides simple shearing. By
contrast, we can a range of shear deformations using OMD as illustrated in Fig. 1.

Isochoric motions A Reference/Deformed configuration

Simple Shear —
0 K; O
0O 0 0
0O 0 0
Orthogonal Shear 1 =
[0 K, K,
0 0 0 1
0 0 0

Orthogonal Shear 2

[0 K, K,
: N
0 0 K 3
L0 0 0 ©1
G

Figure 1: A list of isochoric motions and schematic illustrations of the corresponding
deformations of an orthonormal cubic cell. We simulate these motions as affine
deformation of the unit cell in the OMD framework. The deformations have been
exaggerated for illustration purposes.

In this study, we focus on the usage of OMD for problems in materials science,
particularly for the investigation of the dynamics of dislocations. We also illustrate
its potential for problems involving friction, also using the translation group. Surpris-
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ingly, the same method, with the same atomic forces and the same group, giving the
same macroscopic motion (same A), can yield fluid flow, frictional sliding or dislocation
formation, motion, and cross-slip, merely by changing the initial conditions. In fact,
exactly the same computer program can be used, although the efficiency of the method
depends on the details of the implementation.

Dislocations are important defects of crystals that are a primary microscopic mech-
anism of plasticity. Thus the study of their dynamic behavior is important for a complete
understanding of plastic deformation in crystalline materials. Plasticity is characterized
by phenomena occurring across several orders of magnitude in length and time scales
[15, 3, 16] which makes it complicated to segregate the role played by different phenom-
ena in guiding the particular macroscopic behavior.

In this work, we focus on the atomistic length scale and investigate the phenomenon
of cross-slip, a fundamental aspect of the motion of screw dislocations [17]. Cross-slip
in close-packed lattices will influence the behavior and arrangement of dislocations on
a mesoscopic scale which can affect macroscopic behavior. The microscopic investiga-
tion conducted in this study can assist the modeling of cross-slip at the mesoscopic
scale within the framework of dislocation dynamics simulation under high-rate loading
conditions. Cross-slip provides an extra degree of freedom for the motion of screw dis-
location [18]. During cross-slip, a screw dislocation leaves its habit plane and glides in
a conjugate “cross-slip” plane. It plays a crucial role in phenomena like work harden-
ing, recovery, fatigue, creep, and pattern formation, [19, 20]. Microscopically, cross-slip
enables the annihilation of dislocations of opposite Burgers vector and also allows the
passing of dislocations around obstacles such as precipitates or inclusions present in the
dislocation path. Cross-slip is typically associated with Stage III hardening in FCC
metals; however occasional cross-slip can also happen in other stages. Hence, its role as
a softening or hardening mechanism depends on the details of its occurrence.

As in most microscopic phenomena associated with plasticity, cross-slip is a ther-
mally activated process. Small groups of atoms hop from one metastable state to an-
other with a rate that depends on the mechanism as well as the temperature and stress.
Studies in the literature have often focused on a system under constant stress to study
kinetics and kinematics of a cross-slip event [21, 22]. At the atomic scale, this is achieved
by using Parrinello-Rahman molecular dynamics and its variants which simulate No'T
ensemble whose aim is to sample time-invariant equilibrium probability distribution at
constant stress and temperature [23, 24]. This is analogous to quasi-static loading where
the system follows near-equilibrium behavior. But in experiments, approximately con-
stant strain rate and evolving temperature are quite common. In addition, the study
of cross-slip dynamics under extreme loading conditions is equally important and is less
well understood.
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The paper is organized as follows: in Section 2 we briefly explain the method of
OMD. In Section 3 we discuss the computational setup and report various mechanisms
of cross-slip in the regime of high-rate deformation. We investigate the choice of tensor
A (macroscopic motion) on dislocation evolution for smaller and flexible dislocation
segments. Later, we assess the applicability of transition state theory (TST) under
highly non-equilibrium conditions. It is surprising to us that there is some level of
agreement between a modified version of TST and our simulations. We do not see
persuasive evidence of atoms entering a well, equilibrating, and then passing out of a
well through a low barrier in the simulations. In Section 4 we show the flexibility of
the OMD framework to study sliding behavior. Finally, the conclusions are contained
in Section 5.

2. Objective Molecular Dynamics

Objective Molecular Dynamics (OMD) is a simulation approach that can be described
as a time-dependent invariant manifold of MD equations. The impact of this simulation
approach follows a key property that the potential energy surface, used in MD
calculations, is frame indifferent and permutationally invariant. This property offers
a generalized and vast manifold than is used in the periodic MD approach. In this
section, we provide a brief overview of the Objective Molecular Dynamics approach and
identify its distinguishing features making it a suitable simulation approach to study
dislocation dynamics and friction in crystalline materials. For a detailed overview of the
OMD approach please see Ref. [25].

2.1. Potential Energy

In the OMD framework, we index atom positions y; , by the double index (i, k) where
i=1,...,N, k=1,..., M. Atoms with the same second index, e.g., (i1, k) and (is, k),
will necessarily be the same species. Frame indifference — invariance of the potential
energy under orthogonal transformation, translation and permutation — under the Born-
Oppenheimer approximation of quantum mechanics is given by

QO( o Yi, e - Yi My - -5 Yol - - Yo, M - - )
:gp("’?QYil,l+C7"‘QYi1,M+C7"'7QYi2,1+C7"'Qyiz,M—|—C7"‘)
= (... » Y1(ix,1)5 - - - YII(i1,M)5 - - - 5 YI(i2,1)5 - - - YII(ia, M) - - D5 (3)

where y; ; represents the position of atom (4, k), Q is a tensor in O(3), c is a translation
in R® and TI(-, k) is a permutation on its first index of 1,..., N for each k. Put simply:
the positions of atoms of the same species can be interchanged without affecting the
potential energy. These invariances can also be written for the forces acting on atoms
by formally differentiating (3) with respect to positions of atoms. The latter still holds
in cases that the potential energy is infinite, which occurs in the present case.



Objective molecular dynamics study of cross slip 7

2.2. Objective Structures

The invariance of the atomic forces is closely associated with the underlying long-range
symmetries of various special structures called objective structures [26] and a family
of flows termed universal flows [7]. The symmetry of interest here is represented by
a time-dependent isometry group G = {gy), ce gN} 1 < N < o0, ie., groups of
orthogonal transformation and translations in which the translation is afﬁne in time.
The action of its elements on a point y € R? is given by

o y)=Qy+c”; g = Qi)

G={g", g% .. g0}, ¢ =g =id, (4)

where the cgt)

(Q1]c1)(Qz|ce) = (Q1Qz|ci + Qicz). These assumptions exploit the special structure of
the equations of molecular dynamics [4]. The inclusion of time dependence makes this an
exact NEMD method in the framework of OMD. Here, the equations of MD are solved
for M simulated atoms yy;,j = 1,...M and the trajectory of all the other (typically

are affine in time. The group product is the standard one for isometries:

infinitely many) non-simulated atoms are obtained by applying isometry groups to the
set of simulated atoms using the rule given in (4):

Yi,j :gz‘(t)(Y1,j)7 Z:2,3,4 (5)

2.3. Time-dependent Translation Group

While there is tremendous latitude for choosing groups and (affine) time dependencies,
we will confine attention in this paper to the pure translation group Q, =1, =1,..., N.
In this case a useful relabeling of the group is to replace the single index 7 by a triple of
integers v = (1!, 12, v3) with M simulated atoms denoted ((0,0,0),k), k=1,..., M. In
this case the group is G = {(I|v}(I+tA)e, + 12 (I+tA)ey + 13 (1+tA)es) : v'2 3 € 7},

where eq, e,, e3 are given linearly independent vectors, and A is a linear transformation.
Clearly, this is a group under the product rule given above, and it has the affine time-
dependence. The relation between the positions and velocities of simulated and non-
simulated atoms is then

Yo; = 09 (¥000),(t), t)
= ¥(000)5(t) + v T+ tA)e; + 2 (I+ tA)es + (I + tA)es
Vi = V(07070)7]~(t> -+ V1A81 + 7/2A62 + IJ3¢A837 (6)

respectively. When A = 0, OMD is reduced to conventional periodic molecular dynam-
ics and effectively describes a system under adiabatic conditions.
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2.4. Isochoric Motions

To explain the method in a simpler context, Figure 2 illustrates the method for general
incompressible motion of Lennard Jones argon with dislocations in a defective lattice
where A is given by A = ke; ®eq and v(x,t) = A(I+tA)'x with orthonormal vectors
e1, ez, e3. Here, simulated atoms (cyan and orange atoms) lie in a fundamental domain
(parallelepiped defined by e;, e; and e3) at t = 0. With A # 0, the initially defined
domain starts deforming under the macroscopic motion. Due only to MD simulation,
the simulated atoms leave the domain as time evolves under the influence of forces from
other simulated and nonsimulated atoms. At any instant, the positions of simulated
atoms can be used to find corresponding non-simulated atoms using (6). The non-
simulated atoms fill all of the space but, for clarity, in figure 2, nonsimulated atoms are
not shown. The simulated atoms are colored based on their coordination (cyan is FCC
and orange is HCP) with lower transparency of atoms not lying on the center slice of the
domain. Note that isochoric motion illustrated here is accomplished by a special choice
of the components of the matrix A out of many other possibilities available. While we
focus on isochoric macroscopic motions in this work, the method is not restricted to
that case. For example, the well-known pressure-shear plate impact (PSPI) experiment
corresponds approximately to a choice of A given by A = —Kje; ® e; + Koe; @ e
(27, 28, 29].

Figure 2: Illustration of a three-dimensional isochoric motion (A = Kje; ® e;). The
fundamental domain (22.9A x43.2A x 8.8A) deforms under the macroscopic motion. The
parallelepipeds represent the macroscopic motion, but atoms move in and out of these
parallelepipeds according to the OMD method, as seen at t = t;. The transparency of
atoms not lying on the center plane has been reduced for better illustration. Different
colored atoms depict different coordination and line vectors show dislocations.
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3. Screw Dislocations

3.1. Initialization

In this case, screw dislocations are introduced into the initial conditions for the simu-
lated atoms of Ni, which are otherwise in a relaxed FCC structure. The interatomic
interaction is described by an embedded-atom method (EAM) potential developed by
Rao et al. [30] using the Voter and Chen format [31]. Table 1 lists the lattice parame-
ter, cohesive energy, elastic constants and stacking fault energy for the potential. The
correct prediction of the stacking fault energy (SFE) which is defined as the energy cost
per unit area for changing the local stacking of the fcc {111} planes from ABCABC to
ABC|BCA is especially important for dislocation related mechanisms. This force field
gives good agreement between experiment and theory for the SFE [32, 33].

To construct the initial atomic configuration, we use the Atomsk package [34]. The
atoms are assigned random initial velocities extracted from a Maxwell-Boltzmann distri-
bution at a given temperature 7. Two perfect screw dislocations with opposite Burgers
vectors £b are introduced into the domain along the e, axis to maintain a net Burgers
vector of zero, so as to be consistent with the approximate periodicity of the surrounding
lattice. These are located on parallel (111) planes as shown in figure 3. Note that the
dislocations generated by Atomsk are not relaxed. They correspond to the displacement
fields predicted by anisotropic elasticity theory for a given set of material properties.
To equilibrate them, we simulate the system under A = 0 before applying any motion
to the domain. This is equivalent to periodic MD at macroscopic equilibrium.

Figure 3 shows the initial state of two screw dislocations. Cyan colored atoms
shown there are in FCC coordination. Starting with a rectangular atomic cell, defined
by vectors ey, e, and es at [112], [111] and [110], respectively, we first generate a dipole
of infinite straight parallel perfect screw dislocations, b = %[110] (shown as the blue
dislocation lines in figure 3(a)). The orientations of the domain are chosen such that
the axes correspond to the glide plane (111) and glide direction [112]. Equilibration
under the NVE ensemble then leads to splitting of the perfect dislocation into the cores
of the two Shockley partials identified by Burgers vectors by, by and with an inter-
vening stacking fault in accordance with the energetic argument provided by Frank’s
rule, figure 3(b) and (c). The screw dislocations can have different equilibrium core
structures which can lead to splitting of screw dipoles on either glide (111) or cross-slip
(111) planes creating 4 possible combinations. We choose the first case where both
partials reside on glide plane as our starting point. This equilibrated configuration is
then further used to perform non-equilibrium OMD simulations. The OVITO package
is used for visualizations provided in this work [35].

The use of OMD results in an infinite array of dislocation dipoles which gives rise to
image forces. We systematically varied the sizes of the fundamental domains to examine
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Table 1: Lattice parameter, elastic constants, cohesive energy and stacking fault energy
given by the Ni EAM “vnih” potential.

Property Value

ap(nm) 0.3526
c11(N/m?)  2.44 x 101!
c22(N/m?)  1.49 x 10!
caa(N/m?)  1.19 x 10!
E.(eV) 443
y(J/m?) 0.119

the effect of these forces: the simulation cell was increased in the in-plane directions e;
and ey keeping the dislocation line length constant. Table 2 lists domain sizes for the
different cases considered. These have a high aspect ratio of the fundamental domain,
which is known to mitigate the effects of image and dipole interaction forces [36]. From
prior work [37] the contribution of these forces was found to be insignificant if the ex-
ternally applied stress ooy is greater than o, = %.
considered, o, = 7.9 MPa which is three orders of magnitude smaller than the dominant
peak external stress applied to the domain.

For the smallest domain we have

Dislocations are identified in atomistic simulations performed here using the Dis-
location Extraction Algorithm (DXA) implemented in the OVITO package [38]. The
DXA algorithm constructs Burgers circuits to find the existing dislocations. The cor-
rect search space is identified using Common Neighbor analysis which locates atoms
that form a perfect (but elastically strained) crystal lattice. We find that the width
of the stacking faults constantly fluctuates, governed by a balance between elastic and
thermal forces. This known phenomenon is termed dislocation breathing in [39].

Our OMD simulations focused on simple shear of bulk crystalline materials is con-
ducted by adapting the classical molecular dynamics simulator LAMMPS. “Fix deform”
with style “erate” is used to apply “constant engineering strain rate” to the material. It
is accommodated with keyword “remap” for positions and velocities. This is to enable
use of the relationship (6) to find the trajectory of a nonsimulated atom that enters
the fundamental domain as its corresponding simulated atom exits (This corresponds
to redefinition defined in [10]). The box motion is updated at every time step and the
velocity Verlet algorithm is used to integrate the Newton’s equations of motion with
a time step of 1 fs. We note that the Velocity Verlet algorithm perfectly matches the
structure of OMD at discrete level: the non-simulated atoms exactly satisfy the Velocity
Verlet algorithm for their neighbors, if the simulated atoms are subject to this algorithm.
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Table 2: Different choices of the size of fundamental domain and number of simulated
atoms N.

Domain Dimension (a;A x asA xa3A ) N

(1) (77.6 x 304.8 x 19.9) 43200
(2) (142.27 x 353.61 x 19.9) 91872
(3) (107.8 x 353.6 x 79.6) 278400
(4) (142.27 x 353.6 x 82.13) 378972
(5) (142.27 x 353.61 x 149.335) 689040

oY

Ez=[ill] LR
‘ e,=[112] R
® 63:[110] L5 ) .
(a) (b) ()

Figure 3: (a) We initialize a fundamental domain with the cyan-colored atoms in FCC
coordination. To this domain, we introduce two perfect screw dislocations (depicted by
blue lines) on (111) planes. (b) On equilibration, the screw dislocations dissociate into
Shockley partial dislocations (depicted by green lines) with an intervening stacking fault.
The red atoms are now in HCP coordination. (c) We illustrate the atomic arrangement
in the vicinity of Shockley partial dislocations and the red vectors depict Burgers vectors
of these dissociated partials.

3.2. Effect of external loading on cross slip mechanism

We use simple shearing motion along various directions to explore the effect of different
components of stress on the detailed dislocation reactions during dynamic evolution. We
investigate different mechanisms of cross-slip by varying the stress state in the material.
The external loading is characterized using two definitions of stress: Escaig and Schmid
stress. Stress that acts on the edge component of a Shockley partial dislocation and
controls its width is referred to as Escaig stress and the one which interacts with screw
component is referred to as the Schmid stress. These same definitions hold for both glide
and cross-slip planes [21, 40]. These stresses are given in terms of stress components in
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e1, €y, e3 coordinate system as follows:

g _ Ccs __ :
o8 = 093, 08 = sinfo3 — cos Oos,

sin 260 (7)

(011 - 022)7

g — cs __
08 = 019, 0 = cos 20(012)

where, 6 is the angle between primary and cross-slip plane, subscripts ‘e’ and ‘s’ refer
to Escaig and Schmid, and superscripts ‘g’ and ‘cs’ refer to glide and cross-slip plane,
respectively.

The correct atomistic definition of stress under non-equilibrium conditions is an
actively studied subject. Different definitions used in the literature have been unified by
Admal et al., [41]. They find that the Hardy stress tensor has many favorable features
under non-equilibrium conditions, assuming that the system is in local thermodynamic
equilibrium. Also the Hardy stress is equivalent to the virial stress when a constant
weighting function over the entire fundamental domain is used for the averaging [42, 43].
This definition is used below to compute a pointwise uniform instantaneous stress which
is composed of kinetic and virial contributions. These pointwise values are then averaged
over an ensemble of OMD trajectories (random momentum at given initial temperature
T is assigned to each atom using a fresh random number seed) to compute macroscopic
stress.

We consider three elementary cases in this work. The first is where the pure Escaig
stress on the glide and cross-slip plane is the main non zero component and is positive.
In the second case the Escaig stress is negative, and in the third case Schmid stress on
the cross-slip plane is the main non zero component. An appropriate assignment of A
yields these stresses. Note that minor hydrostatic stresses (017 = 099 = 033) are present
in the material after equilibration under NVE ensemble at finite temperatures due to
thermal expansion but their influence on the cross-slip phenomenon is negligible.

3.2.1. Friedel-Escaig (FE) Mechanism A is chosen to be Kje; ® ey resulting in the
generation of stress o8. This also induces Escaig stress on CS plane ¢&° as seen from (7).
The stacking fault width (SFW) is guided by the interaction between Shockley partials,
stacking fault energy, internal stress from the images, and the dominant stress 1. The
condition K < 0, results in negative 0% which promotes decrease in the width of the
stacking fault ribbon on the glide plane which, in turn, favors cross-slip. This results in
constriction of each partial which leads to the formation of a perfect screw dislocation
followed by a further dissociation of that perfect dislocation into partials on the cross
slip plane. The latter is oriented at an angle of 6 = 70.53° with respect to the primary
slip plane.

We investigated the effect of the dislocation line length on cross-slip. The shorter
dislocation segment of 8|b| (dimension of fundamental domain) along e; follows the FE
mechanism uniformly. This means that the recombination of partials happens along
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the entire dislocation line, uniformly leading to a perfect screw dislocation, which then
cross-slips without bowing. On the other hand, for the longer dislocation segments 32|b|
and 60|b|, the partials recombine over a short segment of the full dislocation line and
protrude partially into the cross-slip plane, forming constriction joints (points which
separate partials from recombined screw dislocation). The two constrictions move apart
along the dislocation line to complete the cross-slip process. Figure 4 illustrates the
mechanism and shows the corresponding transition state for a longer dislocation. Here,
we observe a dynamic variant of the Friedel-Escaig [44] mechanism, which incorporates
dislocation breathing all along its length.

Next, we choose K; > 0 for the same choice of A. In this case, the Escaig stress
on the glide plane is positive which enlarges the intrinsic stacking fault area between
the two partial dislocations on the primary slip plane. Under continued loading, the
SFW increases until it starts interacting with a neighboring partial on the same (111)
glide plane. This leads to constriction of the leading partial with the trailing partial
of the image forming a perfect dislocation. The perfect dislocation then causes slip,
immediately followed by re-dissociation into partials on the adjacent (111) glide plane,
climbing upwards by one atomic layer. This double slip phenomenon continues as the
deformation progresses. The mechanical twin boundary gradually propagates towards
the end of a domain under the shear strain produced during the loading. This results
in twin boundary motion mediated by the creation, motion and annihilation of steps.
Figure 5 shows the temporal sequence of snapshots illustrating the mechanism for a small
dislocation line length. In this case the imposition of periodic boundary conditions, in
addition to the particular loading orientation used for high rate motion, also have an
important effect on the pathway chosen and avoidance of stress buildup by cross-slip.

3.2.2.  Fleischer Mechanism In this case we take the same initial conditions but
A = K5 e; ® ez with Ky > 0 or Ky < 0, which generates the stress 0. Contrary
to the previous cases, the stacking fault width doesn’t vary much due to absence of an
Escaig stress. After some time, one partial dissociates into a stair-rod dislocation — a
pure edge dislocation whose Burgers vector doesn’t lie on the primary or cross-slip plane
— and a Shockley partial which bows out into cross-slip plane. This is followed by the
reaction of remaining partial in the primary plane with the stair-rod, forming a glissile
trailing partial on the CS plane. As in cases above, only part of the dislocation bows
out into CS plane for the longer flexible dislocations, whereas the shorter dislocations
dissociate uniformly along their entire line length. The core structure of the activated
dislocation undergoing cross slip contains a three-dimensional stacking fault structure
as shown in figure 6 (cf.,[45]).

We also conducted simulations under mixed loading conditions. This is achieved by
sampling phase space where both K; and K5 are non zero (A = K; e;®es+ K5 e;®e3).
It was observed that under mixed loading in the high-strain rate regime (Kj, Ky ~
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(b)

Figure 4: Atomistic snapshots extracted at different times during the simulation. The
figures illustrate the motion of dislocation lines during the Friedel-Escaig mechanism
(A = Kie; ® ey, K1 < 0) of cross-slip for flexible (long segment) dislocations. (a)
Shockley partials on (111) plane, (b) Recombination of partials, (¢) Protrusion of partials
on the cross-slip plane, (d) Shockley partials on (111) plane. Note that FCC atoms are
omitted. Green lines depict partials and blue lines depict perfect screw dislocation.
Orange atoms are in HCP coordination. Atoms in FCC coordination are omitted.
Primary and cross-slip planes are (111) and (111) respectively.

107s71), a combination of the FE and FL mechanisms may occur where part of the
dislocation cross-slips by one mechanism and is completed by the other. The mecha-
nism is illustrated in figure 7 where cross-slip initiates by constriction of partials into
a finite length screw and is later assisted by formation of stair rod dislocation at the
intersection of the primary and cross-slip planes. In some cases of mixed loading, initi-
ation happened by the FL. mechanism and in others, a mixture of perfect and stair rod
dislocations appears at an initial stage.

In summary, we report four observed dynamical pathways in these highly non-
equilibrium situations. In the range of conditions studied, cross-slip occurs via the acute
variant (i.e., the angle between the glide direction in the cross-slip and the primary plane
is acute) which is known to have lower activation energy. The FE mechanism operates
when 0§ is the only non-zero dominant stress component and its direction is such that
it reduces the separation between two partials on the glide plane. Hence the sign of o
is relevant. On the other hand, the Fleischer mechanism operates in the regime where
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Figure 5: Atomistic snapshots illustrating formation of thickening mechanical twin and
the motion of dislocation lines during the multiple cross-slip of shorter dislocation
segments when A is chosen to be A = Kje; ® ey, K1 > 0. (a) Shockley partials
intervening stacking fault on (111) plane, (b) Enlargement of stacking fault area, (c)
Formation of perfect dislocation, (d) Redissociation into partials on the adjacent glide
plane, (e)-(g) Reiteration of events (b)-(d), (h) Formation of thicker mechanical twin.
Cyan and orange colored atoms are in FCC and HCP coordination respectively. Blue
and green lines depict perfect screw and partial dislocations respectively.

o is non-zero and is independent of the direction of stress (i.e., the sign of K5). This
is consistent with earlier work where the dependence of the energy barrier for cross-slip
on ¢ is predicted to be quadratic [40]. Moreover, the mechanism we observed for a
given shear loading remains independent of the strain rate, K7, K, varying within four
orders of magnitude (from 5 x 10* s7! to 10® s7!). (Simulations with lower strain rates
are computationally demanding especially with the bigger fundamental domains of sim-
ulated atoms.)

We also explored the effect of dislocation line length on cross-slip. The preferred
pathway is seen to remain invariant with respect to the length of the dislocation ranging
from 8|b| to 60|b|. This is in contrast to the finding reported in the literature where only
the Fleischer mechanism was observed for shorter dislocation segments under constant
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stress at low temperature [46]. A similar conclusion was made using NEB calculations
in Al at zero temperature [47]. However, we find that the dislocation length has a strong
effect on the critical stress for cross-slip for a particular mechanism. This will be further
investigated in the next section.

Figure 6: Evolution of atomistic snapshot illustrating motion of dislocation lines during
the Fleischer mechanism (A = K; e; ® e3 with Ky > 0) of cross-slip for flexible
dislocations. (a) Shockley partials on (111) plane, (b) Dissociation of partial into stair-
rod dislocation and leading partial which bows into cross-slip plane, (c¢) Protrusion along
complete dislocation line length, (d) Shockley partials on (111) plane. Pink and green
lines depict stair rod and partial dislocations respectively.

3.3. Effect of strain rate and temperature on the critical stress for cross-slip

In this subsection we focus on Fleischer mechanism and investigate the effect of strain
rate and temperature in the large strain-rate regime. Figure 8 shows the typical stress-
strain response of the material at different strain rates that vary from 5 x 10° to
1 x 108 s7!. The stress-strain curve abruptly decreases after linearly increasing to
a local maximum at the first transition from elastic to plastic deformation. When the
dislocation cross-slips, unloading waves are released immediately, modifying the local
state. This in turn results in the fall of the global stress. The shear modulus is obtained
by linear fitting of the stress—strain curve when the strain is < 0.03 in the elastic re-
gion. It is given by G' = 75MPa which is in agreement with the effective isotropic shear
modulus predicted by theory [48, 49, 50]. Inspection of the stress-strain curve reveals
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Figure 7: Atomistic snapshots illustrating motion of dislocation lines during the
mixed mechanism of cross-slip for flexible dislocations. The choice of A is given by
(A =K, e;®e,+ K, e;®e3). (a) Shockley partials on (111) plane, (b) Recombination
of a small segment of partials into the perfect screw, (¢) Cross-slip of a small segment of
partials, (d)-(e) Formation of stair-rod dislocation, (f) The transition state has mixed
behavior where both stair-rod and perfect dislocation segments are present, (g)-(i)
Further progression of cross-slip via mixed mechanism.
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Figure 8: Stress-strain response under different strain rates for the system undergoing
cross-slipping by Fleischer mechanism (A = K e; ® e3 with K > 0).

that strain rates in this range during shear loading have little effect on the elastic phase
of the stress—strain relationship and a modest effect on the plastic phase. An increase
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in the strain-rate increases the local peak stress. This peak shear stress coincides with
the stress at which the material begins to undergo cross-slip. These simulations serve
as clear evidence of the dependence of plastic yield on the rate of deformation.

An interesting question is whether the transition state theory (TST) is valid under
these conditions of high rate deformation. We try to answer this here for dislocation
cross-slip by making a direct comparison of predictions of OMD with TST. A few
studies in the literature have used the TST approach in the context of dislocation-
defect interaction [51], mobility of screw dislocation [52] and dislocation nucleation [53].
Originally, TST was developed for chemical reactions or diffusion of atoms [54, 55].
Vineyard [56] later generalized this theory for multibody systems. A general multiscale
method based on TST was formulated by Voter et al. [57]. TST determines the rate
at which system at equilibrium jumps between two metastable basins by crossing the
saddle region. Generally, one could question whether our system of dislocations stays
in a basin for a sufficiently long time so as to reach a macroscopic equilibrium described
by the formulas of equilibrium statistical mechanics, but we press ahead and evaluate it
anyway. This transition rate at temperature T and effective stress o is then expressed
as
_GC(U7 T)
et ) ®

where 7 is a frequency prefactor, G, is the activation Gibbs free energy for cross-slip

V:ﬂexp(

and kp is Boltzmann constant [58]. The activation enthalpy H. and activation entropy

S, are assumed to be insensitive to temperature under the range considered and G, is
defined by

Ge(o,T) = H.(0) = TS.(0)

The cross-slip rate can be rewritten as
~ Se(o) —H.(o)
v=rvexp|(——=)exp|——=). 9
p(k@ ) p(k@T ) 9)
Hence, the contribution of activation entropy is contained in the overall multiplicative
factor exp(S.(c)/kp). Harmonic transition state theory (HTST) simplifies the rate

equation by assuming vibrations to be simple harmonic near the basin and saddle point.
This leads to

—fﬂia)>

ksT (10)

N
VHTST = V1H,~:2—, €exXp (

where v is the fundamental frequency, v; and v are eigenfrequencies of the 7" mode
of the original and transition state respectively. Under the framework of HTST,
the entropic factor exp(S.(0)/kp) is given by IIN,% if 7 is considered to be .
The activation entropy is typically approximated usinlg an empirical thermodynamic
compensation law, or the Meyer—Neldel (M-N) rule which accounts for anharmonic

effects such as temperature dependence of shear modulus, thermal expansion, and
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surface energies [58, 59]. It is based on the empirical observation that the activation
entropy is proportional to the activation enthalpy and is given by

5.(0) = 127) (1)

where T, is the melting temperature. We use the M-N rule to reduce the cross-slip rate
to

—Ho (o)1 - 7)
)

where G. is taken to be G.(0,T) = (1 —T/T,,)H. in (8) under a first approximation of

the effect of temperature on the activation free energy. Manzanares et al. [21] has shown

v ="rexp ( (12)

the applicability of the M-N rule for aluminium within NPT dynamics of cross-slip via
the Friedel-Escaig mechanism in a temperature range of 400-600 K.

The average critical stress for cross-slip is derived using the survival probability in
an initial elastic bulk solid [53], and is given by

PO _ ra,

where v is given by (12). Our loading can be considered a constant engineering shear
strain rate K applied to the solid; thus in the linear elastic deformation regime before
cross-slip, the state of stress becomes time-dependent and is given by ¢ = GKt, as in
figure 7, where K is the shear rate. Following [52], this can be used to make a change
of variables which yields

) g g SRR
do GK ’ C ’
where p(o) = —% = élg}'(e p( fo 0")]GK) da) is the first escape probability

distribution and C' is normalization factor given by

/Ogcp(a)da =1 = C= " 2(;() exp — /Oa(u(a')/GK)da’da. (14)

Here, cross-slip is being treated as a probabilistic event. Thus, the critical stress obtained

0

follows a distribution associated to repeated computational tests. The expected critical
stress is achieved by taking first moment of the escape probability distribution:

oe foac ov(o)exp ( fo 0')/GK) da’da)
O(avg) = / op(o)do = - / (15)
0 Jov(o)exp ( Iy (w(o")/GK)do d0>

Equation (15) predicts the TST guided temperature and shear rate dependence of the

critical slip stress at a given activation enthalpy H.. Note that since the material un-
dergoes a linear elastic deformation before cross-slip, the constant stress and constant
strain ensembles are equivalent here; either choice of independent variable could be used
to find O'(avg).
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Several studies in the literature have estimated the contribution of the stress to the
energy barrier associated with different mechanisms of cross-slip [21, 40]. We use the
energy barrier proposed by Kuykendall et al. [40], based on a modified string method
for homogeneous cross-slip by Fleischer mechanism as a function of Escaig and Schmid
stress acting on glide and cross-slip plane. This is given by

~ o ~
Ho(6) = All = ()", 6= Ctof+ Ciog + (Diog)?, (16)
o
where an external stress ¢ lowers the energy barrier corresponding to cross-slip. In this
comparison, we focus on the effect of Schmid stress on cross-slip plane ¢ (corresponding
to A = Ke; ® e3) on the average critical flow stress of;. Thus, we reparameterize the

activation barrier as

2v/2 o
of =0 =0, o = T\/_Um = Hc(o13) = A[l - (0_1/3)1, 1, (17)
UC

where A = 2.2352 eV, 0., = 3.3478 GPa, p’ = 1.4576 and ¢’ = 1.4428. This is substituted
into (15) to obtain the TST-based average theoretical critical stress o7,.

In figure 9(a) we compare the variation of critical stress vs. strain rate for shorter
dislocation segments at a constant temperature of 320 K and, in figure 9(b), vs. temper-
ature at a constant strain rate of 107s~!. Figure 10 illustrates a similar variation of flow
stress for longer dislocations. Different choices of domain reproduce effectively the simi-
lar critical stress within statistical uncertainty. The critical stress does not show a large
variation in the range investigated. This is consistent with the nature of the energy bar-
rier which is found to be less sensitive to ¢5* as compared to other stress components [40].

The predictions of OMD are in reasonable agreement with those of TST for the
constant value of 7 taken to be 6.7 x 10'2 and 1 x 10° s~! for shorter and longer seg-
ments respectively. These estimates are less than the Debye frequency, as expected. As
dislocations become longer, the critical stress for cross-slip increases at all temperatures
and strain rates. We conclude that the frequency prefactor is approximately inversely
proportional to the length of the dislocation. This is consistent with the analysis by
Friedel [60] and Sobie [61] who predicted using a line tension model that the fundamen-
tal frequency of dislocations exhibits inverse dependence on the length. Thus, relatively
short dislocation segments are activated for cross-slip more quickly than longer segments.
Moreover, for a constant strain rate and temperature the temperature and strain-rate
sensitivity of the critical stress decreases with an increase in the length of the dislocation.

We see that for a given temperature, deviations from the thermal activation stress
begin appearing at strain rates which exceed a certain critical strain rate K*. Evidently,
this happens when the strain rate is so high that cross-slip is no longer thermally acti-
vated in that regime and it is purely stress driven. Therefore, the stress is being ramped
up in the system until the athermal limit is reached. K™ is seen to be higher for shorter
segments as compared to longer ones and is also a function of temperature of the system.
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For a given system, decreasing the temperature lowers this critical strain rate, allow-
ing sufficient time for the dislocations to overcome the barrier via thermal assistance,
and this time is inversely proportional to the temperature. However, the same system
at higher temperatures for the same strain rate can be thermally activated. Similarly,
we see that for a given shear rate, as the temperature decreases, there is an overshoot
of the critical stress which correlates well with the suppression of thermal activation.
This discrepancy is present in systems with different dislocation sizes, but it is more
noticeable and it kicks in earlier, at a higher temperature, for the longer ones as com-
pared to shorter segments. On the other hand, for all temperatures higher than 7™, the
agreement is surprisingly good. Thus, a system can be divided into two regimes: 1)
thermally activated and 2) athermal/stress driven, based on critical strain rate K* at a
given temperature 7". Similarly for a sufficiently small shear rate K, a similar transition
happens at a critical temperature T%. T™ shifts towards a higher value as K increases.

These results can be useful for the calibration of mesoscopic dislocation dynamics
(DD) methods at high strain rates. DD methods employ physics-based constitutive
rules for the motion of dislocations. An activated theory-based probability model has
been used to incorporate cross-slip in DD simulations, but different studies have adopted
different choices of the effective activation energy barrier [62, 63, 64]. The study con-
ducted here provides confidence on the usage of an Escaig/Schmid stress dependent
energy barrier for the modeling of cross-slip of screw dislocation segments under high
rate deformation. It is an important finding that the frequency prefactors v obtained
in this study for both longer and shorter segments are smaller than the ones typically
reported for the similar system under equilibrium at some constant stress ¢ and temper-
ature 7' [21, 65]. This suggests that higher strain rates lead to suppression of cross-slip.
This is in agreement with the understanding that large strain rates result in inertia
dominated conditions due to which thermal fluctuations become less efficient, i.e., the
critical stress of cross-slip corresponds to an effective temperature which is smaller than
actual one [18]. This can significantly affect the macroscopic response of system and
can result in widely different behavior as compared to system under quasi-static load-
ing. Thus, this work promotes the inclusion of appropriate strain-rate dependence of
frequency prefactors for mesoscale modeling. The investigation also allows us to under-
stand the transition from homogeneous cross-slip, seen for short dislocation segments,
to inhomogeneous slip for larger dislocation lengths.

Uncertainty present in these results can be due to neglect of local stress experienced
by a dislocation. A dissociated screw dipole could introduce both Schmid and Escaig
stresses on the glide and cross-slip planes of the image partial in addition to the external
applied stress. This would induce a difference between the global stress computed here
and the local stress state of the dislocation. This effect has been suppressed here owing
to the sufficiently big size of the fundamental domain. On the other hand, even the
definition of the essentially macroscopic quantity ‘stress’ is unclear in these situations.
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It may be that some kind of purely atomistic replacement for stress that accounts for
fluctuations is needed in TST.

The frequency prefactor we obtain for the shorter segments might be an under
estimate. This is owing to the fact that the activation barrier we use here for both our
studies of shorter and flexible dislocations was originally derived for longer segments. In
some prior studies, e.g. [66], the barrier is found to rise proportionally to the dislocation
length for short dislocation segments and it saturates at constant value for sufficient long

dislocations.
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Figure 9: Critical stress of cross-slip as a function of (a) logarithm of strain rate and
(b) temperature for short dislocation segments undergoing cross-slip by the Fleischer
mechanism.

4. Unlubricated sliding

Friction is one of the most common phenomenon encountered in everyday life, and yet
is one of the least understood physical phenomena. In this section, we briefly show that
how OMD can be used to conduct sliding simulations which can help to investigate
non-equilibrium processes occurring at the atomistic scale. The purpose of this section
is to show an unexpected capability of our method, and also to see the formation of
dislocations in a frictional sliding simulation. A comprehensive study of the physics of
frictional sliding based on OMD will be presented elsewhere.

The technical details on the design of our OMD computational method for frictional
sliding is, apart from initial conditions, almost the same as used above (For detailed
information on the implementation, see [10]). In these simulations, it is more informative
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Figure 10: Critical stress of cross-slip as a function of the (a) logarithm of strain rate
and (b) temperature, for long and flexible dislocation segments undergoing cross-slip by
the Fleischer mechanism.

to adopt Lagrangian approach and follow the motion of simulated atoms which are
defined at ¢t = 0. To achieve that, we do not perform any remapping and redefinition of
simulated atoms, and therefore they are free to leave or enter the fundamental domain.
This requires a slight modification in our approach for the neighbor search implemented
in [10]. In the cell list method [2] we divide the fundamental domain into cells; all
atoms are assigned to the cells according to their positions. In the present case we can
have simulated atoms outside the fundamental domain (Figure 11(b)); each of those
exterior simulated atoms is assigned a cell based on the position of its corresponding
non simulated atom that lies inside the fundamental domain. That cell identifier is then
used to find the atoms in the neighboring 27 cells which can interact with that atom.
After this, we follow the same procedure which was used earlier to find the nearest
image. The distance between simulated atoms 1, k£ and 1, m at time ¢ can be written as:

I‘k’m =Yik —Yim = {/\1 (I + tA)e1 + )\2(1 + tA)eg + )\3(1 + tA)eg} (18)

I is the shortest distance if and only if |A;| < 0.5. If |\;| > 0.5 then either simulated
atom 1,k or simulated atom 1,m lies outside the domain. Atom 1,k then interacts
with an image of the simulated atom 1,m, and the distance between them is given
by rim — (M) ] (I + tA)e; where ry,, is known from the calculation above and |z|
is the closest integer greater than or equal to x. This is repeated for each simulated
atom whether it lies outside or inside the domain. Based on these computed interatomic
distances, we calculate the force and then evolve the trajectory. We emphasize that both
the implementation with remapping/redefinition used above, or the implementation used
here are exact OMD methods.

The setup for the MD simulations of sliding is illustrated in figure 11. The system
consist of two slabs. Both upper and lower slab are made of Argon atoms which interact
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via Lennard-Jones (LJ) potential. The two body interaction between atoms i and j is

given by
OLJ OLJ
¢(rij) = dens[()" = (=) (19)
Tij Tij
where or; = 3.4 x 107m and e; = 1.65 x 1072!J. Basic physical properties are

expressed in LJ units: ovj, ery, eny/kb, evy/ot;, [mot;/ens]'/? for length, energy, tem-
perature, pressure and time respectively. An FCC crystal is (presumably) the ground
state of this potential with a lattice constant of @ = 1.556 o,;. We use a computational
domain containing 69790 simulated atoms. The two slabs are specified by adding ran-
dom noise to the positions of atoms at the mid plane along e;. We want to emphasize
that the only essential difference between these simulations and the ones above involving
dislocations (or those involving hypersonic flows of fluids [67, 8]) is a change of initial
conditions.

Besides the random noise at the interface, the system is otherwise initialized using
random velocities sampled from Maxwell-Boltzmann distribution at the initial tempera-
ture Ty and further equilibrated to a steady state by running it under an NVE ensemble
achieved by using OMD with A = 0. The equilibrated system is illustrated in fig-
ure 11(a) where red and blue colored atoms simply highlight the slabs above and below
the initially perturbed layer and aid in showing where the atoms go (The coloring is
Lagrangian.) Next, we begin the OMD simulation under simple shearing by choosing
A = Kije; ® ey in the basis e; = [100],e; = [010] and e3 = [001], where e;, es defines
the sliding plane.

The perturbed layer quickly evolves to an well-defined interface along which the
two blocks slide as a frictional system, figure 11(b). Note that the portion of these
slabs which is composed of non-simulated atoms is omitted from the visualization; only
simulated atoms are shown. (The full set of atoms satisfying the equations of molecular
dynamics fills all of space.) Frictional sliding can give rise to the generation of elastic
shear waves at the interface in the fundamental domain and and their images under the
translation group. To minimize shear wave reverberations, fundamental domain and
the value of the K needs to be big enough such that the duration of the simulation is
well within the propagation time of shear wave based on the macroscopic shear wave
velocity and the size of the fundamental domain.

Figure 11(c) gives insight into the deformation process; atoms in FCC coordination
are omitted in figure 11(c). At first, perfect, stair rod and mixed dislocations nucleate
under the midplane. The dislocations are identified using the same DXA algorithm
within Ovito that was used earlier. As sliding evolves, the Shockley partials cross slips,
majorly dominant by the Fleischer mechanism (in the system investigated) followed by
the propagation of stacking faults in the lower slab on the preferred close packed slip
plane. The temperature of the system increases with time since there are no thermostats
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applied and the external work is being done on the system. The instantaneous
temperature at time ¢ is computed by:

N
m
Tt) = 5w [Z(vi,? +0h7 + 05 7)

i

(20)

where, v}, denotes the thermal velocity (difference between particle velocity and mean
velocity) of particle 4 in direction e;, and k;, is the Boltzmann constant.

In figure 12(b) we plot the temperature profile across the material for the average
relative speed between slabs of about 120 m/s. The profile is computed by partitioning
the fundamental domain into bins in the e, direction. The temperature in each bin is
then computed by local averaging of the variance of kinetic energy of the atoms present
in the bin. The temperature at the interface is highest and decreases monotonically.
The temperature at the interface reaches approximately 48K which gives rise to onset
of melting and mechanical mixing at the interface.

Figure 12(a) shows the evolution of sliding stress 712, computed using the Virial
stress given by

N N N
o(t) = —%(Zmi(vi —)OVi—V)+ D> ) ;i ® F]> (21)
i=1 j#i i=1
where N is the number of simulated atoms, v is the mean velocity, r;; is the inter-atomic
distance, Fy; is the interatomic force between atom i and j and 7 = o — str(o)I. This
stress increases elastically until the initiation of sliding, at which time the stress drops
rapidly. The tangential stress can have a strong dependence on the velocity as described
by Rigney et al. [68]. We also see that the sliding stress follows an oscillating behavior
reminiscent of widely observed microscopic stick-slip behavior as the two slabs move
past each other. During the ‘stick’ phase, both the slabs are stuck to each other. This
is followed by sudden slip. Similar behavior is observed in the slab’s velocity field as
well. When the relative velocity between the blocks is small then materials can cold
weld together. Conversely, if it is very high then sliding can occur at the junction
between simulated and non-simulated atoms away from the interface, indicating a more
general disintegration at these extremely high rates. These results indicate that, with
an appropriate choice of A and initial conditions within the OMD framework, we are
able to conduct high speed sliding studies at the molecular scale. Modeling in this
manner avoids the need of widely adopted strategy of introducing additional reservoirs
for applying boundary conditions [69] which is more realistic and also simplifies the
simulation.

5. Conclusion

OMD provides a computational framework for the exploration of the interplay between
motions at the continuum scale and atomic scale. The macroscopic affine motions simu-
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Figure 11: Atomic configuration associated with the system at an (a) initial state and
(b) during sliding. Red and blue colored atoms constitute two LJ slabs of simulated
atoms. (c¢) Nucleation and motion of various dislocations in the lower slab during sliding.
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lated by OMD are exact solutions of macroscopic continuum mechanics, and, at atomic
scale, every atom out to infinity, simulated or nonsimulated, satisfies the equations of
molecular dynamics to high accuracy. This motivates its usage to make connections
with larger length and time scale theories which can improve mesoscopic and macro-
scopic predictions of realistic systems.

In this work, we focused on the modeling of cross-slip in a bulk crystal under high-
rate loading. We are able to give a detailed description of the onset of cross-slip by
Friedel-Escaig or Fleischer mechanisms or mixed mechanisms under different macro-
scopic motions, and also the appearance of twinning and step motion. No nucleation
criteria were used. Surprisingly, it was found that the response of the material under
far-from-equilibrium conditions is consistent with an equilibrium theory of activation
within a constant stress ensemble, under appropriate evaluations. The critical stress
for cross-slip depends on the thermodynamic properties of activation, such as activa-
tion free energy, enthalpy and entropy. The use of a stress-dependent activation energy
in conjunction with the Meyer-Neldel rule for the entropic contribution captures the
correct probabilistic behavior of the system across a wide range of shear rate and tem-
perature. We also verified the dependence of the activation energy on an effective stress
composed of Escaig and Schmid components. These findings can easily be incorporated
in dislocation dynamics simulations to improve probabilistic models of bulk cross-slip.

Finally, we presented initial results of frictional sliding at high rates. Wave inter-
actions with images could be avoided in these simulations without compromising the
method. Dislocations formed initially at the interface and, under various conditions, we
observed stick-slip, a temperature rise at the interface and, at extremely high rates, a
type of fragmentation.

Taken together, a surprising aspect of this OMD implementation is that essentially
the same numerical method, with the same atomic forces and same A, can be used to
study diverse behavior such as slip, cross-slip by various mechanisms, twinning and step
motion and frictional sliding, simply by changing the initial conditions. With earlier
work, this universality extends to behavior in liquids and gases, and, with appropriate
groups, to nanostructures.
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