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M. LANDA, J. CERV, A. MACHOVÁ and Z. ROSECKY

Institute of Thermomechanics AS CR, Dolejskova 5, 182 00 Prague 8, Czech Republic

Abstract

We present acoustic emission (AE) sources at the crack tip obtained from atomistic
simulations by molecular dynamic technique in bcc iron under plane strain conditions. We show
that the character of acoustic emission is different when different processes operate at the crack
tip. Wave processes during brittle fracture, twin extension and dislocation emission from the
crack tip are visualized and analyzed. For better understanding of the basic feature of the
atomistic results, we also include a simplified reconstruction of the most important wave patterns
in anisotropic elastic continuum.

1. Introduction

Stress wave radiation caused by crack extension (Freund and Rosakis, 1991; Prakash et al.,
1992), by motion of dislocations (Trochidis and Polyzos, 1995) and at twin extension (Rosakis
and Tsai, 1995) have been analyzed recently in the framework of isotropic continuum. Unlike
isotropic continuum, where only two different velocities of longitudinal and shear wave exist,
such an analysis in anisotropic crystals has not been performed due to a very complex character
of wave phenomena in the crystals. Pure longitudinal and transverse modes exist here only in
some special crystallographic directions; in other directions, quasi-longitudinal or quasi-
transverse waves transfer the energy. Their velocity is different in dependence on the orientation
of wave vectors. Atomistic simulations by molecular dynamic technique offer an opportunity to
visualize the radiation of stress waves in anisotropic crystals with defects in a relatively simple
way (Holian and Ravelo, 1995; Gumbsch and Gao 1999a, b). Moreover, such simulations may
also bring information in the framework of the non-linear dynamic approach, since the
interatomic forces are of a non-linear character.

In molecular dynamic (MD) simulations, Newtonian equations of motion are solved for the
set of atoms using an explicit time integration scheme and a very fine time integration step. The
equations for individual atoms have generally a form:

(d2m/dt2 ) uα(l) + Rα(l) = 0 at interior atoms,  or
       = Fα

ext(l) at surface atoms, respectively,  α = 1, 2, 3.

The resulting force Rα(l), acting at an atom l in the direction xα, is calculated as a sum of the
non-linear interatomic forces between individual atoms l and k. The interatomic forces are
derived from the potential energy with limited range of interaction. The forces and potentials
have to secure at least: the mechanical stability, the basic energetics of the lattice and to describe
well the elastic constants in anisotropic crystals. The other quantities denote: uα the
displacement, Fext the external force and m the mass of the atom. MD-technique enables the
simultaneous mapping of the displacement field and the local potential and kinetic energies of
individual atoms during defect growth in a loaded crystal. The displacement field describes well
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the type of defect (Machová et al., 1999), while the local kinetic energies of individual atoms
describe well the wave processes during defect growth (Landa, et al., 1998; Machová and
Ackland, 1998; Cerv et al., 2000), it means AE on the atomic level.

In our MD simulations, relatively large bcc iron crystals are oriented along the coordination
axes x1 = [-110], x2 = [001] and x3 = [110]. We use short-ranged interatomic potentials and
forces (Landa et al., 1998; Machová and Ackland, 1998) with the so-called cut-off radius rc lying
between the second and the third nearest neighbors in the bcc lattice. If the distance r between
individual atoms is smaller than the rc the interaction exists, if r ≥ rc the interatomic force is zero.
Beside the elastic constants and basic energetics, our interatomic potentials and forces also
describe well the phonon frequency spectra (lattice vibrations), in agreement with the
experimental data for bcc iron (Machová and Ackland, 1998). It secures a correct propagation of
the stress waves in the model, in agreement with the expectation according to the elastic
anisotropic continuum. The bcc lattice is projected onto a (110) plane. Plane strain conditions are
considered along x3, therefore in this direction the atomic motion is not allowed and periodic
(translational) boundary conditions are imposed. The atoms are free to move in x1 and x2. Each
projected atom represents a chain of atoms in the perpendicular [110] direction, moving
simultaneously with the projected atom. The initial temperature corresponds to 0 K and further
atomic thermal motion is not controlled. Central difference scheme and time integration step h =
1 x 10-14 s have been used for time integration of Newtonian equations of motion in all the
simulations. The magnitude of the time step is sufficient to secure numerical stability in the
system and also a reliable transfer of the elementary AE events during defect growth studied. We
consider a pre-existing crack loaded in mode I. The crack front is oriented along the direction x3

= [110]. The crack plane lies either on  (001) or on (-110) planes. In dependence on the type of
loading, this crystal orientation enables the observation of both a brittle fracture and important
shear processes in the slip systems <111>{112}. Before loading, surface relaxation of the
crystals is performed to avoid its influence on the kinetics of the microscopic processes studied.

The wave patterns obtained from MD simulations are discussed in the light of existing
predictions following from isotropic continuum (Freund and Rosakis, 1991; Prakash et al., 1992;
Trochidis and Polyzos, 1995; Rosakis and Tsai, 1995). To understand the basic feature of the
anisotropic atomistic results, we also include a simplified reconstruction of the most important
wave patterns by means of the expected wave processes in anisotropic elastic continuum under
plane strain.

2. Brittle Crack Extension

Brittle (Machová et al., 1999) or quasi-brittle (Machová and Ackland, 1998) fracture is
observed in atomistic simulations when a crack is loaded in elastic regime. We present here
brittle crack extension in a relatively long sample of the SEN-type with an edge pre-existing
crack.  The sample is loaded linearly by external forces (PE) acting in the x2 direction with a
loading rate dPE/dt ≈ 2.5 kN/s. It simulated a fracture tension test on a single crystal of bcc iron
presented in (Landa et al., 1998). The atomic sample has 200 atomic planes in x2 and 50 atomic
planes in x1. The initial crack is atomically sharp, the crack plane is (001) and the initial crack
length is lo = 15 d110, where d110 = ao/√2 is the interplanar distance in a <110> direction and ao is
the lattice parameter. The edge crack (001)/[110] (crack plane/crack front) propagates in the
direction x1 = [-110]. Crack initiation has been monitored at the applied stress intensity KIC

=1.23 MPa m1/2 (Landa et al., 1998).
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Fig. 1  Brittle initiation of an edge crack (001)/[110] in tension mode I from MD simulations.
Detail of atomic configuration at the crack tip at time step Nstep =1650 (stationary crack) and at
Nstep = 2000 (brittle crack extension).

The details of atomic configuration at the crack tip before crack initiation (time step 1650)
and during crack extension (time step 2000) are shown in Fig. 1. According to Fig. 1, the crack
extension corresponds to 8 elementary displacements d110 in the atomic lattice, i.e. when 8
elementary AE events have been realized.

Figure 2 presents a relief of the kinetic energy distribution inside the whole atomic sample,
created from the mapping of local kinetic energies at individual atoms (li) and scaled as
(Ekin(li)/10-22)1/2 . The black horizontal line denotes the actual crack length. The configuration at
time step 1650 illustrates the situation before crack growth, where wave patterns arise only due
to the loading and scattering of loading waves at the free crack faces (Machová and Ackland,
1998) (including the crack tip). The loading waves arrive to the crack faces continuously after
each increment of loading at external sample borders. The situation at time step 2000 is already
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Fig. 2  A relief of the local kinetic energies at individual atoms obtained from MD for the
stationary crack (Nstep = 1650 � scattering of loading waves at the crack) and after brittle crack
extension in mode I (Nstep = 2000 � stress wave radiation from the moving crack, quasi-
longitudinal waves).

influenced by the crack extension. The 8 partial AE events may be recognized in the [001]
direction, where the 8 wave fronts propagate to the upper and lower sample border being under
load. Acoustic emission from the crack tip in the [001] directions is well visible at the time step
2000, since the first reflection of the wave front in the [001] directions appears at the [001]
borders later, nearly at time step 2100. The character of the acoustic emission is given mainly by
the relaxation of the tension stress components in front of the crack tip and by bond breakage
during crack extension. The position of the individual wave fronts well corresponds to the
velocity of longitudinal waves CL<001>. The distances between the individual wave fronts well
correspond to average crack velocity Vcrack = d110/∆t = 1013 m/s, where ∆t ≈ 0.2 ps means the
average time needed for the change of the crack front position in the lattice. Figure 2 shows that
the AE-source during brittle fracture can be characterized as a sequence of high frequency
pulses, emitted after each elementary crack tip hop, with a repetition frequency ν = 1 / 0.2 ps = 5
THz.

The patterns in the <110> and <111> directions in Fig. 2 at Nstep = 2000 are already
influenced by the reflections of the acoustic waves from the left and right sample borders. They
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have a more complicated character due to the interaction of the emitted waves from the crack tip
with the reflected waves. A similar situation arises also in experimental fracture tension tests but
at different times.

Acoustic emission during crack extension, unimpeded by back wave reflections from sample
borders, may be found also in the atomistic simulation (Holian and Ravelo, 1995) and (Machová
and Ackland, 1998). The character of acoustic emission during crack extension presented here
and in (Holian and Ravelo, 1995; Machová and Ackland, 1998) is in a qualitative agreement
with the expectation by continuum model, presented in (Freund and Rosakis, 1991). The wave
patterns in (Machová and Ackland, 1998) are somewhat influenced by transient local twinning at
the crack tip.

3. Transonic twinning from the crack tip

In agreement with experimental observations in bcc iron (Hertzberg, 1983; Smida and
Bosansky 2000), twinning in atomistic simulations occurs at some stress concentrators either
under high strain rates (Machová and Ackland, 1998) or at sufficiently large applied stress at low
temperatures in a quasi-static (Machová et al., 1999; Hu et al., 1998) or static case (Cerv et al.,
2000).

We present here unpublished results on the character of acoustic emission during fast
twinning from the crack tip under a gradual quasi-static loading from Machová et al. (1999). A
central pre-existing crack (001)/[110] is considered in an initially rectangular sample. Due to the
symmetry of the problem, only one half of the sample is treated in the simulations. The initial
half crack length is lo = 20 d110. The simulation box consists of 200 atomic planes (-110) in the x1

direction and 400 planes (001) in the x2 direction, parallel to loading. The sample was loaded
gradually (during 4000 time steps) by external forces distributed at the upper and lower (001)
sample borders up to the level corresponding to Griffith stress σG.

Twin formation at the crack tip in the slip systems <111>{112} (Fig. 3) and a fast twin
extension into bulk crystal is already observed during the linear phase of loading between time
steps 3000 and 3360. As follows from Machová et al. (1999), the unstable three layers stacking
fault (3SF) at the crack tip has been transformed to a thin twin at time step 3000. At this moment,
the relative shear displacements between interior neighboring planes k and l in the <111>{112}
shear systems near the crack tip reach the expected value for ideal twinning ukl = b/3, where b =
ao/2 <111> is the Burgers vector of the magnitude ao√3/2. As mentioned in Cerv et al. (2000),
the length of the initial twins in the <111> direction corresponds to about 10b at time step 3000.
The twins extended up to 30b at time step 3100, at time step 3200 the corresponding length of a
twin lamella is 50b, at 3300 it is 70b and at final step 3360 (see Fig. 1 in Cerv et al., 2000) the
twins are extended in the <111> directions up to the distance 82(±1)b from the crack tip. (Note
that 100 time steps represent 1 ps). The twins extend from the crack tip toward the crystal with a
constant velocity Vtwin = 1.65 CT , where CT = 3007 m/s is the velocity of the shear waves in the
<111>{112} slip systems. The slip system is inclined with respect to the [-110] direction at the
angle θ ≈ 35o. Note that Burgers vector b corresponds to an elementary distance between atoms
in the <111> direction.

Figure 4 shows a local map of kinetic energies of individual atoms, normalized by 1J. The
individual figures correspond to the situation at time steps 3100, 3200, 3300 and 3360. The wave
patterns at the upper and lower sample borders come from the gradual (step by step) external
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Fig. 3  Atomic configuration at the crack tip during twin generation (a) and fast twin extension
(b) at a crack (001)/[110] loaded in mode I.

loading. These patterns do not occur in Cerv et al. (2000), where transonic twinning under static
loading is presented. Exchange of interactions occurs during twinning, i.e. some bonds are
broken and new created in the <111>{112} slip systems. The bond breakage and relaxation of
the shear stresses contribute to acoustic emission during twin extension. Our results are not
influenced by the back wave reflections from external sample borders, caused by the shear bond
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Fig. 4  Local map of kinetic energies of individual atoms from MD in the simulated sample
loaded gradually in mode I at time steps 3100, 3200, 3300 and 3360. The pre-existing crack
(001)/[110] is shown as the horizontal black line. The oblique lines emanating from the black
twin tips are shock waves generated by transonic twinning.
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Fig. 5  Sections of the ray (wave) surfaces (quasi-longitudinal (qL) and quasi-transverse (qT)) in
the (110) plane in bcc iron under plane strain.

breakage. When twins expand with a velocity higher than the velocity of shear waves, shock
waves are expected, both in continuum model (Rosakis and Tsai, 1995) and in our atomistic
model. Although the situation in Fig. 4 is influenced by gradual loading, bond breakage and
stress relaxation mentioned above, the shock waves arising during transonic twin extension are
clearly visible as oblique lines at twin tips. The oblique lines represent the envelopes of
elementary shear waves, generated by the twin tips and by the twin corners (Rosakis and Tsai,
1995) when they propagate with a speed higher than the velocity of shear waves in the shear
direction <111>. Contrary to isotropic medium, the elementary waves have slightly complicated
wave fronts due to the anisotropic cubic symmetry (Fig. 5). The oblique lines in Fig. 4 make with
twin boundaries so called Mach angles of about 46o. It is in a reasonable agreement with angles
47o-55o coming from a reconstruction (Fig. 6) of the fast moving ray (wave) surfaces, generated
by the upper moving twin tip in the <111> direction in elastic anisotropic continuum of the same
orientation as in our case. The results for a static loading presented in (Cerv et al., 2000) show
that the character of acoustic emission at twin boundaries is similar, i.e. in our case transonic
twinning is not significantly influenced by the non-zero loading rate. The hot (black) fine
structure at the twin tips is probably caused by fast structural changes at the twin tips and also by
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Fig. 6  Reconstruction of the shear wave patterns for fast twinning in anisotropic continuum of
the same orientation as in Fig. 5. The crosses denote the position of the moving twin tip (at the
upper twin in Fig. 4) with a constant transonic velocity Vtwin = 1.65 CT. The distance between
crosses corresponds to Burgers vector b = ao/2 <111> and the time corresponds to 0.5 ps after the
beginning (start) of the fast twin extension. The oblique lines under the angles 47o and 55o

denote the envelopes of the individual shear waves fronts and they represent the shock waves
arising after transonic motion of a local source of the shear stress waves.

partial twinning dislocations that operate at interfaces with transonic velocities. Note that in this
case twinning occurs in the easy twinning direction, described e.g. in Hertzberg (1983).

4. Dislocation emission from the crack tip

Emission of complete edge dislocations with Burgers vector  b = ao/2 <111>  in the slip
systems <111>{112} has been observed recently (Rosecky et al., 2001) in atomistic simulations
with a different crack orientation (-110) / [110] � see Fig. 7. In this section we present new
results on the character of acoustic emission during subsonic motion of dislocations away from
the crack tip.
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Fig. 7  Detail of atomic configuration at the crack tip: (a) during dislocation generation at a pre-
existing crack (-110)/[110],  (b) at pair emission of complete edge dislocations in the slip
systems <111>{112}. The crack is loaded in tension mode I.
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A central pre-existing crack (-110) / [110] is embedded in a rectangular sample. Due to the
symmetry, only one half of the sample is treated in the simulations. The initial half-crack length
is lo = 30 ao/2. The simulated crystal consists of 300 planes in the x1 = [-110] direction (parallel
to loading) and 300 planes in the x2 = [001] direction. The sample is loaded gradually (during
6000 time steps) by external forces up to the level corresponding to Griffith stress σG.  After that
the external forces are kept at the constant level.

Dislocation generation at the crack tip (Fig. 7a) has been observed at time step 6500. In this
case, the slip system <111>{112} is inclined with respect to the [001] direction at an angle θ ≈
55o and dislocation motion away from the crack tip is realized in the anti-twinning direction
(Hertzberg, 1983). During the dislocation generation, the relative shear displacements U01, U12,
U23 and U34 at the crack tip have been monitored between the planes 0,1,2,3,4 respectively (see
Fig.7a). The most significant component is the U01, the other relative shear displacements were
negligible (small) during the process. The relative shear displacement U01 reached the expected
value U01 = b at time step 6549, when the generation process finished and the two complete edge
dislocations in Fig.7b were emitted from the crack tip. The emission is realized as a fast block
like shear of the lower crystal parts lying below the slip planes, which enlarges crack opening
displacements and causes crack tip blunting and crack stability. At this moment (time step 6549),
the position of the dislocation nucleus in the <111> direction corresponds to a distance 8b from
the crack tip and the dislocations start to move in the <111>{112} slip systems away from the
crack tip. At time step 6700, the position of the dislocation nucleus already corresponds to 23b.
At time step 7000, the dislocations occur at a distance 53b from the crack tip. The average
dislocation velocity is Vdisl = (53 � 8) b/(7000 � 6549) h = 2476 m/s; i.e. it is subsonic, smaller
than the velocity of the shear waves in the slip system <111>{112}.

Shear bond breakage and exchange of interactions exist in the slip systems also during
dislocation emission and dislocation motion. The presented results are not influenced by the back
wave reflections from the external sample borders.

The local kinetic energies of individual atoms in the whole crystal are visualized at the
mentioned time steps 6500, 6549, 6700 and 7000 in Fig. 8. Unlike Fig. 4, the loading waves are
not visible in Fig. 8 since the external forces are kept at a constant level after the time step 6000.
The higher kinetic energy, the darker color in Fig. 8 occurs, similar to Fig. 4. The crack length in
Fig. 8 is shown as a vertical short line. The oblique dark patterns in figures R6500 and R6549
denote the �hot� slip systems <111>{112} where dislocation generation is realized and the local
kinetic energies of the participating atoms are very high. Small shock patterns are visible at
dislocation positions in figure R6549, since the emission process is very fast, as already
mentioned in (Holian and Ravelo, 1995). The fast crack opening after the emission significantly
contributes also to the generation of longitudinal waves. The wave front of the longitudinal
waves emanating from the crack is well visible in figure R6700 as a light half ring around the
crack, located in front of the dark patterns. The dark oblique line patterns represent the slip
systems. The darkest place at the end of each slip system is the moving dislocation nucleus. The
wave fronts of the shear waves generated during subsonic motion of the dislocations are visible
almost perpendicularly to the slip systems. While the analysis (Trochidis and Polyzos, 1995)
brings information on transverse elastic displacements caused by motion of a dislocation in
isotropic continuum, we are concerned with the field of atomic velocities in anisotropic medium.
The reconstruction of the shear wave processes arising in anisotropic continuum due to a moving
source with the speed Vdisl = 0.82 CT is shown in Fig. 9. This figure shows that the darker region
at the end of the lower slip  system in Fig. 8  is  created  as a diffusive  wave  front  of  the shear
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Fig. 8  Local kinetic energies of individual atoms from MD in the simulated cracked crystal:
R6500 - dislocation generation at the crack tip at time step 6500; R6549 - emission of the
complete edge dislocations in the slip systems <111>{112}) at time step 6549; R6700 and
R7000 - subsonic motion of the two dislocations with a velocity Vdisl = 0.82 CT away from the
crack tip. The crack (-110)/[110] is shown by vertical short lines, the slip systems are visible as
the thin oblique patterns starting from the crack tip.

waves emitted by the moving dislocation. A larger level of the kinetic energy and of atomic
velocities is expected in the region of the shear wave front and so, this region in Fig. 8 is dark.
The shear waves are generated during the shear bond breakage and relaxation of the shear stress
in the <111>{112} slip systems. They represent the most intensive processes in the system. The
relaxation of the normal stress components (dilatation above and compression below the
dislocation slip plane) does not seem to contribute significantly to acoustic emission from the
moving dislocations. It indicates figure R7000, where the wave front of the longitudinal waves is
almost already invisible.

The results on transonic twinning and subsonic motion of dislocations in the equivalent slip
systems <111>{112} illustrate how different shear wave patterns arise during transonic and
subsonic motion of a local AE source.
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Fig. 9  Reconstruction of the shear wave patterns in anisotropic elastic continuum for subsonic
dislocation motion. The crosses in the direction <111> denote the position of the dislocation (the
lower dislocation in Fig. 8) moving with the velocity Vdisl = 0.82 CT. The distance between
crosses corresponds again to Burgers vector. This figure shows that the darker region at the end
of the lower slip system in Fig. 8 represents a diffusive wave front of the shear waves emitted by
the moving dislocation.

MD simulations offer an opportunity to study acoustic emission during a defect growth on
atomic scale level, where very high frequencies in THz region may occur. It is not yet directly
accessible experimentally, where to at most GHz frequency of AE can be detected. However, the
emitted pulses still contain low-frequency components, which have low intensity, but may be
detectable.
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