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Abstract 

Acoustic emission from the fast dislocations emitted from an edge crack in 3D bcc iron crystal is studied via 
atomistic simulations by molecular dynamics technique. Acoustic emission patterns arising from the fast 
dislocation motion in molecular dynamics are visualized via the local kinetic energies of individual atoms and 
further modeled as a moving source of the stress waves in the anisotropic continuum. 
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1.  Introduction 

We studied motion of the dislocations <111>{112} emitted from the crack tip in a 3D bcc 
iron crystals. We maped the atomic positions of the dislocations by means of coordinates in 
the atomic lattice and as well via maping of the local kinetic energies of the individual atoms. 
We have found that in bulk of the crystal, the dislocation motion is subsonic (i.e. Vdisl < CT 
<111> = 3007 m/s), while near the free surface (001) the dislocations accelerate to transonic 
regime Vdisl > CT <111>. 

There are two possible sources for the acceleration: i/ so called mirror attractive surface forces 
proportional 1/R where R is the distance of the dislocation core from the free surface; ii/ initial 
surface stress caused by surface relaxation of the crystal. The surface relaxation is observed as 
well experimentally. The paper [1] shows that the transonic regime can be caused by the short 
ranged surface stress arising after surface relaxation. This contribution is focused to acoustic 
emission caused by the fast dislocation motion in the atomistic lattice of a 3D bcc iron crystal 
and as well to modelling of this phenomena in an adequate anisotropic continuum. 

 

2.  MD simulations 

A pre-existing through edge crack of the length a is considered, placed in the middle of a 
rectangular sample of length L, width W and thickness B - see Fig. 1. The relative crack length 
corresponds to a/W = 0.8. The sample was loaded by monotonic uni-axial tension (mode I) 
via prescribing displacements in L- direction for 6 border BW layers at the bottom and the top 
of the sample. Surface relaxation was performed prior to the loading. 

Newtonian equations of motion for individual atoms were solved in all 3 directions by a 
central difference method, using time integration step h = 1x10-14 s. The surface region 
mentioned, with prescribed displacements, does not enter the time integration procedure. No 
periodic boundary conditions were applied in the free 3D atomistic simulations presented. 

Atomically sharp edge crack (110)[110]  was created by cutting interatomic bonds across the 
initial crack plane. The initial temperature was 0 K and further thermal atomic motion was not 
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controlled, similar to [1-2]. The atomistic sample consisted of 440 atomic planes (110)  in L-
direction, 220 planes (001) in W-direction and 30 planes (110) in B-direction along the crack 
front. 

The total number of atoms in the 3D crystal was NPOIN = 1 452 000. The atomistic specimen 
of SEN (single edge notch) type was loaded gradually (linearly in time t = n h) with 
prescribed displacements v(t) at the BW surfaces each time step t = n h in the direction [110]  
along the sample length L, i.e. in mode I. 

The coordinates, the local kinetic energies Ekin(li) and the local number of interactions KNT 
(i.e. coordination numbers) at individual atoms (li) were monitored at selected time steps for 
graphic purposes in 3D. 

For MD simulations we use our in-house fortran codes and, for the graphical treatment of MD 
results, our codes use the commercial computing environment MATLAB. 

 

Figure 1. Sample geometry for crack orientation (110)[110]  (crack plane / crack front) and 

scheme for the available inclined slip systems: the arrow [111]  denotes the slip direction, the 

arrow [112]  marks the normal to the lower slip plane (112)  containing also the crack front 

oriented in the [110] direction. The upper slip system is of orientation [111](112) . 

 

3.  Results and discussion 

Here we present the results for a relatively slow loading rate ∆vA(t)/∆t = 14.7 Å / 20 000 h, 
where vA is the applied prescribed displacement. The critical prescribed displacement vG = 
7.35 Å (corresponding to the critical Griffith stress intensity KG) is reached per 10 000 h. The 
loading rate may also be expressed via KG as dKA / dt = 0.010 KG / ps (since 100 h = 1 ps). 
Here, KG = 0.906 MPa m1/2 stands for Griffith stress intensity [3-4] needed theoretically for 
cleavage crack extension of the crack (110)[110]  with the interatomic potential in use. 

In our case the available slip systems (Fig. 1) are <111>{112}, their inclination angle α with 
respect to the axis of potential crack extension is about 55o, the so-called Schmid factor is 
sin cosα α = 0.47  and Kdisl = 0.892 MPa m1/2 according to Beltz-Rice model [3-4] including 
beside the K-factor also the T-stress. 



 
Figure 2. 3D visualization of the first emitted dislocations at the edge crack a/W = 0.8, time 
step 11 861, vA(t) = 8.72 Å. Dislocation cores are shown by means of the red atoms (KNT = 
16), the crack surfaces and the free sample surfaces are shown via blue atoms (KNT = 10). 
The arrow [110] shows orientation of the crack front and of the crystal thickness B (see 
Fig.1). 

 

At time step 10 760 (KA(t) = 1.076 KG), we detected the first increase in number of 
interactions LINT in MD, indicating the beginning of the dislocation generation, followed by 
subsequent emission, as presented in the next figures. The complete pair dislocation emission 
occurred [1] at time step 11 600. Fig. 2 at later time 11 861 illustrates that curved dislocations 
(red atoms) of mixed character with screw and edge components are emitted in the 3D 
atomistic sample of finite dimensions. The atoms in Fig. 2 were selected according to the 
coordination numbers KNT. The regular coordination number in the perfect bcc lattice 
corresponds to KNT = 14. (Note that KNT may differ for different interatomic potentials.) 

In the middle of the crystal (at B/2 in Fig. 1), plane strain conditions prevail at the crack front 
and so, the dislocation are of edge character. At the free LW surfaces, where plane stress 
conditions must be obeyed in z – direction, the screw character of dislocation prevails. 

Some atomistic studies utilize periodic boundary conditions along the crack front to model a 
thick specimen in z-direction. In such a case an emission of straight (line) dislocations from 
the crack front is expected, similar to plane strain (2D) simulations as in [4]. Here we do not 
use the periodic conditions in 3D crack simulations since they do not enable generally free 
dislocation emission, e.g. from oblique slip systems. 

The emission of the complete edge dislocations <111>{112} is shown in Fig. 3a. The 
emission is complete when the relative shear displacement U10 at the crack tip (see [1]) 
reaches the value b = ao√3/2, where ao means the lattice parameter and b is the Burgers vector 
in the bcc lattice. It leads to crack blunting and to a significant decrease of the potential 
energy in the system. As shown in [1], during the emission, a quick transition from the 
configuration b/2 to b decreases the high shear stress induced by the crack which leads to 
radiation of the stress waves (acoustic emission (AE)) shown in Fig. 3b via the map of the 
local kinetic energies Ekin(li) of individual atoms li. 



. 

 

a) b) 

Figure 3. Visualization of the first dislocation emission on the inclined slip systems 
<111>{112} at the edge crack a/W = 0.8 in the middle of the crystal, time step 11 600 (KA(t) 
= 1.16 KG) vA(t) = 8.53: a) by means of atomic coordinates; b) by means of local kinetic 
energies Ekin(li) of individual atoms. 

 

The value 8 on the colour scale corresponds to a maximum of the local kinetic energy in the 
crystal; at the bright dislocation cores Ekin(li) = 0.33x10-20 J, while the average value per one 
atom in the crystal is EKIN / NPOIN = 0.10x10-22J. Further, at the bright dislocation cores 
Ekin(li) = 0.33x10-20 J, while the average value per atom in the atomistic sample is EKIN / 
NPOIN = 0.10x10-22 J, which on the color scale corresponds to 0.01, i.e. to the black color. In 
the case of dislocation cores it is √33 = 5.7 and their color is yellow. In terms of the Maxwell-
Boltzmann relations for 3 degrees of freedom, the kinetic energy at the dislocation core 
corresponds to the temperature of about 159 K, while the average temperature in the atomistic 
sample (Fig. 1) is 4.8 K. 

Motion of the individual dislocation segments may differ in 3D. Here we will follow and 
evaluate the generation and kinetics of motion of the lower edge dislocation lying below crack 
faces in atomistic Figs. 3a, 5a, which is the right dislocation in Figs. 3b, 5b, by the map of the 
local atomic kinetic energies. In this case, Burgers vector lies in the observation plane (110) 
and the direction [110] of the dislocation line is parallel with crack front and perpendicular to 
the observation plane – see the precise notation in Fig. 3a) and Fig. 5b). 

Atomic monitoring of the dislocation motion in a middle plane (110) (at B/2) is shown in Fig. 
4 by means of the dimensionless positions r / b of the lower dislocation in dependence on 
dimensionless time ∆t/h, where ∆t = t -11 600 h. The line corresponds to an average subsonic 
dislocation velocity of Vdisl = 2210 m/s ± 407 m/s that was obtained by the least-square 
method in the time interval <11 600 h, 11 880 h>, or according to Fig. 4 in the interval ∆t/h ∈ 
<0, 280>. In the time interval <11 880 h, 11 900 h>, i.e. close to the free surface, the slope of 
the curve differs, as may be seen in Fig. 4 for ∆t/h ∈ <280, 300>. The dislocation in MD 
accelerates at a very close distance of about 4b from the right free surface. It leads to an 
instantaneous dislocation velocity in the <111> direction, either transonic Vdisl = (46-43) b / 
20h = 3724 m/s above CT = 3007 m/s [1], or to supersonic Vdisl = (46-43)b/10h = 7447 m/s 
above CL = 6487 m/s [1], if we suppose that the surface step was already created at the time 
step 11 890. 



 
Figure 4. Dislocation motion by means of dimensionless position r/b from crack faces in 
dependence on dimensionless time ∆t/h, where ∆t = t -11 600 h. The line corresponds to an 
average dislocation velocity Vdisl = 2210 m/s ±407 m/s.  

 

Arrival of the transonic dislocations to the free right BL surface (001) is shown in Fig. 5 for 
time step 11 885. The dislocation cores are visible as the light “hot” points at the free surface. 

 

  

a) b) 

Figure 5. Arrival of the emitted dislocations to the free sample surface, middle of the crystal, 
time step 11 885: a) the complex (lighted) atomic configuration before arrival of the 
dislocation to the free surface; b) acoustic emission signal from the transonic dislocation 
motion by means of the local kinetic energies. 

 

The dislocations in Fig. 3a) at time step 11 600 begin to move away from the crack tip and the 
right free surface does not still influence significantly the AE signal in Fig. 3b). The character 
of the AE signal in Fig. 3b) is predominantly given by the envelope of the shear waves 



emitted from the moving dislocation cores in the two active slip systems <111>{112}, similar 
to [5]. 

The character of AE signal from the dislocations approaching the free surface in Fig. 5b at 
time step 11 885 is different. In this case, the AE patterns are already strongly influenced by 
the near free surface. Dislocation cores in Fig. 5b) are visible by means of the yellow "hot" 
points. When the dislocations penetrate the right free surface layers, one may observe that the 
atomic configuration in Fig. 5a) does not well define the position of the dislocation core, as 
the core is being split and looks like a collective motion of atoms, which creates a surface 
step. In comparison with Fig.3b), the envelope of the shear waves emitted in Fig. 5b) is more 
separated, via the dark region (with a low kinetic energy), from the entire wave region 
generated during the previous dislocation motion. This indicates an acceleration of the 
dislocations close to the free surface. 

In Fig. 6 we present simplified reconstruction of the acoustic emission from the transonic 
dislocation motion near by the free surface in the framework of anisotropic continuum of our 
crystal symmetry. For the potential used, the velocity of the transversal (shear) waves in the 
<111> direction corresponds to CT = 3007 m/s and for the longitudinal waves it is CL = 6487 
m/s [1], as mentioned above. In anisotropic medium, only some crystallographic directions (in 
our case <100>, <011> and <111>) transfer pure longitudinal or pure transversal mode, in 
other directions the elastic waves propagate as a quasi-longitudinal (qL) or quasi-transversal 
(qT) waves [5]. Note that in [5] we treated dislocation emission from a short central crack in 
an extended crystal and the influence of free surfaces was not examined in [5]. Fig.6a shows 
the section of the ray (wave) surfaces using the group velocities of the quasi-longitudinal qL 
and quasi-transversal qT (shear) waves in our observation plane (110) in the bcc iron crystal 
under plane strain conditions. The point source of the anisotropic AE signal lies in the middle 
of Fig. 6a and may represent e.g. the crack tip point or dislocation core. The axis of the 
potential crack extension in Fig. 6 and Figs. 3b, 5b corresponds to [001] direction, see Fig. 1. 
As mentioned above, our slip system <111>{112} for dislocation emission is oriented under 
an angle of about 55o (tan(α) = √2) with respect to the [001] direction of the potential crack 
growth. The dislocation emission from the crack tip is a shear process and so it can be 
modeled as a moving point source of the shear qT waves along the slip direction <111> 
inclined under ~55o with respect to [001] direction – see Fig. 6b), where the moving point 
source is denoted via (+) for a dislocation velocity of about 1.36 CT. The crosses in the <111> 
direction correspond to Burgers vector. The envelope of the shear qT waves emitted in Fig. 
6b) represents an AE signal arising from the transonic motion of the right (lower) emitted 
dislocation in an extended (unbounded) observation plane (110), i.e. it shows the situation 
during dislocation motion in the interval from the position 42b up to 46b, unimpeded by the 
free surface and by the back wave reflections from free surface. If we perform in Fig. 6b) a 
cut selection near by the last position (46 b) of the dislocation core (●) to model the arrival of 
the dislocation close to the free surface, we obtain in Fig. 6c an AE signal similar to Fig. 6d 
coming from the transonic motion of the right dislocation approaching the free (001) surface 
in MD at time step 11 885 (Note that Fig. 6d presents a detail from MD results in Fig. 5b, 
performed with a gray color scale in MATLAB). 

The simplified reconstruction in Fig.6 does not include the back wave reflections acting in 
MD and the previous radiation coming from dislocation generation and subsequent subsonic 
dislocation motion. Nevertheless, the shape of AE signal and Mach angles of about 65o 
following from the wave reconstruction in Fig. 6c roughly describes the independent MD 
signal in Fig. 6d at the free (001) surface. It implies that the strongest AE signal from the 
crack induced dislocation emission is transferred via qT waves, which is a useful information 
for the experimental AE detection with the velocity sensitive transducers. 



 

  
a) b) 

 

 

c) d) 

Figure 6. Reconstruction of the acoustic emission (AE) sources in anisotropic continuum of 
our crystal symmetry: a) section of the ray (wave) surfaces: group velocities of the quasi-
longitudinal (qL) and quasi-transversal (qT) on (110) plane of bcc iron under plane strain 
(The group velocities will be calculated by means of christoffel, a Python tool for 
calculation direction-dependent phase velocities, polarization vectors, group velocities, power 
flow angels and enhancement factors based on the stiffness tensor of a solid [6]); b) AE 
patterns near by the final position (●) of the dislocation core, generated by the transonic 
dislocation, modelled as a moving source (+) of the qT-waves with a velocity Vdisl = 1.36 CT. 
Initial position of the dislocation is identical with the crack tip point denoted via (■) and the 
moving positions (+) corresponds to Burgers vector in the slip direction <111> inclined under 
an angle of about 55o with respect to axis of the potential crack extension in the direction 
[001]; c) simplified reconstruction at the free surface created via a cut selection from Fig. 8b) 
near by the final position of the right dislocation core (●) approaching the free surface and 
Mach angle of about 65o corresponding to transonic velocity 1.36 CT; d) comparison with a 
detail from MD for the transonic dislocation approaching the free (001) surface in Fig. 5b) 
(gray color scale in Matlab). 



The qT waves are often denoted as the quasi-shear (qS) waves. It is well known that the slow 
(qS1) and faster quasi-transversal qT waves (qS2) must be recognized in anisotropic cubic 
crystals. For example: the velocity of the faster qT waves (presented in Fig. 8) in the <110> 
directions is given by the elastic constant C44, while the velocity of the slower shear wave 
(qS1) in these directions is given by (C11-C12)/2. The waves have different polarization. The 
faster qT wave is polarized in the same plane where the direction of propagation lies, while 
the slower qT(qS1) wave is polarized in a perpendicular plane. 

In our crystal orientation (Fig. 1) the faster qT (qS2) wave propagating in the [110]  direction 
is polarized in the [001] direction, while the slower transversal (shear) wave (qS1) is polarized 
in the perpendicular [110] direction. In Fig. 6 we do not consider the slower transversal wave 
qS1, since we use plane strain conditions with zero displacements in the perpendicular [110] 
direction. These are relevant in the middle of the crystal (at B/2) for the edge dislocations 
emitted from the crack in the slip systems <111>{112}, since the Burgers vector lies on the 
observation plane (110), i.e. there is no component in the perpendicular direction [110].  

 

  
a) b) 

  
c) d) 

Figure 7. AE patterns near by the final position (●) of the dislocation core, generated by the 
transonic dislocation, modelled as a moving source (+) of the qT-waves with a velocity: 
a) Vdisl = 1.00 CT, b) Vdisl = 1.2 CT, c) Vdisl = 1.36 CT and d) Vdisl = 1.47 CT.  

 



Figure 7 shows AE patterns near by the final position (●) of the dislocation core, generated by 
the transonic dislocation (the black curves), modelled as a moving source (+) of the qT-waves 
with different velocities Vdisl. The gray curves model the previous dislocation motion with the 
subsonic constant velocity Vdisl < 1 CT – see Fig. 4. Figure 7 illustrates that the different 
dislocation velocities Vdisl lead to a different Mach angle between the envelope of the emitted 
shear waves and the direction of dislocation propagation <111>. At Vdisl = 1 CT it is roughly 
90o (see Fig. 7a). With the increasing dislocation velocity above CT (Figs 7b, c, d) this Mach 
angle decreases, i.e. it becomes sharper. It enabled us to identify more precisely the transonic 
dislocation velocity Vdisl = 1.36 CT = 4090 m/s. This velocity lies closer to the lower limit in 
the broad interval <3724-7447> m/s following from the atomistic data presented in Fig. 4. 

Note that arrival of the transonic dislocations to the narrow free BL surfaces (001) causes a 
fast jog formation on the free surface at time step ~11 900, which is a new AE signal that also 
propagates with a fast velocity 3400-3440 m/s above CT. It can be recognized via the 
expanding wave patterns in Figure 8a) and b). Here, the black colour marks the highest 
Ekin(li). 

 

 a) 

 b) 

Figure 8. AE signal on BL free surface (001) via mapping of the local kinetic energies Ekin(li) 
of the individual atoms: a) at time step 11 900; b) at time step 12 200. 

 

The results presented in Fig. 8 agree with the continuum predictions from [7] that in 
anisotropic crystals of cubic symmetry, the surface waves may propagate in transonic regime, 
i.e. above the velocity 2474 m/s of the slower shear waves qS1 in the <110> directions. 

 

 

 

 

 

 

 



4.  Conclusions 

Dislocation emission from edge crack a/W = 0.8 embedded in a 3D bcc iron crystal were 
studied via MD by a direct graphical treatment of the atomistic configurations, further via 
mapping of the local kinetic energies of individual atoms (revealing the acoustic emission 
from dislocations). 

The graphical treatment of MD results show that the edge dislocation segments in the middle 
of the crystal after the emission move on the slip systems <111>{112} with a subsonic 
velocity up to a very close distance from the free surface (001) where they accelerate and 
penetrate the surface layers in transonic or supersonic regime. 

An analysis of the acoustic emission from the moving dislocations has shown that dislocation 
motion in MD near by the free surface (001) can be accelerated to transonic regime (not 
supersonic), i.e. just above the velocity CT of the transversal shear waves in the <111> 
direction. 
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