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Energy radiation and limiting speeds of fast moving edge dislocations in tungsten
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The energy loss of a uniformly moving dislocation radiating lattice waves is quantitatively studied by
atomistic simulations. The velocity dependence of the energy radiation provides a unique way to understand
limiting behavior exhibited by fast moving dislocations. In combination with theoretical analyses, the simula-
tions provide a consistent atomic-level picture of near-sonic, transonic, and supersonic dislocation motions in

crystalline materials.
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I. INTRODUCTION

Plastic deformation of a crystalline material relies on the
motion of dislocations, line defects of the crystal lattice. Dis-
locations release elastically stored strain energy as they
move. The rate of deformation is given by the product of
dislocation density and mobility.! Mobile dislocations may
achieve high speeds at high levels of stress or strain, close to
or even exceeding sound velocities in the elastic media.>™ In
spite of its fundamental and practical importance, many as-
pects on the physical nature of fast moving dislocations re-
main uncertain.

The motion of dislocations can be limited by many fac-
tors, such as the existence of impurities, interstitials, vacan-
cies, grain boundaries, and other dislocations. Even under
ideal circumstances, the behavior of a moving dislocation is
limited by phonon-related damping forces due to lattice
waves both radiated from and scattered around the
dislocation.®!! For fast moving dislocations at and above the
shear wave speed, it has long been realized and also demon-
strated in recent molecular dynamics (MD) simulations’ that
radiation damping plays an essential role.

According to linear elasticity theory,”* dislocations can
move faster than both transverse and longitudinal elastic
waves (lattice phonons in the long wavelength limit) which
propagate at the sound wave speeds ¢, and c;, respectively.
The theoretical predictions have inspired a number of recent
efforts to observe and understand limiting behavior of tran-
sonic and  supersonic  dislocations in  computer
experiments.>?2! Somewhat related physical phenomena,
however, have been observed in both simulations and experi-
ments for different subjects such as propagating shear
cracks,?>~2> mechanical twinning,?®-?® phase transition due to
shock waves,?” dust particle motion in plasmas,®® as well as
ruptures and earthquakes.3'*> Although direct experimental
evidence appears rare for metals, the nucleation of transonic
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and/or supersonic dislocations in plasmas crystals has been
observed recently.??

In contrast to continuum mechanical assumptions that dis-
locations in fast and uniform motion can be studied with
reference to “radiation-free” states both below and above c,,
true lattice dislocations always generate lattice waves and
thus radiate energy. Except for Koizumi and coworkers,'*1>
little attention has been paid to clarify the force-velocity re-
lation associated with the energy radiation of fast moving
dislocations in discrete and periodic lattices.

To identify the limiting speeds and to measure exactly the
radiation damping are critical to understand the motion of
dislocations at high velocities. For this purpose, we per-
formed a systematic study of straight and uniformly moving
edge dislocations by MD simulations presented here.

II. METHODS

A straight edge dislocation within a three-dimensional
block of a body-centered cubic (bce) lattice is considered in
our simulations (Fig. 1). The Burgers vector of the perfect
dislocation is aligned along the x direction and is given by

b= ?[Tl 1], where a is the lattice parameter (3.165 A for W
at 0 K). The direction of dislocation line is [ 110] which is the
z direction pointing out of the paper in Fig. 1. Periodic
boundary conditions are imposed in both x and z directions
such that the dislocation remains straight at the central glide
plane. In the third direction (y), the dislocated crystal is con-
fined by two rigid borders. The volume of the MD slab is
V=1, X 21, X I,~131.75\3a X 52\6a, X 4\2a, and contains
322 523 atoms which are allowed to move freely. The dislo-
cated crystal is fully relaxed and the kinetic energy of the
system is zero prior to loading. The motion of the dislocation
is then studied by instantaneously applying a homogeneous
simple shear (g,,,) to the entire system, defined according to
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FIG. 1. (Color online) Schematic drawing of a perfect edge

dislocation (b: %[1_1 f]), located in the center of the simulation box.
The dislocation may glide either to the twinning (TW) or to the
antitwinning (ATW) direction, depending on the direction of ap-
plied shear.

e=(d/ dy)u,, where u, is the displacement in the x direction.

Within the confined slab of lattice, the strain released by
the dislocation with Burgers vector » moving a distance dx is
given by de=bdx/(21,l,) according to the amount of relative
slip below and above the glide plane. The change in elastic
strain energy when the dislocation has moved by dx is given
by OW=3Vue'>~5Vue?, where &' =g,,,~ ¢, £ =g,,,, and
wm is the shear modulus. It is easy to show that oW/[,ox=
— &b+ O(Sx). The driving force acting on the dislocation
measures the work done (per unit length per unit distance of
motion) by the shear stain and/or stress applied externally,
which is

G,= lim

o0 LOx =Iu’8applb' (l)
wn—0 I,

This is the well-known Peach-Koehler driving force acting
on a dislocation.!

The bce metal tungsten (W) is considered here because it
is almost isotropic. Its isotropy greatly simplifies comparison
to elasticity theory significantly. The Finnis-Sinclair (FS)
many-body potential’**’ is used in our simulations to deter-
mine interatomic forces. For elastic analysis, the FS potential
is assumed to remain isotropic even under large shear strains.
Sound velocities are determined by ¢,=(c,y,,/p)"* and ¢,
=(Coune/ p)''%, Where c,y,, and c,,,, are the elastic constants
relevant to our MD geometry and p is the density of the
material. At &,,,,=0, ¢, and c,,, can be determined ex-
actly using elastic constants C;, C},, and Cgg for the cubic
lattice according to CMM:%(C”+2C12+4C(,6) and ¢,
=%(C11_C12+C66)~

The dislocation can move either to the right or to the left
along the glide plane in Fig. 1 depending on the sign of the
applied shear. Due to lattice asymmetry, the two directions of
motion are different and they are usually referred to as the
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twinning (TW) direction for the dislocation moving to the
left and the antitwinning (ATW) direction for moving to the
right, as indicated in Fig 1. The driving force on the disloca-
tion given by Eq. (1) is a function not only of &, but also
of the shear modulus x which in turn is a function of strain.
To include nonlinear effects, the dependence of the elastic
moduli on the applied strain g,,,, has been studied separately
according to the shear response of a perfect lattice with the
same geometry as the dislocated crystal (Fig. 1). The shear
modulus is determined to be p=cyy,,=159.51-402.46¢,,,
+1244.8¢; , (in gigapascals) for 0$80PP1$11.52% in the
ATW direction and 159.51-480.66¢,,,,+1325.4¢,,, (in gi-
gapascals) for —=5.5% <e,,,,<0 in the TW direction. The
lattice itself is unable to sustain a rigid shear beyond the
range —5.5% < g,,,;<11.5%. The low values of the theoret-
ical strength of the crystal, measured by a critical strain,
5.5% (or a critical stress, 10.0 GPa) in the TW direction and
11.5% (or 14.5 GPa) in the ATW direction, is a particular
property of the FS model. The large difference in the TW and
ATW directions, however, are expected from lattice
symmetry.3%-37

MD simulations are carried out in the NVE ensemble with
a time step of 2 fs. The motion of dislocations is always
adiabatic. Similar to previous studies,’ the steady-state mo-
tion has been monitored to measure the dislocation velocity
(v) versus the applied shear strain (g,,,). The time window
for the observation of steady-state motion depends on system
size. As a constant g,,, is applied instantaneously at =0, the
dislocation initially experiences a transient acceleration. Af-
ter typically a few picoseconds, it reaches a constant velocity
which we identify as the “steady state.” If the simulation is
allowed to run continuously without limiting the observation
time, lattice waves reflected by the borders of the system
interact with the dislocation and the effective driving force
decreases as the dislocation runs out and in the MD box
along the glide plane due to the periodic boundary condi-
tions. The slab size in our simulations is chosen to be large
enough such that a time window of about 10 ps is typically
available for the observation of the steady-state motion under
a homogeneous shear. Dislocation velocity is measured by
locating the dislocation core in regular time intervals.

At small driving forces, g, <0.5%, the dislocation mo-
tion appears to be unsteady during the time of our simula-
tions and no really well-defined uniform motion is observ-
able. An average velocity is quoted in this regime, while
steady-state velocities are quoted otherwise.’® Damping due
to the scattering of lattice phonons (temperature effects) is
examined separately by introducing a finite temperature to
the dislocated crystal with sufficient thermal equilibration
prior to loading.

III. LIMITING SPEEDS

Dislocation motion has been monitored by measuring the
velocity (v) of the dislocation versus the applied shear strain
(£4pp1)» as shown in Fig. 2. Three distinct velocity regimes
can be identified: subsonic motion (v<<c, at —0.04<g,,,
< (_).065), transonic motion in the antitwinning direction
(V2¢,<v<c;at 0.025< 4pp<0.07), and supersonic motion
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FIG. 2. (Color online) Dislocation velocity as a function of ap-
plied strain for uniform dislocation motion, obtained by MD simu-
lations. Full symbols represent velocities achieved by applying a
constant shear strain to a standstill dislocation (with zero initial
temperature); open ones correspond to velocities reached by gradu-
ally changing the strain to a higher or lower value after uniform
motion in a certain velocity regime has been established.

(v>c; at 0.07<g,,,<0.11). In the twinning direction, tran-
sonic motion is not observed for perfect dislocations but only
for twinning. No stable dislocation motion is found in the
velocity regime (c,<v<y2c,), in accordance with solutions
of linear elasticity theory.* These results agree with previous
MD observations® using a somewhat different method to in-
sert dislocations into the system.

At subsonic velocities, a monotonic increase of v with
€4ppi €an be observed up to g,,,,~ 1%, followed by a regime
of almost constant velocity, ~2100 m s~!, with further load-
ing up to &,,,;~7%. The constant velocity corresponds to a
slight increase of v/c, if the dependence of c, on &,,, (non-
linear effects) is considered. All subsonic motion is below
the Rayleigh wave speed ¢z~ 0.93¢, (Ref. 4). The minimum
velocity at which transonic motion is found _stable is
3860+ 100 ms™" at g,,,=2.5%, very close to \2c,. It ap-
pears that the so-called “radiation-free state” at v.,=\2c,
from linear elasticity analyses*> sets the lower limit of tran-
sonic motion in a strictly isotropic elastic solid. Supersonic
motion can be reached at g,,,,>6.5%. A gap exists between
transonic and supersonic motions.

If the dislocation moves in the twinning direction (“tri-
angles” in Fig. 2), stable dislocation motion can only be
observed in the subsonic regime for a strain up to gg,,,
=4% beyond which the dislocation dissociates and the pro-
cess leads to twin emission. Twinning partials can then also
propagate at transonic velocities (“plus” in Fig. 2) in accor-
dance with continuum theory.?*

Since nonlinear effects turned out to be significant, one
has to check if anisotropy effects are relevant. This has been
done numerically with Barnett and Zimmerman’s solutions
based on a Stroh anisotropic elasticity analysis. In general,
these solutions predict three limiting sound velocities, cs, ¢5,
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FIG. 3. (Color online) The velocity of uniform dislocation mo-
tion at finite temperature (7) for g,,,,=4% (filled squares), &,
=6% (open circles), and &,,,=8% (filled circles). Sound wave
speeds were calculated according to the 7" dependence of the corre-
sponding Born moduli of the bulk lattice, obtained via MD simula-
tions at thermal equilibrium.

and c¢; for anisotropic materials. We found c3;=c,=c, and
cy=c; hold within 2% for FS W, given that 0 =g,
<11.5%. This indicates that anisotropic effects should not
play a significant role for transonic and supersonic disloca-
tions in FS W.

In order to address the question whether the transonic
and/or supersonic motion of individual dislocations is still
possible in systems at finite temperatures, or whether it is
hampered by phonon scattering, we therefore repeated our
simulations at strains of 4%, 6%, and 8% with different ini-
tial temperatures of the sample. The resulting dislocation ve-
locities are displayed in Fig. 3. We found that the limiting
speeds remain but increasingly higher driving forces are re-
quired to sustain supersonic motion at higher temperatures
up to 2000 K (the melting point of FS W is about 3700 K).
However, at sufficiently high driving force, such as g,
=6%, the transonic motion (v> \QCT) is clearly stable
throughout the entire range of temperatures examined.

IV. RADIATION FIELD, FLOW FIELD, AND TWINNING

To reveal dislocation dynamics in detail, both the radia-
tion field and the flow field (the velocity field) are shown in
Fig. 4 by MD snapshots for dislocations moving at different
velocities (in the ATW direction). It is clearly seen that lat-
tice dislocations radiate at all velocities. The amount of ra-
diated energy is carried away by lattice waves which are
emitted very differently for the different velocity regimes.
Flow-field plots help us to identify that the emitted elastic
waves contain both transverse and longitudinal components.
The two types of waves, i.e., shear and compressive, are
emitted together but decouple as they propagate. If moving
faster than sound wave velocities, dislocations exhibit char-
acteristic Mach lines, i.e., wave fronts of shear or longitudi-
nal waves. In particular, the transonic dislocation is signified
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FIG. 4. (Color online) Atomic profiles of fast moving disloca-
tions. (A) Subsonic motion: v=2.09 km s at &,,,,=3%. (B) Tran-
sonic motion: v=4.51 kms™" at &,,,,=6%. (C) Supersonic motion:
v=6.76 kms™" at ,,,=9%. (i) Far-field snapshots of dislocation
radiation (A1, B1, and C1), colored according to the transient “tem-
perature” (kinetic energy) of individual atoms. (ii) Close view on
core structures (A2, B2, and C2), colored according to the potential
energy of individual atoms. (iii) Flow fields at dislocation core (A3,
B3, and C3), measured by atomic displacements in the x-y plane
(Au) within a time interval & according to Au(dr)=Au,(5r)i
+Au,(8t)j, where St=wv~! with w= 1.5 nm (or 5~ 6b, which is of
the order of the core width). Flow currents are dipolelike in or-
thogonal orientations as inset indicated (A3). For a better view of
those localized shear wave fronts, Au has been multiplied by a
factor of 5 in these plots.

by a pair of shear wave Mach lines (Fig. 4, B1) and the
supersonic dislocation is signified by Mach lines of both
shear and compressive waves (Fig. 4, C1).

Subsonic dislocations moving into the TW direction at
E4pp1<4% exhibit similar features, as shown by Fig. 4(a).
Under larger applied strains, the dislocation dissociates ac-
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cording to b—b,+b, [see Fig. 5(a)], where b;%[fl 1] (a
twinning partial) bx=%[1_1 1] (a “sessile” partial), and the
process triggers twin emission. Preceded by an individual
emissary partial dislocation (Fig. 5, A and B), an advancing
twin lamella with incoherent boundary may be generated by
spontaneously nucleating dipolar twinning partial disloca-

tions (%[11_1] and é[l_l 1]) on the fault plane between the
original partials. The two twinning partials then move into
opposite directions on the (112) glide plane parallel to the
habit plane of the twin [Fig. 5(c)]. The observation supports
the twinning mechanism proposed by Sleeswyk.*’ The num-
ber of twinning partials emitted determines the thickness of
the twin under growth (typically, ~10> ms~!'). Measuring
the velocity of twinning partials in our simulations, it is
found that the forward twinning occurs at a transonic
velocity and the backward twinning at a subsonic velocity

[Fig. 5(d)].

V. ENERGY RADIATION ANALYSIS

To understand the forces governing dislocation motion,
the energy release rate has been calculated to quantify the
damping force due to radiation. In the following, we focus
on the energy radiation analyses for uniformly moving dis-
locations in the ATW direction. However, the same analysis
would also apply to the TW direction.

The total kinetic energy of the entire MD system of N
atoms is calculated at any moment ¢ according to

N

Ex(t) = 2

a=1

L2
Emaz v (0 |, (2)
i=1

where v;, 1s the ith component of the velocity vector of the
ath atom. The kinetic energy can be rescaled in terms of an
effective temperature for a NVE ensemble,

Ti() = Ex(0)/(3N = 1)k, (3)

which appears to be a linear function with simulation time
for our simulations started at 0 K [Fig. 6(a)]. This indicates
that a dislocation moving at a constant velocity v also radi-
ates energy at a constant rate. Accordingly, the v dependence
of energy radiation (Gg) or the kinetic energy released by a
dislocation moving over a unit area (unit length of the dislo-
cation times unit distance of motion) can be calculated ex-
plicitly by
_ 1,19k
GK - g_ v St s (4)
where vdt is the distance of motion within a time interval o¢
and ¢ is the total length of dislocation in our MD box, ¢
=/.. Since both v and SEy/ ét can be measured in MD simu-
lations as a function of &,,, [Figs. 2 and 6(a)], Gx can be
evaluated as a function of &,,, [Fig. 6(b)] and v [Fig. 6(c)].
The radiated kinetic energy is carried by all traveling
waves emitted from a moving dislocation. As long as the
equipartition theorem holds for the radiated waves, the ki-
netic energy in Eq. (1) should be half of the total radiated
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FIG. 5. (Color online) [(A)

and (B)] Atomic profiles of a

energy (Gp) because an equal amount of the potential energy
(or strain energy) should be carried by lattice waves.*! There-
fore, the total radiated energy should be twice that of Gy, i.e.,
G R= 2G K-

The rate of energy radiation Gy plays the role of a drag
force (radiation damping) on a moving dislocation. Since the
motion is uniform, it must be counterbalanced by the driving
force acting on the dislocation due to the applied shear strain,
which is G, given by Eq. (1). In our case, G, measures the
maximal elastic strain energy released by a moving disloca-
tion. The force equilibrium condition for a uniform disloca-
tion motion requires that

)

Such a force balance condition as a function of g,,, can be

checked straightforwardly by comparing %Ge to Gg, as
shown in Fig. 6(b). Both sets of data coincide and thus Eq.

Ge = GR = 2GK

subsonic  dislocation  moving
into the twinning direction (v
distance (A) ~2400 ms™' at  g,,,=—4%).
£ 084 8 & 2 N Such a dislocation turned into an
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(5) is satisfied reasonably well which should hold for any
uniform motion. It also provides a sanity check of nonlinear
effects associated with adiabatic dislocation motion in our
simulations.

In continuum elasticity theory,'? it has been shown that
for transonic and supersonic edge dislocations, the radiated
energy (which is purely kinetic) can be calculated by extend-
ing Weertman’s theoretical analysis* using a finite core width
(w) within the Peierls-Nabarro dislocation model,

(6)

where
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FIG. 6. (Color online) (A) System kinetic energy calculated as a
function of time. Each curve corresponds to an independent simu-
lation run where a different g, has been applied to the standstill
dislocation (from bottom, &,,,=0.5%, 1%, 2%, 3%, 4%, 4.5%, 5%,
6%, 1%, 8%, 9%, 10%, and 10.5%, respectively). Within the time
window the dislocation exhibits a uniform motion, Gg has been
measured according to Eq. (4) and its &, dependence is plotted in
(B) in comparison with G,/2 [see Egs. (1) and (5)]. Gk versus
dislocation velocity is shown in (C), where the theoretical solution
based on Eq. (6) is obtained using c,=c/(gg) and c¢;=c/(gq) with
80=3%.
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2 )2
% for \Ect <v<g
R(v) =
L{M+4 } for >
g+1| B Y v

()

with a= \,/(1)2/20?)— 1, B= V/(vz/ctz)— 1, and y= \/(vz/clz)— 1.
The v dependence of G, has been plotted against our MD
data in Fig. 6(c) where the core width of the dislocation is
taken to be w=1.5 nm in accordance with the range of the
observed value (5~ 6b) for transonic and/or supersonic dis-
locations in our MD simulations [see, e.g., Fig. 4(b)]. Evalu-
ating the core width directly, we found that it decreases from
the value of 1.5 nm by almost 20% as a subsonic dislocation
approaches the Rayleigh wave velocity.

VI. DISCUSSION

The prediction of linear elasticity theory [Eq. (6)] is based
on the elastic solution of moving dislocations with its stain
and/or stress fields, self-energy, and effective mass as a func-
tion of v. Since the dynamical response of the dislocation
core in a discrete and periodic lattice is not considered in the
theory, the difference between MD computed radiation rate
Gy and the theoretical prediction of Eq. (6) measures radia-
tion due to the dislocation core in the discrete lattice. Most
probably, a major contribution is associated with the excita-
tion and scattering of lattice phonons at the highly strained,
nonlinear, and anharmonic dislocation core regions.

For subsonic dislocations, the finite Gy due to core radia-
tion results in a finite drag on dislocation motion which is
very significant and easily overrules the well established in-
ertial effects.! The drag significantly increases as the velocity
approaches the Rayleigh wave speed. This is connected with
a corresponding decrease in the core width of the dislocation.
Such changes in the dislocation core effectively increase the
barrier to transonic motion because the transition to transonic
velocity with a wider core then requires not just the estab-
lishment of the appropriate radiation field but also a com-
plete change in core structure.’

Such core contraction or distortion will eventually render
the dislocation core mechanically unstable. Then, however,
the outcome of the instability does not necessarily have to be
a transonic dislocation. Core destabilization is related to dif-
ferent anomalous behavior!®!%4? observed for “overloaded”
fast moving subsonic dislocations such as microtwin
nucleation.'® This is in agreement with our results that a
subsonic dislocation moving towards the twinning direction
may dissociate and emit a microtwin (Fig. 5).

As discussed above, energy radiation in the continuum
Peierls model [Eq. (6) and Fig. 6(c)] is incomplete due to the
lack of consideration of phonon scattering and core radiation.
Consequently, the radiation-free state at v,,=vy2c,; is by no
means radiation-free in real atomistic simulations. However,
in agreement with Eq. (6), it is generally observed that a
dislocation radiates more as it moves faster, dG/dv>0,
which is true, in particular, at v> Uy This also agrees with
the stable (steady-state) motion of dislocations in three dis-
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tinct velocity regimes. In accordance with the continuum so-
lution, a distinct drop in radiated energy is only observed for
the transition from the subsonic to the transonic regime,
while the transition from transonic to supersonic motion cor-
responds to a steady increase in radiation. In this second
transition, elastic shear wave radiation into the shear wave
Mach cone remains active but the shear wave radiation out of
the dislocation core is apparently just left behind [Figs. 4(b)
versus 4(c)] at the transition to supersonic motion.

The continuous behavior and the positive slop in the v
—&4pp OF the Gp—v plots [Figs. 2 and 4(b)] indicate that a
transonic dislocation can be readily accelerated into the su-
personic regime without being “overloaded.” Consequently,
the regimes of transonic and supersonic motion do not over-
lap in the v-eg,,, diagram (Fig. 2), while there is an ex-
tended regime of loads in which subsonic and transonic or
even supersonic dislocations can coexist.

Lattice wave emission from a radiating dislocation de-
pends on the character of the dislocation. According to con-
tinuum theory,* a moving screw dislocation does not emit
longitudinal waves and there exists no sound barrier between
the subsonic motion (v<<c,) and supersonic motion (v>c,)
except for a single transonic state at v=c,. In this case, it is
expected that the core radiation plays a similar role as for
edge dislocations, e.g., a subsonic screw dislocation cannot
be accelerated to a supersonic state without jumping over a
velocity gap, which is also found material dependent.'® For
dislocations of mixed character, the situation becomes more
complex because the contributions to core radiation from the
edge component and the screw component are strongly
coupled. Similar to our current studies, quantitative analyses
can in principle be carried out for screw or mixed disloca-
tions based on available methods for nucleating transonic
and/or supersonic dislocations.>*>#* On the other hand, our
understanding of radiation mechanism in terms of lattice dy-
namics is still far from complete for both screw and non-
screw dislocations. To solve the problem, one needs to con-
sider dispersion relations of lattice phonons.'%!3> In
particular, as emitted from the dislocation core, the coupling
between shear waves and longitudinal waves remains to be
fully clarified for dislocation motions in different velocity
regimes.

Our results (Figs. 2 and 3) indicate that the effect of an-
isotropy is not strong for highly loaded W. Simulations on
tantalum and niobium, two bcc metals of different anisotro-
pies, suggest that although waves can be emitted in quite
different patterns, the physical picture of forces governing
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the dislocation motion is essentially the same as proposed
here.

A critical question concerning the possibility to obtain
transonic or supersonic dislocation motion in experiments
was whether damping due to the scattering of lattice phonons
at high temperatures would prevent the dislocations from
reaching the transonic state. All previous simulations had
been carried out at low temperatures where this damping is
expected to be very small (e.g., Refs. 5, 12, and 14). Our
simulation results presented here clearly demonstrate that the
phonon damping cannot prevent dislocations from reaching
the transonic velocity regime, although it appears that some-
what higher driving forces and/or loading rates are required
to trigger and sustain transonic and supersonic motion at
high temperatures as compared with low temperature cases.

VII. SUMMARY

We have performed atomistic simulations of fast moving
edge dislocations in tungsten to clarify energy radiation at
near-sonic, transonic, and supersonic velocities within a
nearly isotropic lattice. Since force equilibrium has to be
established between the driving force acting on the disloca-
tion and the dragging force due to wave emissions, it could
be demonstrated that the amount of energy radiated away
from the dislocation can be measured from the kinetic energy
in the system but can also be determined directly from the
applied strain. In combination with elasticity analyses, it has
been shown that lattice wave emission from the dislocation
core plays an essential role for the achievable dislocation
speed. Significant increases in radiation close to the Rayleigh
wave velocity and in the transonic regime should make it
difficult to reach transonic dislocation motion in real sys-
tems. However, it could clearly be demonstrated that phonon
drag at higher temperatures does not prevent the dislocations
from reaching transonic velocities.
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