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Abstract
Employing Dynamic Discrete Dislocation Plasticity (D3P), an elastodynamic analysis of the
shielding of a stationary crack tip by dislocations is studied. Dislocations are generated via Frank-
Read sources, and make a negligible contribution to the shielding of the crack tip, whereas dis-
locations generated at the crack tip via homogeneous nucleation dominate the shielding. Their
effect is found to be highly localised around the crack, leading to a magnification of the shielding
when compared to time-independent, elastostatic predictions. The resulting attenuation of Kj(t)

is computed, and is found to be directly proportional to the applied load and to v/%.



I. INTRODUCTION

Plastic flow at a crack tip is a possible relaxation mechanism because of the large elastic
stresses experienced by the material in its vicinity, which may be reduced by the generation
and motion of dislocations [1, 2]. The power dissipated in the active plastic region depends
on the microscopic processes governing the plastic flow, as well as the local nature of the
crystal structure; both of these are known to be affected by the strain rate and the applied

stress levels, amongst other parameters [3].

The active plastic region is determined by the generation and motion of dislocations, the
fields of which may shield the crack tip, i.e., relax the magnitude of the elastic field in the
environs of the crack tip, whereby an increased shielding leads to increased apparent frac-
ture toughness. Plastic shielding of crack tips under quasi-static loading has been treated
experimentally [4, 5], in continuum models using constitutive laws of plasticity [6-11], in
theoretical studies of the interaction between the crack tip and dislocations [12-14], in elas-
tostatic discrete dislocation dynamics studies of the collective effect of individual dislocations

over the crack tip [15-17], and in atomistic simulations [18-21].

The study of plastic shielding under dynamic loading conditions has also received a great
deal of attention, particularly through experimental studies of the evolution of the fracture
toughness with crack speed [22-24] and theoretical and numerical analyses of plastic shielding
via constitutive modelling of rate-dependent plasticity [1, 25]. Nevertheless, the way in which
the elastodynamic fields of dislocations may shield the crack tip and, therefore, the specific

way in which a dynamic crack tip is plastically relaxed, has not been studied in detail.

Dynamic fracture is characterised by external loads intense enough to propagate the crack
tip at a significant fraction of the Rayleigh wave speed [1]. For cracks to grow by microns
at speeds of the order of 10°m/s, the timescales involved in the plastic relaxation of a crack
tip must be of the order of hundreds of picoseconds. During these brief periods of time,
shielding dislocations around the crack tip will be subjected to large stresses, potentially
leading to fast moving dislocations. Under these conditions, the propagation speeds of the
elastic fields of dislocations will be of the same order of magnitude as those of the crack tip,
which suggests that a fully time-dependent, elastodynamic analysis of crack tip shielding is
required in order to account for the retardation affecting dislocation interactions with one

another and with the crack.



Aside from retardation effects, previous elastodynamic studies of discrete dislocation
dynamics (see [26, 27]) have shown that dislocations moving at speeds approaching the
shear wave speed tend to magnify plastic relaxation effects locally due to inertial effects;
this raises the question of whether the elastodynamic shielding of crack tips will similarly
be subjected to magnifications. This article examines the dislocation shielding of stationary
crack tips under dynamic conditions by employing Dynamic Discrete Dislocation Plasticity
(D3P). This method enables a fully elastodynamic treatment of both the crack tip singularity
and the interactions between the latter and individual dislocations. The aim of this article is
to clarify the processes through which plastic shielding of a stationary crack tip occurs, and
to determine whether it is enough to lead to increased fracture toughness under dynamic
conditions. The focus here on the stationary crack is a first step towards building a clear
understanding of the way the shielding exerted by elastodynamic dislocations differs from

that of classical quasi-static dislocations.

II. DYNAMIC DISCRETE DISLOCATION PLASTICITY MODEL OF A STA-
TIONARY CRACK

D3P was developed by Gurrutxaga-Lerma et al. (2013) [28] as the elastodynamic ex-
tension of Discrete Dislocation Plasticity (DDP) [29]. In D3P the dislocation’s mutual
interactions and the interactions between the dislocations and the boundary conditions are
accounted for via their elastodynamic fields. This entails solving the Navier-Lamé equation
for both the fields of dislocations and those due to the boundary conditions [28]. Following
Van der Giessen and Needleman (1995) [29], Gurrutxaga-Lerma et al. (2013) [28] proposed
employing the linear superposition principle, where the analytic elastodynamic fields of non-
uniformly moving, injected straight edge dislocations in an infinite plane can be employed
in conjunction with an elastodynamic finite element numerical solver for the boundary con-
ditions. Dislocation generation and motion follow the rules defined in [30].

The present study focuses solely on FCC aluminium, with elastic constants u = 28.3GPa
and E = 63.2GPa, density p = 2700kg/m?, and B = 2.85A the magnitude of the Burg-
ers vector. The dislocations glide in slip planes oriented at 54.7°, 125.2° and 0° (see [9])
with respect to the crack faces. The dislocations move with a mobility law extracted from

molecular dynamics simulations of edge dislocations in aluminium [31], and given by (see
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FIG. 1: Geometry of the simulated system. The lower D3P region concentrates the
dislocation activity; the ‘buffer’ region is dislocation free, and is employed to avoid

spurious reflections of the incoming elastic waves along the crack path

[27]),
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where v; is the i'" dislocation’s glide speed and f&, the magnitude of the glissile component
of the Peach-Koehler acting on it. In order to prevent elastodynamic resonances with the
free surfaces [32], the effective limiting speed in eqn.1 is made to be cg, the Rayleigh wave
speed (here, around 0.98¢;). For glide speeds v significantly lower than cg, eqn.1 behaves
almost linearly with respect to v; thus, dy can be interpreted as a linear drag coefficient (cf.
[33]); the data fit from [31] renders dy = 2 - 10~°Pa-s, in good agreement with the expected

linear drag coefficient in aluminium [17].



The glissile component of Peach-Koehler force is computed as [29]
foi = (Z a7, + ffkl) B; (2)
J#i

where 5%1 is the elastodynamic stress field component due to the j-th dislocation in an infinite
plane (the expressions of which can be found in [28]), and dy; the elastodynamic stress field
correction due to the boundary conditions [29]; ny is the i-th dislocation’s normal to the slip
plane, and Bj the i-th dislocation’s Burgers vector [-th component. Here B is used instead
of the usual b to denote the magnitude of the Burgers vector to avoid confusion with b, the
transverse slowness of sound.

The geometry and boundary conditions employed in this study are shown in fig.1. The
4 x 4pm system consists of a crack of length 2um, with the crack tip occupying the central
position of the sample. A constant tensile load per unit area of magnitude P is applied on
the bottom surface, whilst the top surface is subjected to reflective boundary conditions;
all other surfaces are free surfaces. The system is pre-loaded and dislocation-free; this
is to avoid the complexities arising from a fully transient elastodynamic loading, where
a wavefront would need to propagate through the system in an asymmetrical fashion [1].
Thus, at the beginning of the simulation the whole system is subjected to the stationary
elastic field of the crack caused by the external loading P. As the simulation begins, and
as a result of the loading and the subsequent crack tip stress field, dislocation generation
and motion is triggered; these dislocations are treated elastodynamically employing D3P,
whilst thereafter the associated boundary value problem is solved employing a finite element
method elastodynamic solver.

The D3P simulation is carried out over the lower half-plane alone (see fig.1) to reduce its
computational cost. This is a standard practice in DDP simulations of cracks (see [15-17]).
The D3P simulation consists of a lower D3P region, where dislocation activity takes place,
and an upper ‘buffer’ region in which dislocation activity is not allowed, but through which
elastic waves can travel. Unlike in elastostatic DDP simulations (vid.[15-17]), enabling a
symmetry boundary condition along the crack path would lead to unrealistic wave reflections
from the crack path; the buffer region enables wave transmission through the crack path,
and prevents unrealistic interactions with the boundaries. Dislocations leaving the D3P
region for the buffer region are pinned as virtual dislocations (see [30]) in the position they

reach at the end of the time step.



A. Generation of dislocations

a. Frank-Read sources. 'The usual mechanism for the generation of dislocations in pla-
nar dislocation dynamics is the Frank-Read source [29]. In the D3P simulations under
consideration here, Frank-Read sources are randomly distributed with a density 100 sources
per um? throughout the D3P region [29]. This is a common value found in DDP simu-
lations [17, 34-38]; no physical argument to impose a much larger source density can be
invoked without assuming the material has been subjected to prior loading (e.g., being cold-
worked). The Frank-Read sources represent a pre-existing density of pinned dislocation
segments, which enable yielding once the resolved shear stress over a source exceeds the
source strength, 7,,., which is the stress required for a Frank-Read source segment to reach
its critical position (see [35, 39-41]). The source strength is related to the pinned segment’s
length lpg [40]; in the simulations considered here, it is made to be normally distributed
with mean Trr = 100MPa and standard deviation 1MPa.

A dipole is injected into the system if the source strength is met or exceeded for a
sufficiently long time ¢,,.. The introduction of a nucleation time for Frank-Read sources is
a requirement of the dynamics of the bowing segment [39, 41]: from the original unbowed
position, the Frank-Read source segment requires time to reach its critical position. As was
done in [26, 27|, the mechanics of the bowing segment and, consequently, the activation time
of the Frank-Read sources is calculated numerically from a model adapted from Gurrutxaga-
Lerma et al. (2015) [41].

The model employed here tracks the position of the central bowing segment, h(t), relative
to its unbowed position. This segment must satisfy a force balance between the applied
stress, the lattice resistance to the motion of the dislocation (i.e., the drag force), and
as the segment acquires curvature, the dislocation’s line tension. The activation time is
defined as the time t,,. for which the central segment reaches the critical position, which
is approximated as h, = lpr/2 (vid.[42]). This requires solving for A(t) in the following

equation:
do /LB2
| @@ TR, B (3)
— = T

7B =

where 7 is the applied stress. The first term on the right hand side is the drag force the
segment experiences as it bows out, corresponding to the mobility law defined in eqn.1;

the same parameters as those defined in section II above are used here. The second term



on the right hand side of eqn.3 represents the line tension assuming the bowing segment
has circumferential curvature. This is an approximation that both Benzerga (2008) [39] and
Gurrutxaga-Lerma et al. (2015) [41] have shown to be of little consequence in computing the
activation times, despite the fact that the actual shape the bowing segment tends to adopt is
oval [41]. Consequently, the nucleation criteria that the nucleation time ¢,,. corresponds to
the time it takes for the central segment to reach the critical position h(ty,.) = lpr/2 merely
prescribes a critical shape for the Frank-Read source segment of a perfect semi-circumference;
this is a reasonable approximation because the curvature of the central dislocation segment
is approximately circular throughout the bowing process.

In the simulations presented here, eqn.3 is solved numerically for a given applied 7, com-
puted as the aggregate contribution of all individual dislocations and boundary conditions;

lsre 18 obtained from the source strength, as [43]

uB
lsre = B— 4
TFR @
where in turn
3 A 1 e +C (5)
=—|ln
2m 70
and A =1, C'= —3.4 for aluminium [41], and r( the dislocation’s core cut-off radius (10B).

All other injection rules follow those defined in [41]. In particular, Frank-Read source

activation results in the injection of a dipole of edge dislocations, with an equilibrium spacing

given by [41]:
I B 4s%v/s?2 — a?2y/s2 — b2 — b* + 4b%s® — 4s* (6)
nuc - 7TTb2 3 /—82 — b2
where a = 1/¢ and b = 1/¢; are the longitudinal and transverse slownesses of sound,

respectively; and s = 1/v is the glide slowness.

b. Homogeneous nucleation at the crack tip. In the D3P framework, and provided that
the material is annealed, free of any precipitates, phase interfaces or grain boundaries, the
simplest way of simulating the generation of dislocations at the crack tip is by accepting
that dislocations can be homogeneously nucleated at the tip. The homogeneous nucleation
of dislocations at the crack tip, or lack thereof, has been studied in the context of the ductile-
brittle transition in metals [12, 44]. The possibility of homogeneous nucleation occurring
has been discarded for a number of materials but supported for others [44, 45]. Whenever

there are particles, grain boundaries, precipitates or other discontinuities along the crack
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path, homogeneous nucleation is thought to be less likely than heterogeneous nucleation, as
the latter entails lower activation stresses [46, 47|, and is therefore thought to be dominant.
Nevertheless, under stress conditions similar to those found at a crack tip (e.g. nano-
indentations), homogeneous nucleation has been reported experimentally [48], and recent
atomistic studies also support its existence at lower applied stresses than originally thought
[49-52].

Since it is not the aim of this article to determine whether homogeneous nucleation is
the governing mechanism behind the ductile-brittle transition but, rather, to examine the
elastodynamic shielding effects over the crack tip, homogeneous nucleation is included here
primarily as a physically-motivated device for injecting dislocations into the system in the
immediate vicinity of the crack tip.

In the D3P simulations reported here, the homogeneous nucleation of dislocations is im-
plemented following the rules defined by Gurrutxaga-Lerma et al. (2015) [27]. Upon over-
coming a threshold stress of 7, = p/(47), a dipole is instantaneously injected (i.e., injected
during the same time step the source is activated); this threshold stress corresponds with the
theoretical lattice shear strength of the material, usually assumed to be somewhere between
w/(4m) and p/18. It must be noted that the dislocation’s core cut-off distance is chosen to
be r. = 10B; the radial stress within the core matches that at the cut-off distance [28]. This
ensures that the stresses within the core always remain below the lattice shear strength; thus
dislocations can only (albeit unlikely) generate other dislocations homogeneously through
long-range interactions—this ensures that avalanches of homogeneously nucleated disloca-
tions do not take place. The homogeneous injection distance (i.e., the separation between
the two dislocations in the newly injected dipole) follows a rare event Poisson distribution
with A = 5B (where A is the expected value), which entails that some dipoles collapse back
onto each other. Any point in the material subjected to these stresses is considered a pos-
sible nucleation site, albeit the nucleation sites are spaced 108 to prevent newly injected
dipoles from overlapping. This exclusion zone only applies to lattice locations, and remains
unaffected by the presence of a dislocation.

Additional generation mechanisms are not considered in this work. This means that the
effects described in the following D3P dislocations will generally apply over short timescales
and to annealed, pure materials. Although homogeneous nucleation at the crack tip may be

unlikely if precipitates or impurities are present, a different nucleation process (e.g., hetero-

8



geneous nucleation) would probably not cause a radically different elastodynamic response
with respect to crack shielding, provided that it operates on a similar time scale and there
are enough alternative nucleation sites available. Furthermore, particularly at the highest
loading rates, it seems unlikely that heterogeneous sources could be sufficiently numerous to
effectively shield the crack enough to prevent homogeneous nucleation within the timescales

involved.

III. RESULTS AND DISCUSSION

In the D3P simulations reported here, the system is subjected to three different loads,
P = 500MPa, P = 1GPa, P = 1.5GPa; this is to ensure that the loading remains relevant
to dynamic fracture (cf.[1]). As expected, the stress field is locally magnified at the crack
tip [1], leading to stress conditions that, albeit caused by loads much lower than those
attained in high strain rate shock loading, are of similar magnitude and take place over
similar timescales. Such loading affects both the activation time of Frank-Read sources,
which is governed by eqn.3, and the region where homogeneous nucleation is dominant due
to the magnitude of the crack tip’s elastic fields.

Irrespective of the magnitude of the loading, the simulations display a series of common
characteristics summarised in fig.2. This figure shows the dislocation microstructure at 100ps
for a loading of P = 1GPa. Region I (highlighted in green) corresponds with the unloaded
region under the lower crack face, and therefore barely any dislocation activity exists there.
Region II (highlighted in blue) are the corners, which are subjected to geometrical effects
and display a slightly larger dislocation density. The dislocation density is about two orders
of magnitude higher around the crack tip in region III (highlighted in red, pgis ~ 10'm=2),
where homogeneous nucleation is the prevalent mechanism of dislocation generation in a
proportion of ~ 100 : 1 homogeneous nucleation events vs Frank-Read source activations
throughout the simulation. The size of region III increases in proportion to the loading,
but the dislocation density remains of the same order of magnitude. This is because the
larger the loading, the larger is the magnitude of the crack tip field, which propels existing
shielding dislocations away from the crack tip.

Away from these regions, it is primarily Frank-Read sources that are activated. They

prove insufficient to plastically relax the structure in the timescale of the simulation, and
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FIG. 2: Dislocation microstructure at 100ps for a P = 1GPa loading. Each cross ‘+’
represents a dislocation. The crack tip is located at (2,2)um. Dislocations in region III are
mostly homogeneously nucleated dislocations. Elsewhere, they are generated by
Frank-Read sources that have been activated no more than twice within the first 100ps of

the simulation.

barely contribute to the shielding of the crack tip. This is because their collective ‘back-
ground’ shielding (cf.[13]) is too weak compared to the relaxation requirements of the crack
tip. Two factors may contribute to this weak effect.

On one hand, there is the rate at which the sources are activated. As described in
section IT A, the activation of Frank-Read sources is characterised by a finite time, t,,c,
which depends on the source strength (or length), and on the external loading. Even in the
most favourable scenario (that of the sources in the immediate vicinity of the crack tip) the
activation time is too great: no smaller than about 40-160ps. Under these conditions, the
Frank-Read sources that are near enough to be able to influence the crack tip will do so at
an extremely slow rate. Necessarily, their effect will be superseded by that of homogeneous
nucleation at the crack tip.

On the other hand, the density of Frank-Read sources, representing a pre-existing dislo-

cation density, is too small compared to that required to relax the crack tip. The value of

10



0.6 \
D3P ——

04 Elastostatic equivalent
| D3P fit =e=an- i
Elastostatic fit ==—s-—-
0.2} i
=
[
S A M
. y 'r v ~ A}
5 /ﬁ \
3 y
g -02¢ |/ |
<
N
04! |
-0.6 i
-0.8 - 1 ! | | | | ) )

2 22 2.4 2.6 2.8 3 32 3.4 3.6 3.8 4
X (um)

(a) Relaxed oy, field along the crack path at 100ps for P = 1GPa,
showing the elastostatic relaxation that would have been exerted by the

same configuration of dislocations.

0.6

Wilchout ﬁrank—Réad soﬁrces
With Frank-Read sources

Relaxed o,, (GPa)

-0.8 | | | | | | | | |
2 22 24 2.6 2.8 3 3.2 34 3.6 3.8 4

X (um)
(b) Relaxed oy, field along the crack path at 50ps for P = 1GPa, for
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FIG. 3: Relaxation of o,, along the crack’s path.
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100pum~2 is representative of that found in other plasticity applications (see [17, 29, 34]); as
mentioned above, there is no a prior: justification to assume it should be orders of magni-
tude larger than that. Nevertheless, the effect of an extremely large density of Frank-Read

2 sources within a radial distance of r = ¢; - 150ps

sources was tested by defining ~ 10%m™
from the crack tip (i.e., enough to influence the crack tip during the current simulations); it
was found that the relaxation arising from 10°m =2 sources is still unable to compete with the
effect of homogeneous nucleations. This is because, again, the nucleation of new dislocations
is limited by the rate at which Frank-Read sources can be activated: by the time the first
burst of dislocations is generated (/= 40ps in the simulations), the crack tip has already been

considerably relaxed by homogeneous nucleation. Thus, in this study most of the plastic

relaxation at the crack tip is due to homogeneously nucleated dislocations.

As is characteristic of elastodynamic simulations of dislocation dynamics (vid.[26, 28]),
the propagation time of the dislocation fields is of paramount importance in shielding the
crack tip. Figure 3a shows the relaxation of o,, along the crack path at 100ps for P = 1GPa
as obtained from the D3P simulation; here ‘relaxation’ refers to the contribution of the stress
fields of the dislocations alone. Fig.3a also shows the elastostatic plastic relaxation of oy,
for the same configuration. The elastodynamic relaxation predicted by D3P is remarkably
different from that of its elastostatic counterpart’s; the intensity is about 25% larger than in
the elastostatic case. The dynamic enhancement of the relaxation remains throughout the
simulation, and is one of the defining characteristics, and is one of the defining characteristics

of the elastodynamic shielding observed in the present D3P simulations.

The elastodynamic magnification of the plastic relaxation at the crack tip is accompanied
by additional effects that must be attributed to the wave-like nature of the elastodynamic
fields of the dislocations. In fig.3a it can be clearly seen that the elastodynamic dislocations
barely influence the field sufficiently ahead of the crack tip. This is because most of the
crack tip relaxation is due to dislocations that are nucleated homogeneously at the tip, but
their elastic fields, propagating at the speeds of sound [28], do not have time to reach the
rear end of the crack path beyond approximately 2.5um, and therefore their effect remains
concentrated at the tip. At the same time, as was discussed in [30], the shape of the
longitudinal component of the stress fields of dislocations (which is the fastest propagating
component ), is rather different to the stationary elastostatic fields; this prescribes a transient

plastic relaxation of the crack path that, as shown in fig.3a, will evolve rather differently
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from the elastostatic counterpart. Most remarkably, the elastostatic dislocations induce a
positive (tensile) plastic stress along the crack path that is not present in the elastodynamic
D3P description, which could be associated with the nucleation of voids and, hence, ductile
fracture [3]; the elastodynamic response does not display such behaviour.

Frank-Read sources have little effect on the relaxation along the crack path: there is no
statistically significant variation in the magnitude of the elastodynamic shielding at any of
the loads studied here when Frank-Read sources are omitted from the simulations. This is
shown in fig.3b for P = 1GPa and ¢ = 50ps: in the vicinity of the crack tip, the relaxation
remains statistically comparable. The same behaviour can be obtained for different loads
and longer and shorter times. The plastic activity observed for x > 3.5um is due to Frank-
Read sources activated as a result of the surface and geometrical effects (see region II in
fig.2).

Fig.4 shows contours of o, due to the dislocations, only for the elastodynamic and elasto-
static cases, at t = 100ps for P = 1GPa. Although qualitatively similar, the elastodynamic
fields exhibit larger plastic localisation and stronger shielding both in the crack tip region
surrounding and in the far-field background, where on average the elastodynamic o, is more
compressive than its elastostatic counterpart.

Nonetheless, as can be seen from comparing figs.4a and 4b the effect of the background
dislocations (i.e., those relatively away from the crack tip) is similar in either case. This
is attributed to the relative speeds of the dislocations. A detailed study of the frequency
distribution of the speeds of the dislocations in the whole system shows that it approximately
follows a gaussian distribution; for instance, for P = 1GPa at ¢ = 100ps the average speed
of dislocations is M; ~ 0.5 (where M; = v/¢; is the transverse Mach number), with a wide
standard deviation of M; ~ 0.2. Most high speed dislocations, understood as those with
speeds in excess of M; = 0.8, are located in the vicinity of the crack tip. However, if one
excludes the dislocations in regions IT and 1T and focuses on those generated by Frank-Read
sources, it is found that they move at relatively uniform speeds, with an average speed
of M; ~ 0.2 for 500MPa, M; = 0.3 for 1GPa and M; = 0.35 for 1.5GPa, with a small
standard deviation of &~ 100m/s that remains approximately the same for all loadings. This
lack of spread in their speeds is most likely due to the reduced number of dislocation-to-
dislocation interactions imposed by the natural cut-off distance of ¢; x At (i.e., the distance

the longitudinal wavefront of a dislocation must travel to reach another within the time
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(b) Corresponding elastostatic o, fields due to dislocations at ¢t = 100ps
and P = 1GPa.

FIG. 4: o0y, fields due to dislocations in the elastodynamic and elastostatic cases.

interval At): within the timescale of the simulation, most dislocations interact only with
their nearest neighbours. As the simulations advance and the dislocation-to-dislocation
interactions begin to affect both sources and existing dislocations, the average speed tends
to slowly decrease (from M; ~ 0.34 at t = 50ps down to M; ~ 0.28 for 1GPa at 100ps);
this is consistent with the increased plastic hardening expected in these circumstances [41].
Since at those the elastodynamic fields of dislocations do not display strong Doppler-like

contractions, their magnitude once the transverse wave front has arrived at a given point
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will be very similar to that of the elastostatic counterparts at those speeds [28]; this explains
why the plastic response in the background region is similar to both the elastodynamic and
elastostatic cases.

In region III, i.e., the area surrounding the crack tip, the picture is rather different. For
one thing, the average speed of dislocations in that region is M; ~ 0.85 — 0.95 irrespective of
the loading, although dislocation speeds tend to decrease quickly as they move away from
the crack tip, down to the speeds reported for above for the background region. As a result,
the fields of thee fast moving, crack tip dislocations display the Doppler-like contractions and
magnifications characteristic of the elastodynamic dislocation [30], causing more localised
shielding.

The effect of anti-shielding dislocations in these simulations is minimal, not only because
of there are fewer of them compared to the elastostatic case, but also because their residence
time before reaching a free surface is short. The applied stress that drives dislocations
towards free surfaces is higher than in elastostatic, lower stress applications, and there are
additional inertial effects that, as shown in [32], in fact magnify the image forces which
accelerates dislocations towards the free surfaces. In contrast, the shielding dislocations see
their residence time around the crack tip increased, because as they move further away from
the tip the magnitude of the driving force decreases, and the magnitude of the contracted
elastodynamic image force is larger [32].

The elastodynamic mode I crack tip field is known to evolve as [1]

Oyy = Kl—(t) (7)

2w

where z is the distance to the crack tip, and K;(t) oc Py/t [1] is the time-dependent stress
intensity factor for a stationary mode I crack. Thus, by fitting the computed relaxation of
oyy to a 1/4/z, the magnitude of the crack tip shielding can be estimated (see fig.4).
Figure 5 shows the time evolution of the plastic shielding of K;(t) over time averaged
over 5 simulations in each case to de-emphasise the effect of local fluctuations, with the
variation indicated by error bars. This serves as a measure of the effectiveness of elasto-
dynamic dislocations in shielding the crack tip. Necessarily, this shielding is negative, i.e.,
compressive, showing that the dislocations tend to plastically relax the tensile field induced
by the loaded crack tip. The main characteristic of the observed plastic shielding is that

it increases in time (i.e., it becomes more compressive). This effect is not dissimilar to the
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attenuation of the dynamic yield point described in [26], whereby the elastodynamic fields
of dislocations interfere, destructively in this case, with the elastodynamic fields of the crack
tip, causing an attenuation of the yield point of the material; in this case, the observed time
evolution of the attenuation of K;(t) would entail that the apparent fracture toughness of
the material increases over time. The causes of this are found in the continuous generation
of new dislocations from the crack tip; as a shielding dislocation is emitted from the crack,
it moves away from it, and its shielding effect decays until a new dislocation is emitted.
Since the fields of an elastodynamic dislocation are weaker behind the core (relative to the
direction of motion) [28, 30], this process of emission does not saturate as readily as it would

for static dislocations, and contributes to the observed accumulation of shielding over time.

As it does in the elastic case, the shielding of K (t) increases in proportion to v/# (vid.[1]);
this is deduced by fitting the evolution of the shielding of K;(¢) to a A x v/t function, where
A is a fitting parameter and t the time. The attenuation of K; in proportion to v/t shows
that dislocations are generated in sufficient numbers to keep up with the elastic field of the
crack tip (qv.[1]). Further to this, as can be seen in fig.5, the plastic shielding of the crack tip
is approximately proportional to the magnitude of the external load; this is again consistent

with the elastodynamic field of the stationary crack tip [1].

Our results show that the magnification of the elastodynamic fields of the crack tip (some-
times estimated to be around 25% higher than the static equivalent [22, 23]) is accompanied
by enhanced plastic shielding, which is consistent with the experimental observation that
materials which are relatively strain rate insensitive in their bulk response but tend to fail
in a locally ductile manner experience an increase in fracture toughness with crack speed|[1].
This generally applies to most FCC metals, including aluminium, which is the subject of
this study (see for instance [53, 54]). In metals, this effect has been attributed to the inter-
play between inertial effects at the crack tip and the strain rate sensitivity of the material
[1], in a way which appears to be consistent with the predictions of these simulations. In
particular, Owen et al. (1998) [54] showed that over short timescales the dynamic fracture
toughness in thin films of FCC aluminium alloys was invariably larger than the equivalent
static fracture toughness; they attributed this to inertial effects and small scale rate sensi-
tive yielding taking place at the crack tip, which is entirely consistent with our results: we
observe an elastodynamic enhancement of the plastic shielding relative to the elastosstatic

case (see fig.3), which leads to an increase in the dynamic fracture toughness of the material
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FIG. 5: Attenuation of K by the dislocations, for different loadings. The relaxed Ky, is
normalised with respect to Pyv/t, where here Py = 1GPa is chosen to enable a better
comparison between different load magnitudes. In general, the magnitude of the
attenuation of K(t) increases in proportion to v/, as shown by the fits provided in the
plot. Notice that the fits have also been normalised, so they are represented by straight

lines.

due to inertial effects affecting the yielding of the material around the crack tip.

IV. CONCLUSIONS

This article has examined the shielding of a stationary mode I crack by elastodynamic
dislocations over reduced time scales and under conditions representative of dynamic load-
ing. Two dislocation generation mechanisms have been included: Frank-Read sources, and
homogeneous nucleation of dislocations at the crack tip. Using D3P, the dislocations have
been treated as elastodynamic sources of elastic waves that in their generation and motion
relax the crack tip. The effect that the elastodynamic dislocations have over the crack tip
has been compared to the corresponding elastostatic case.

This study has shown that the elastodynamic shielding of the crack tip is produced
primarily by fast moving dislocations nucleated at the crack tip. This is because of the

retardation effects associated with dislocation-to-dislocation and dislocation-to-crack inter-
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actions in the elastodynamic case: for reduced timescales, only those dislocations in the

immediate vicinity of the crack tip were able to contribute to the relaxation of the crack tip.

Most of these dislocations can only be generated homogeneously at the crack tip. Back-
ground dislocations generated by and moving away from Frank-Read sources have been
shown to be produced in insufficient numbers to shield the crack tip. Crucially, the Frank-
Read sources generated dislocations at a rate too slow to produce the necessary plastic

shielding.

The resulting elastodynamic plastic shielding of the crack tip is shown to be considerably
larger in magnitude than that in the corresponding elastostatic case, and increases over time.
This is due to the dynamic magnification of the fields of fast moving dislocations. This affects
both the crack tip and the crack path: in the elastostatic case, the corresponding dislocation
configuration induced a tensile stress state ahead of the crack tip, which may be associated
with microvoid formation and ductile fracture; this stress was absent in the elastodynamic
description. This suggests that, over short timescales, elastodynamic dislocations increase
the material’s apparent fracture toughness more than elastostatic dislocations, which is

consistent with experimental observation [54].

Future work[55] will focus on studying the effect dynamic shielding has on propagating

cracks.
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