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c Fraunhofer IWM, Wöhlerstr. 11, 79108 Freiburg, Germany

Received 20 July 2008; received in revised form 20 November 2008; accepted 11 December 2008
Available online 24 January 2009
Abstract

Realistic dislocation network topologies were generated by relaxing an initially pinning point free dislocation loop structure using
three-dimensional discrete dislocation dynamics simulations. Traction-free finite-sized samples were used. Subsequently, these equili-
brated structures were subjected to tensile loading and their mechanical behavior was investigated with respect to the initial configura-
tion. A strong mechanical size effect was found. The flow stress at 0.2% plastic deformation scales with specimen size with an exponent
between �0.6 and �0.9, depending on the initial structure and size regime. During relaxation, a mechanism, also favored by cross-slip, is
identified which leads to rather stable pinning points. These pinning points are comparable to those of the isolated Frank–Read sources
often used as a starting configuration in previous discrete dislocation dynamics simulations. These nodes act as quite stable dislocation
sources, which can be activated multiple times. The influence of this source mechanism on the mechanical properties of small-scale spec-
imens is discussed.
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1. Introduction

In recent years, driven by the ongoing miniaturization in
many fields of modern technology, an increasing interest in
small-scale plasticity is evident. Size effects in mechanical
properties do not permit the use of macroscopic property
values at the micrometer scale. Hence, numerous microme-
chanical experiments have been performed. Inspired by the
work of e.g. Uchic et al. [1] or Espinosa et al. [2] number of
problems are now being studied, including microcompres-
sion (e.g. [3–5]), microtension [6], microbending [7] or inter-
mittent flow in small-scale plasticity [8]. The principal
mechanisms responsible for the observed size effect in flow
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stress are currently under debate. A dislocation starvation
mechanism introduced by Espinosa et al. [9] and Nix and
Greer et al. [10,11], respectively, and a dislocation source
truncation mechanism proposed by Parthasarathy et al.
[12] are currently the most prominent ones. However,
many investigations neglect constraints induced by the
boundary conditions, which have proven to be important
in the plasticity of thin films (see e.g. [13,14]). In microspec-
imens these constraints can be induced by, for example, a
fixed pillar at the bottom or friction between a flat punch
indenter and sample (see e.g. [15])—or the ion beam dam-
age induced by the focused ion beam (FIB) preparation
(e.g. [16]). The effect of these complications on the mechan-
ical properties is unclear.

Two-dimensional (2-D) and three-dimensional (3-D)
discrete dislocation dynamics (DDD) simulations are pre-
ferred to elucidate the dislocation mechanisms underlying
small-scale plasticity (e.g. [17–23]). Especially in 3-D
s under CC BY-NC-ND license.
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1 The dislocation structure is taken after the first time step, hence the
circular loops are already slightly distorted and some dislocation reactions
are visible.
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DDD simulations a wide range of initial dislocation struc-
tures can be used. The initial dislocation structure often
consists of Frank–Read sources (FRSs) and different size
distributions and populations over the glide systems are
utilized (e.g. [19–24]). On the one hand, such structures
can easily be mathematically described and realized in 3-
D DDD codes, on the other hand they are highly artificial.
Real crystals contain dislocation networks and not isolated
FRSs. Furthermore, a high density of persistent pinning
points—the two endpoints of a FRS—is introduced into
the dislocation structure. These pinning points impede a
complete escape of dislocations through the sample sur-
faces. Therefore a substantial decrease in dislocation den-
sity below its initial value is usually not observed for this
type of microstructure. Mechanisms such as dislocation
starvation cannot be studied under these initial conditions
since reduction in the mobile dislocation density can only
occur through mutual dislocation locking by dislocation
reactions. Furthermore, persistent pinning points stabilize
the overall dislocation structure, which is likely to affect
their evolution with increasing strain.

The first attempts to decrease the density of pinning
points due to the initial FRS were made using ‘‘sub-vol-
umes” cut from existing dislocation structures (e.g.
[25,26]). In this case a larger specimen volume with an ini-
tial FRS is loaded to evolve the dislocation structure and
then completely unloaded. From this predeformed struc-
ture, smaller specimens are cut out and used for the simu-
lations. Such initial dislocation structures have the
advantage of being more realistic. They contain, amongst
other things, dislocation reactions, single-ended sources,
free dislocation lines and old FRSs; however, not all pin-
ning points are eliminated because FRSs or truncated
FRSs are still present. A recent study of Tang et al. [27]
using jogged dislocations as starting dislocation popula-
tions for micropillars, with subsequent relaxation
addressed the problem of using artificial FRSs and isolated
pinning points as well as the question of the strong depen-
dency and variations of the observed flow stresses for nom-
inally identical samples. The formation of junction-
stabilized sources was found to be important to allow for
continued plastic flow. Mechanisms of source shut-down
were identified and the staircase behavior observed experi-
mentally was captured by the simulations as a natural out-
come of the dislocation network evolution. However, some
questions arise as to the influence of the initial jogged dis-
location configuration and the crystal orientation on the
stability of the produced sources. Another different possi-
bility to obtain more realistic initial dislocation structures
for 3-D DDD simulations is the use of closed, e.g. circular,
dislocation loops, which will be relaxed as proposed here.
These loops are randomly distributed within the sample
volume or intersect the surface of the finite sample. A relax-
ation calculation is performed to equilibrate the dislocation
microstructure. As shown in the following, this scheme
generates dislocation structures, which have a ‘‘realistic”

interconnected topology without artificial (isolated) pin-
ning points. Different dislocation structures are formed
naturally, and may act as temporary or stable dislocation
sources. Tension tests on specimens with different sizes
have been performed using this technique and the influence
on the mechanical properties and on the dislocation struc-
ture evolution is studied and compared to simulations
using initial FRSs.

2. Relaxation calculations

Specimens with square cross-section and thicknesses t

ranging from 0.5 to 1.0 lm were used throughout the sim-
ulations. The aspect ratio was set to t : w : l ¼ 1 : 1 : 2,
where w denotes the specimen width and l the length. An
(001)[010] cube orientation was used which gives the same
slip probabilities on all four slip planes. If not stated other-
wise, cross-slip is enabled on all possible cross-slip planes
for a face-centered cubic metal. The material properties
of aluminum were used: shear modulus l ¼ 27 GPa, Pois-
son’s ratio m ¼ 0:347 and lattice constant a ¼ 0:4045 nm.
For information on the 3-D DDD code and details on
the simulations the reader is referred to Refs. [28,29,22].

Closed circular dislocation loops are used as initial
structure for the relaxations. Two types of configurations
were used: (i) a uniform distribution of the loop diameters
in the range D ¼ 300 . . . 800a for all specimen sizes and (ii)
a uniform distribution of the loop diameters scaled with the
specimen size, i.e. D0:5 ¼ 300 . . . 800a for the 0.5 lm;D0:75 ¼
450 . . . 1200a for the 0.75 lm and D1:0 ¼ 600 . . . 1600a for
the 1.0 lm thick specimens, respectively. The initial dislo-
cation density (approximately proportional to the number
of loops) was chosen high enough to give the desired den-
sities after the relaxation calculations. Relaxed configura-
tions with a starting density of q0 ¼ 2� 1013 m�2 were
chosen for comparison with previous work [23,22,25].
The initial dislocation loops were randomly distributed
over the glide systems and were allowed to intersect the sur-
faces—i.e. only parts of the circular loops may be located
in the volume.

For the relaxation calculations, all surfaces of the sam-
ples were treated as traction free. The evolution of the dis-
location structure is driven by the internal stresses and the
image forces (see Ref. [28]) due to the traction-free sur-
faces. The calculation is interrupted when no significant
dislocation motion is observed over a longer time period.
It is assumed then that the dislocation structure is in a
(metastable) equilibrium. Fig. 1 shows an example of an
initial dislocation structure consisting of circular loops1

used for the relaxation calculation and the final equili-
brated dislocation structure. The evolution of the disloca-
tion density during the relaxation is also shown. These
relaxed dislocation structures free of artificial pinning
points are used for subsequent tensile testing. In these ten-



Fig. 1. Decrease in dislocation density during the relaxation calculation until a plateau is reached indicating an equilibrium (a) and the corresponding
dislocation structure before (left) and after (right) the relaxation (b). See also text.
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sile tests, displacement boundary conditions are prescribed
at the top and bottom surfaces in the direction of the load-
ing axis with a strain rate of _� ¼ 5000 s�1. The other
degrees of freedom are set to be traction free. The results
of the relaxation procedure and the tensile tests are
described in the next section.

3. Results

Fig. 1b shows an equilibrated dislocation structure for
an 0:75� 0:75� 1:5 lm sized sample. In comparison to
an initial structure consisting of FRSs only, these
relaxed structures have a variety of features: sessile
and glissile dislocation reactions, single-ended sources
(spiral sources) starting at dislocation junctions, disloca-
tion dipoles and prismatic loops. It is clear that sessile
dislocation reactions, represented by yellow lines in
Fig. 1b and all subsequent figures, stabilize the disloca-
tion structure and prevent a substantial dislocation
escape through the sample surfaces. The aforementioned
two kinds of initial configurations, either (i) a constant
loop diameter distribution or (ii) a loop diameter distri-
bution scaled with the sample size, did not lead to sig-
nificant differences in the dislocation microstructure
properties. For the latter configuration, only an increase
in the average sessile dislocation reaction length is
observed. Compared to the relaxed jogged structures
from Ref. [27] many similarities can be found. However,
one major difference is the formation of pinning points
by a combination of dislocations reactions in the present
work as described in the following, which are the origin
of different kinds of dislocation sources. Such naturally
forming and ‘‘real” pinning points were not reported
by Tang et al. [27].
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Subsequent tensile loading of the specimens is used to
study the evolution of the dislocation structure. In contrast
to initial structures consisting of FRSs only, where linear
elastic behavior is observed up to the yield point, a signif-
icant amount of ‘‘microplasticity” at low loads is observed
for the new structures. This early-stage plasticity is caused
by the motion of free dislocations contributing to plastic
strain. An example of such a moving dislocation is given
in Fig. 2a. The green dislocation line (indicated by a green
arrow) is moving through almost the entire sample and
leaves the volume at the right surface. Similarly, the cyan
line (cyan arrow) is detached from its junction and is mov-
ing in the opposite direction in the very early deformation
stage. All this happens in a loading regime still called ‘‘elas-
tic”. This phenomenon was also described in [27] where this
microplasticity was attributed to the breakage of weak
junctions. In addition to entirely free dislocations that
can deliver only a limited amount of plastic strain via their
motion, operative dislocation sources and dislocation mul-
tiplication mechanisms are needed for a continuous plastic
flow. In the following, the most frequently and important
source types which have been identified in the relaxed
structures are depicted:

(i) Dynamic and static FRSs: FRSs of different kinds are
generated by dislocation reactions. In Fig. 2b, two types of
Frank–Read-like sources are depicted. On the right-hand
side a ‘‘dynamic” FRS is shown where one endpoint, P2,
belongs to glissile dislocation reactions [29] which allow
for a constrained motion along the intersection line of
Fig. 2. (a) Moving dislocation lines in a very early deformation stage causing ‘
side) and ‘‘static” (right side) FRSs; (c) operation of a ‘‘dynamic” spiral source
operation of a ‘‘static” spiral source (steps 1–5, left side) and formation of a s
the two involved glide planes, and the other endpoint,
P1, is pinned at a sessile lock. Such sources are relatively
unstable and usually operate only a few times. As soon
as one of the endpoints has reached a traction-free sample
surface or is freed, these dynamic FRSs can transform to
dynamic (or static) spiral sources, as described below. On
the left-hand side, an example of a so-called ‘‘static” FRS
can be seen where both endpoints (P1 and P2) are pinned
by different sessile junctions (yellow lines). The mechanism
of how an endpoint of a sessile junction can become pinned
is described in Section 4. These sources are rather stable
and their role for dislocation multiplication is therefore
similar to the ‘‘isolated” FRSs often used in previous sim-
ulations. However, the pinning points here are not persis-
tent but can be released by unzipping of the underlying
sessile lock due to the motion of the second node of the ses-
sile junctions or by rare dislocation reactions with a third
incoming dislocation which dissolve the sessile lock.

(ii) Dynamic spiral sources: Here the endpoint inside the
volume of the spiral source is not pinned but a constrained
motion is allowed. Fig. 2c shows an example of this source
type where steps 1–9 of a full turn of a dislocation are over-
lapped (left side). The endpoint P of the source originates
from a glissile dislocation reaction, which is stabilized by
the adjacent sessile locks, and hence is free to move along
the intersection line of the two dislocations, having formed
the glissile reaction. This can be seen in steps 7 and 8 where
the arm of the spiral source (cyan color) is connected to the
red dislocation line, and in step 9 where the arm is con-
‘microplasticity” (size 0:5� 0:5� 1:0 lm); (b) examples of ‘‘dynamic” (left
(steps 1–9, left side) and the disentanglement of the source (right side); (d)
ingle arm (right side). For more information see text.



Fig. 3. Stress vs. strain curves for the 0:5 lm (a) and 1:0 lm (b) sized
samples for different initial dislocation densities and configurations. For
details see text.
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nected to a temporarily glissile reaction between T and P,
attached to the blue and subsequent cyan dislocations.
Dynamic spiral sources are not very stable and can be dis-
solved or disappear by unzipping the glissile junctions at
the endpoint, motion of the endpoint P towards and
through the surface, freeing the dislocation from the end-
point P or by further dislocation reactions. This is shown
on the right-hand side of Fig. 2c where the green disloca-
tion line (marked with D on the left side) has just unzipped
the adjacent Lomer lock (yellow line). Further loading will
move the green arm clockwise and completely unzip the
spiral source and the glissile reaction in the indicated direc-
tion. A similar mechanism for source shutdown for a
jogged dislocation, stabilized by a nearby reaction, was
reported in [27].

(iii) Static spiral sources: In contrast to ‘‘dynamic” spiral
sources, here the endpoint inside the volume is naturally
pinned by dislocation reactions, as explained in the discus-
sion. Fig. 2d (left side) shows an example of a static spiral
source where a full turn with the steps 1–5 is plotted. The
endpoint of the spiral source P is pinned by the attached
Lomer lock. At first glance this is surprising since a sessile
junction with only one arm at one end-node of the junction
is observed, which has to the authors’ knowledge not been
reported in the literature. Two arms are expected to remain
from the two dislocation lines forming the sessile reaction
(Lomer). The main mechanism leading to the formation
of a single-armed junction end-node is a sequence of two
events, here only the sequence involving cross-slip is
depicted: (1) a cross-slip event in one dislocation arm and
(2) the formation of a glissile reaction G with the second
dislocation leaving the end-node of the sessile junction.
More details on the reaction and its formation are given
in Section 4. The resulting structure is shown on the
right-hand side of Fig. 2d. In complex dislocation struc-
tures cross-slip events are frequently induced by the com-
plex local stress state. For example, in step 5 in Fig. 2d
(left side) such a cross-slip event is evident in the arm of
the spiral source. The pinning point P can be released by
unzipping the sessile lock or by further reactions which dis-
solve the sessile lock.

The contribution to accumulated plastic strain of the
aforementioned dislocation sources depends on the proba-
bility of the formation of the sources and the stability of
the sources. It is observed that in small specimens, plastic
deformation is predominantly carried by static spiral
sources—type (iii). This type of source is formed quite eas-
ily; it also forms in small volumes and is very stable. With
increasing specimen size, or increasing dislocation density,
other source types are becoming increasingly important. In
larger volumes (specimen size of 1 lm and above in these
simulations) dynamic spiral sources and dynamic FRSs
are as crucial as their static counterparts. This is caused
by the high probability of formation which balances their
limited lifetime. The effect of this change in source mecha-
nism on the mechanical response is discussed in the next
section.
Fig. 3a shows the stress vs. total strain curves of samples
with 0:5 lm side length for different initial dislocation den-
sities. For the reference (standard) initial dislocation den-
sity of q0 ¼ 2� 1013 m�2 a very strong scatter in the
mechanical response is observed, similar to the results from
Refs. [22,26] using randomly distributed FRSs. The main
origin of this scatter are the different sizes of the activated
static spiral sources, which are likely to be formed in these
relaxed initial dislocation microstructures. An increase in
the initial dislocation density q0 by 50% from 2.0 to
3:0� 1013 m�2 seems to be sufficient for substantial source
generation and dislocation multiplication resulting in a
lower scatter and a lower average flow stress. Furthermore,
an early microplastic regime is observed as deviation from
the elastic loading line, which is caused by the motion of
free dislocations contained in the equilibrated starting
structure through the volume. After these early slip events,
the stress increase upon loading is interrupted by distinct
stress drops, which are more pronounced for the lower ini-
tial dislocation densities. Under load control, these stress
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drops would appear as strain bursts, which have been doc-
umented in both, experiments (e.g. [1,6]) and simulations
(e.g. [8,21,22,27]). This intermittent plastic flow is caused
by the shutdown of the active dislocation source which
results in a stress increase until another source is formed
or activated [8,27]. An example of a shutdown sequence
is shown in Fig. 4. The static spiral source S1 is deactivated
due to a combination of a cross-slip event CS along the
spiral arm (step 4 in the left-hand image of Fig. 4) and a
collinear reaction with the cross-slipped line and the line
L, leading to mutual annihilation. The results of these
two events are a very stable prismatic loop-like structure
PL (with one rest of the collinear reaction attached) and
a free dislocation line consisting of CS and L (right image
in Fig. 4) which leaves the volume through the adjacent
Fig. 4. Example of the shutdown of a static spiral source by cross-slip (left
side, four steps shown) and a subsequent collinear reaction (right side)
which frees the arm of the spiral source (specimen size:
0:5� 0:5� 1:0 lm). For more information see text.

Fig. 5. Examples of the dislocation density evolution for different sample
size, 0.5, 0.75 and 1.0 lm, with an initial density of q0 � 2� 1013 m�2 for
initial configurations with scaled loop diameter distribution.
surfaces. After this shutdown of S1 further loading is nec-
essary to activate the static spiral source S2.

In Fig. 3b the stress vs. total strain responses of samples
with 1:0 lm side length are shown for different initial con-
figurations. Compared to the smaller 0:5 lm wide samples,
a smaller scatter of the flow stress values is observed and a
50% increase in the initial dislocation density q0 falls on top
of the other curves (compare with Fig. 3a). For the larger
volume, a higher number of dynamic sources (spiral
sources and FRSs) are generated and the behavior of indi-
vidual sources or reactions is less important. This is in con-
trast to the small volumes where, due to the limited number
of dislocation reactions, individual activation of the source
types given above is more important and governs the
mechanical response. Furthermore, no systematic depen-
dence of the flow stress is observed comparing relaxed ini-
tial dislocation structures from loop diameter distribution
either scaled with the specimen size or not.

Fig. 5 shows examples of the dislocation density evolu-
tion with total strain for 0.5, 0.75 and 1.0 lm wide speci-
mens with an initial dislocation density of
q0 � 2� 1013 m�2. A decrease in density is observed for
all sizes during early straining caused by the escape of free
or only weakly entangled dislocations through the surfaces,
which causes microplasticity as mentioned above. After
this early stage of decreasing density, which cleans the dis-
location structure from the most unstable components of
the equilibrated dislocation network, a more or less pro-
nounced plateau is reached at a dislocation density of
about 1:2� 1013 m�2 which does not show a significant
trend with sample size. For small samples the operation
of individual dislocation sources can be identified by the
sharp periodic changes of the dislocation density. A rear-
rangement of the active sources can be seen in a change
in the amplitude and frequency in the density fluctuations.
In large samples, due to overlapping events, several dislo-
cation sources are usually active at the same time and their
operation is no longer directly reflected in the density
change.

In order to investigate the influence of cross-slip on the
mechanical response and the evolution of the dislocation
microstructure, additional simulations were performed
where cross-slip was disabled in both the relaxation calcu-
lations and the tensile loading. Fig. 6 shows the compari-
son of the stress vs. strain response between simulations
with enabled and disabled cross-slip for 0.5 lm large sam-
ples with q0 � 2� 1013 m�2. A strong dependence of the
stress and the density evolution with total strain on the
cross-slip behavior is evident. The absence of cross-slip
results in a steep increase in the flow stress as shown in
Fig. 6. Simultaneously there is a pronounced drop in dislo-
cation density in the very early deformation stage. The den-
sity drops down to about 0:5� 1013 m�2 compared to
1:4� 1013 m�2 for the case including cross-slip. Without
cross-slip the dislocation structure is reduced to sessile
locks with very few static spiral sources in this regime.
Thus, there is some evidence that cross-slip-mediated dislo-



Fig. 6. Comparison of the stress and density evolution for 0.5 lm large
samples with q0 � 2� 1013 m�2 depending on whether cross-slip was
enabled or not.

Fig. 7. Sketch of the ‘‘cross-slip-induced” pinning mechanism where an
endpoint of a sessile lock gets pinned. For more information see text.
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cation processes improve the overall stability of the dislo-
cation structure which is necessary for the generation of
new sources. The effect is most visible for the smallest sam-
ples studied.

4. Discussion

DDD describes the evolution of an existing dislocation
structure with time for a given set of boundary conditions.
Therefore, the choice of the starting structure may have a
crucial influence on obtained mechanical properties espe-
cially in the early stage of deformation. In 3-D DDD sim-
ulations distributions of isolated FRSs are often used as
initial structure. The sources may exhibit varying length
and orientation distributions and/or different distributions
in space. However, in general, they do not represent realis-
tic dislocation structures—true dislocation structures are
built up of more or less complex dislocation networks. Fur-
thermore, the introduced persistent pinning points (the two
endpoints of the FRS) stabilize the dislocation structure
and exclude mechanisms similar to dislocation starvation.
Therefore, the use of more sophisticated and realistic start-
ing structures is encouraged which may be achieved by, for
example, relaxation processes, predeformation, etc. [25,27].
Contrary to structures consisting of FRSs, which can easily
be described by their distribution of lengths, orientations
and positions in space, these equilibrated structures show
strong statistical variations and are nevertheless usually
characterized only by their overall initial dislocation den-
sity q0, which is obviously not a sufficient measure. How-
ever, despite problems in generating and describing such
sophisticated initial dislocation structures, there is a poten-
tial need for them in the investigation of small-scale plastic-
ity-related dislocation mechanisms. Specifically of great
interest is the generation of dislocation sources in such
structures which is a vital prerequisite for sustained plastic
deformation. Therefore, the aim of the present work is to
address this issue.

The main questions to answer were: (i) how are pinning
points or nodes with constrained motion formed and (ii)
how are dislocation sources generated during the relaxa-
tion procedure and/or the subsequent loading? Further-
more, it is also of interest how the types and distribution
of dislocation sources change with specimen size or load-
ing. In the previous section, four dislocation source types
are defined and identified in the investigated specimens,
namely static and dynamic FRSs and static and dynamic
spiral sources. The role of these sources and their constitu-
ents will be discussed in the following paragraphs.

In small samples static spiral sources prevail (see e.g.
Fig. 2d). These sources are formed by a pinning event of
one endpoint of a sessile lock. Different mechanisms can
pin such an endpoint. The most important one is named
‘‘cross-slip-induced” pinning mechanism sketched in
Fig. 7. The starting configuration is a sessile lock (described
in the following using the standard notation of the Thomp-
son tetrahedron for face-centered cubic (fcc) systems (see
e.g. [30]): this sessile lock results from a Lomer reaction,
e.g. a specific realization with Burgers vector DC shown
as a yellow line. The two endpoints of the lock can move
along the g!¼ n1

!� n2
!¼ AD direction, with n1

! and n2
!

being the normal vectors of the two glide planes c; d of
the two reacting dislocations DA and AC. A cross-slip
event may occur, e.g. in the arm on plane d with Burgers
vector AC to plane b. During the subsequent evolution of
the structure, the new cross-slipped dislocation and the
movable (in AD direction) endpoint of the sessile lock



Fig. 8. (a) Dependence of the dislocation reaction count per volume on
the specimen size and strain; (b) ratio between glissile and sessile
dislocation densities qg=qs for different specimen sizes and configurations.
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may intersect and a sessile node is formed at this intersec-
tion point, involving a total of three glide planes: the two
glide planes forming the sessile lock and the cross-slip
plane. The pinned endpoint of the lock is now the starting
point for two static spiral sources, on glide planes c and b.
Depending on the Burgers vector and length of the two
sources, usually only one of them is activated. A further
transformation is possible via a glissile reaction between
these two arms leading to a single-armed spiral source of
Burgers vector DC on glide plane b attached to the sessile
lock (Lomer reaction) as shown in Fig. 2d (right image).
This source type is quite stable, as the dissolution of this
single-armed spiral source has to involve a further disloca-
tion or is linked to the stability of the sessile lock, which
could in principle be unzipped by the motion of the second
end-node.

A second scenario for the pinning of an endpoint of a
sessile lock which does not rely on the occurrence of
cross-slip has also been identified: one dislocation attached
to a Lomer reaction forms a glissile reaction with a third
dislocation in the vicinity of the lock. The probability of
this second mechanism is lower since more independent
dislocations are involved. For small samples, the conse-
quences are demonstrated in Fig. 6 where a deactivation
of cross-slip leads to an increase in flow stress and a
decrease in dislocation density due to the absence of a suf-
ficient number of pinning points and sources generated
during equilibration. These pinning points stabilize the dis-
location structure which is especially relevant for small
samples. Such pinning points are not persistent but can
be released by unzipping the sessile lock due to the motion
of the free end point or by subsequent reaction with the ses-
sile lock which dissolves the lock as mentioned before.

A special kind of static sources is named static FRS
where both endpoints are pinned by the aforementioned
mechanism. This type of source is similar to those usually
used in starting configurations [22,23,26] but occurring nat-
urally. Static FRSs occur rarely because pinning both end-
points of the source is unlikely to happen. However, once
formed, these sources are very stable and operate many
times. Even dissolving one of the involved sessile locks
and freeing the associated pinning point, the source can
act as a static spiral source and still contribute to the plastic
deformation.

With increasing specimen size, dynamic sources are
observed with increasing probability and become more
important for plastic deformation. This is caused as the
probability of dislocation reactions increases in larger sam-
ples. In larger specimens the number of possible forest
interaction increases (equivalent to higher dislocation den-
sities in small samples) which favors the generation of sta-
ble small-scale dislocation structures that can act as
‘‘pinning points” for sources. Fig. 8a shows the number
of all dislocation reactions (sessile, glissile, cross-slip, etc.)
per unit volume for different specimen sizes in the starting
configuration (after the relaxation calculations) and
strained to a total strain of 0.0045. For the starting config-
uration there is only a slight increase in the reaction density
with increasing specimen size. The situation is quite differ-
ent to the evaluation of the reaction density after straining
to a fixed strain. In this case a strong size dependency is
found, which demonstrates that a critical specimen size is
needed to obtain an effective breeding which is necessary
for the generation of dynamic sources. Usually, dynamic
sources are not very stable and operate only a few times;
however, they are likely to be formed if the specimen size
is large enough or if the dislocation density is high enough.
Dynamic sources, or sources stabilized by the presence of
junctions in the neighborhood, have also been reported
by Tang et al. [27] starting from jogged straight disloca-
tions as initial structure, showing jogged dislocations stabi-
lized by junction formation. In large samples, explicit
sources, e.g. static spiral sources, are less important
because there is a sufficient number of dynamic sources
available at all times.

As shown before, there is a transition in the source
mechanism proceeding from small to large specimens. In
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small samples usually a low number of static spiral sources,
which are necessarily attached to a sessile junctions, carries
the plastic deformation. The sessile locks are needed to sta-
bilize the dislocation structure. Otherwise the majority of
dislocations would escape through the surfaces, explaining
also the increased scatter in the stress–strain curves for the
smallest samples, which are extremely sensitive to the for-
mation of stable spiral sources. The use of isolated FRSs
(e.g. [22,26]) is therefore likely to underestimate the size
effect for small specimens. For the densities usually studied,
the transition is found at about 0.75–1 lm sample width for
the studied initial dislocation densities under single slip
conditions. Under the multislip scenario considered here,
the transition is expected to be at 0.5 lm sample width.
Even though the initial locks are formed during the relax-
ation calculation and are not artificially introduced, they
depend on the initial dislocation density qrelax

0 of the relax-
ation procedure which is needed to obtain certain density
values q0 after the relaxation. For larger samples, this sta-
bilization effect of the sessile locks is not necessarily needed
because the more complex dislocation structure stabilizes
itself via the internal stresses. This can be seen in Fig. 8b
where the total dislocation density is split into a sessile qs

and a glissile qg part for different specimen sizes with an ini-
tial total dislocation density of q0 � 2� 1013 m�2. Here, the
ratio qg=qs is plotted for the as-relaxed state and for a total
strain of 0.0045. It is evident that for both configurations
the density of sessile junctions is increased (decrease in
the qg=qs ratio) for the smallest specimens of 0.5 lm,
whereas for larger specimens an almost constant ratio is
found. The lower ratio for the strained configuration is
caused by the escape of free dislocations through the sur-
faces in the early deformation stage where sessile junctions
remain in the sample.

The change in the source mechanism is also reflected in
the stress vs. strain response. For multislip conditions
below a critical specimen size tcr and initial dislocation den-
sity q0;cr, which is in these simulation approximately
tcr ¼ 0:75 lm and q0;cr ¼ 2� 1013 m�2, plastic deformation
is carried mostly by a few static spiral sources. They are
statistically distributed inside the sample and cause a
strong scatter in the flow stress values. A similar observa-
tion for initial yielding by placing individual, surface-trun-
cated FRSs within a volume has been reported by
Parthasarathy et al. [12]. On the experimental side such a
transition was reported by Espinosa et al. [2] for Au thin
films in the size regime between 0.5 and 1.0 lm.2 A deacti-
vation of the active source often results in a subsequent
elastic loading until the next source can be activated. This
may result in stress drops (or strain bursts in load-con-
trolled tests) as can be seen in Fig. 3a. For larger specimens
or higher dislocation densities, dynamic sources that are
2 Further work is ongoing to study the influence of initial dislocation
density and cross-slip probability (stacking fault energy) on the source
mechanism transition. This is necessary for a detailed comparison with
experimental data.
dynamically generated and dissolved prevail. Hence, the
mechanical response is not dependent on single static
sources but on the average properties of the dislocation
structure and therefore on the dislocation density. This
usually results in a smaller scatter of the flow stress values
as demonstrated in Fig. 3b. In Fig. 9 the source operation
in a 0.5 lm small and a 1.0 lm large sample is compared
for the same strain interval D�. For this purpose the dislo-
cation structures of several loading steps are superimposed
in one figure. For the small sample, the operation of about
four static sources is evident which are not necessarily
operating at the same time. In contrast, the large sample
shows many active sources, static and dynamic sources as
well. The identification of individual sources is often com-
plicated by the complex dislocation reactions taking place
at the same time.

The question of whether the size dependency of the flow
stress, observed in simulations starting with isolated FRSs
using the same DDD tool [22,26,29], is changed is
addressed in the remainder of the paper. Comparison of
Fig. 3a and b reveals a pronounced size effect in the average
flow stress, where smaller samples are stronger. One part of
the observed size effect is attributed to the change of the
source mechanism, i.e. the importance of stabilization of
the structure needed in small samples and dynamic genera-
tion of temporary sources in larger volumes. As can be seen
in Fig. 3a there is a large scatter in the flow stress, whereas
the upper level of the scatter band usually moves to higher
values and the lower level remains approximately constant,
which increases the average flow stress of small samples. In
Table 1 the average flow stress values �rf at a plastic strain
of 0.002 are summarized for the investigated specimens.
These flow stress values are somewhat lower compared to
experimental results on single-crystal specimens where
yield strengths of about 150 MPa for a 0.8 lm and
25 MPa for a 6.3 lm Al pillar were found [32]. For micro-
tensile tests on Cu single-crystal samples a yield strength of
about 100 MPa is found for a 1.5 lm sized specimen.3 No
pronounced work hardening is observed in the experiments
on single-crystal samples (see e.g. [6,32]). This is in agree-
ment with the current simulations and in contrast to the
results in [27] where the flow stress reaches almost 2 GPa
after a few per cent deformation.

Besides the �rf values, the average base flow stress values
�rbf are also listed in Table 1, which are measured neglect-
ing the outliers to high stresses. It is evident that for the
smallest specimens this effect of limited sources gives a
major contribution to the flow stress. A simple power-law
fitting with rf ¼ r0 � tn gives scaling exponents n of about
�0.98 for �rf and �0.60 for �rbf , respectively. Whereas the
exponent of about �0.60 for the average base flow stress
3 A direct comparison between simulation and experiment is not the aim
of the present work. The flow stress level is mainly controlled by the initial
dislocation density (see Fig. 3a), which is unknown for the experiments.
Hence, reducing the initial dislocation density in the simulation will lead to
a better match in flow stress.



Fig. 9. Comparison of source operation in a 0.5 lm small (a) and a 1.0 lm large (b) sample where the dislocation structures of several loading steps are
superimposed.

Table 1
Summary of the average flow stress values �rf and the average base flow
stress values �rbf for the investigated specimen sizes t.

Specimen size t

(lm)
Average flow stress �rf

(MPa)
Average base flow stress �rbf

(MPa)

0.5 118 92
0.75 75 68
1.0 62 62
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is commonly found in experiments [4] and simulations
[23,22,26], the exponent of �0.98 for the average flow stress
is quite high. However, such high scaling exponents have
recently been reported for Au by Brinckmann et al. [31].
Similar results were lately found in 3-D DDD simulations
[33], where the scaling exponent increases to �0.84 when
the initial dislocation density of the FRSs is decreased to
7� 1011 m�2, which has an analogous effect. It seems that
dislocation source mechanisms may have a significant
influence on the flow stress in submicrometer mechanical
testing. Using FRSs as a starting structure gives initial yield
stresses, and to some extent also flow stresses, depending
on their length and orientation and the Schmid-factor of
the associated glide system. However, these values are usu-
ally in a predictable range, at least for the initial yielding,
which limits the scatter of the stress values. The observed
flow stresses at 0.2% plastic strain, Rp0:2%, are also in the
case of a FRS distribution with fixed endpoints increas-
ingly sensitive to the formation of reactions or pile-up
effects during loading with decreasing sample size. The
number of activatable sources decreases and the statistics
of the source distribution and resulting reactions becomes
visible. For the equilibrated structures, a wide range of dis-
location networks is possible, where, in principle, as an
extreme example, a structure can consist of sessile locks
only that will result in a pure elastic response.
The simulations have also shown that structural proper-
ties of equilibrated structures and loaded structures are dif-
ferent, e.g. the ratio of mobile to glissile reactions.
Therefore further investigations are needed on larger and
smaller, predeformed vs. relaxed samples to elucidate the
contributions of the aforementioned mechanisms on the
size effect in small-scale testing and to extend the limited
specimen size range of this work. Additionally, the effect
of the increased density of sessile junctions in small samples
has to be studied. Possibly more sophisticated procedures
have to be developed to obtain even more realistic starting
dislocation structures for 3-D DDD simulations, e.g.
changing/eliminating the microplastic regime by a prede-
formation followed by unloading after the initial relaxation
steps.

5. Conclusions

Complex dislocation networks have been obtained by
relaxation of dislocation loops without any artificially
introduced pinning points. Compared to previous work
in the literature, e.g. [27], no special prerequisites (jogged
dislocation lines, special crystal orientation) are assumed
for the generation of the microstructure. First 3-D DDD
simulation, using these new initial dislocation structures,
of micropillar deformation under uniaxial tension show a
pronounced size effect for the flow stress at 0.2% plastic
strain with an characteristic exponent ranging between
�0.6 and �0.98, depending on the initial configuration
and the specimen size. A more detailed study on the size
effect is ongoing to improve the statistical relevance of
the results.

The most important findings are the discovery of new
dislocation reaction mechanisms leading naturally to the
formation of rather stable pinning points, either via
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cross-slip-enhanced mechanisms or by a sequence of simple
dislocation reactions.

Based on the formation of these pinning points disloca-
tion sources are generated during the deformation process.
These pinning points can serve as anchor points for FRSs
or spiral sources and were observed the first time. This
locking mechanism introduces naturally static FRSs that
are closest in properties, multiple activation and stability,
to those of the isolated FRSs often used as starting config-
uration. Furthermore single-armed static spiral sources are
generated. On the other hand, dynamic sources with finite
lifetime were observed to occur, linked to the occurrence of
glissile reactions or collinear reactions. The collinear
reaction leads to a source configuration similar to the one
for junction-stabilized jogged dislocations, which were
reported in [27]. Due to the increasing probability of
encounter with increasing volume, their contribution to
the observed plastic flow stress increases with sample size.
Further investigations are underway to elucidate by a more
statistical analysis the effect of the initial dislocation micro-
structure and the role of the naturally occurring pinning
points, as stabilizing element of the dislocation microstruc-
ture, on the mechanical properties in small-scale plasticity.
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