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Three-dimensional discrete dislocation dynamics (3D-DDD) simulations reveal that, with reduction of
sample size in the submicron regime, the mechanism of plastic flow localization in irradiated materials
transitions from irradiation-controlled to an intrinsic dislocation source controlled. Furthermore, the spatial
correlation of plastic deformation decreases due to weaker dislocation interactions and less frequent cross
slip as the system size decreases, thus manifesting itself in thinner dislocation channels. A simple model of
discrete dislocation source activation coupled with cross slip channel widening is developed to reproduce
and physically explain this transition. In order to quantify the phenomenon of plastic flow localization,
we introduce a “deformation localization index,” with implications to the design of radiation-resistant
materials.
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Deformation localization is a manifestation of the
complex physics controlling plastic instabilities, self-
organization, and fracture initiation [1–4]. It is a significant
concern in fundamental science and a wide variety of
applications, including geophysical solid deformation [3],
machinability [2], and the design of reliable materials
[4–6]. In particular, deformation localization is widely
observed in irradiated materials, where the phenomenon
is manifested in the formation of defect-free dislocation
channels, which can lead to the drastic deterioration of
structural materials in nuclear energy [4,7–9]. Extensive
experimental and modeling efforts have been carried out to
shed light on the mechanisms that lead to irradiation-induced
deformation localization [4,7–12]. It has been found that
during plastic deformation, the movement of dislocations
may sweep away, absorb, or destroy irradiation-produced
defects. These nanoscale events are responsible for dislo-
cation channel formation and deformation localization.
However, and until now, a clear quantitative understanding
of what determines the width of dislocation channels and the
influence of sample size remain as challenging questions
[13,14]. The main difficulty resides in the paucity of
systematic experiments under controlled conditions and
the significant computational difficulties because of the high
density of nanoscale irradiation defects [12–14].
In this Letter, a new computer simulation method

based on three-dimensional discrete dislocation dynamics
(3D-DDD) combined with a field description of nanoscale
defects is presented to circumvent these difficulties. The
method affords a unique opportunity to study the physical
mechanisms that influence size effects in a quantitative
manner, and thus, it can close the gap between computa-
tional and experimental investigations. We present the first
3D-DDD observations on the size-tuned dislocation

channel formation process to answer key questions.
These are: (i) To what extent deformation is localized in
irradiated materials? (ii) What determines the dislocation
channel width? (iii) How does deformation localization
depend on the external sample size? Such quantitative
analysis on the extent of plastic slip localization is lacking,
and this study unveils the answers to these critical ques-
tions. The results directly shed light on understanding
experiments on small-scale mechanical testing of irradiated
materials. This type of testing is gaining popularity due to
the benefits of accelerated research, the reduction of
radiation exposure, and the utilization of shallow ion-beam
irradiation [9,13–16]. In addition, understanding the phys-
ics of channel formation holds the promise of developing
new concepts for the design of advanced radiation-resistant
polycrystalline and microarchitectured materials.
The 3D-DDD employed here are one part of the

MODELIB (Mechanics Of Defect Evolution Library) soft-
ware system [17], which is described in detail in our
previous papers [18,19]. In this approach, curved disloca-
tion lines are discretized into a succession of parametrized
segments. A system of equations for the motion of nodes
connecting these segments is solved in a way similar to the
traditional finite element method (FEM). Boundary con-
ditions and image forces are considered by coupling the
infinite domain solution with an FEM-based boundary
correction problem. Furthermore, we have demonstrated
that the DDD method reproduces fundamental atomistic
interaction mechanisms between dislocations and irradi-
ation defects [20]. However, because of the high density of
radiation-induced defects, massive simulations of discrete
interactions between dislocations and all radiation defects
are computationally prohibitive (e.g., Ref. [12]), thus
limiting the simulation volume size and type of defects

PHYSICAL REVIEW LETTERS 120, 215501 (2018)

0031-9007=18=120(21)=215501(6) 215501-1 © 2018 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.120.215501&domain=pdf&date_stamp=2018-05-22
https://doi.org/10.1103/PhysRevLett.120.215501
https://doi.org/10.1103/PhysRevLett.120.215501
https://doi.org/10.1103/PhysRevLett.120.215501
https://doi.org/10.1103/PhysRevLett.120.215501


involved. Until now, only a small number of 3D-DDD
simulations on dislocation channel formation have been
reported [4,10,12]. To overcome the computational diffi-
culty, we developed a 3D-DDD method coupled with a
continuum irradiation defect field. We first determine the
dislocation resistance stress and destruction rate of irradi-
ation defects using small volumes containing discrete
defects and dislocations. Then, in massive simulations,
the defect field is considered as continuous, where its
density evolves according to a conservation equation. In
turn, the continuum defect evolution equation is coupled
with DDD through spatially-dependent annihilation rate
and resistance stress. The method, which overcomes the
difficulty of the excessive number of equations to be solved
in discrete calculations (several hundred thousands), is
detailed in our publications [20–22].
We performed an extensive series of 3D-DDD simula-

tions of tension tests of Fe micropillars along the [001]
direction at 320 K. The pillar size was varied in the range
300–1500 nm, and the irradiation defect density range
was 1021 − 3 × 1022 m−3 for comparison with experiments
[35]. Figure 1 shows typical dislocation configurations
and the irradiation defect distributions after deformation.
Clear dislocation channels in Fe are observed only at a
high irradiation dose (defect density), as shown in
Figs. 1(a), 1(c), 1(e), and 1(g), in agreement with experi-
ments [35]. The calculated channel width also agrees with
experiments (50–200 nm [35,36] on bulk specimens), as
indicated in Fig. 1, and it decreases with reducing the
sample size. One notices that when the sample size is very
small, the channel size is comparable with the irradiation-
induced defect spacing, obviating the distinction of dis-
location channels at submicron scales.

To quantitatively discuss plastic flow localization, it is
highly desirable to condense the complex 3D deformation
information into some easy-to-handle parameters. We
therefore proceed here to establish a generally-applicable
deformation localization index (DLI). We define the DLI as
the percent of the specimen volume whose plastic strain γp

is lower than its volume-averaged value (γ̄p). For the
extreme case of homogeneous deformation, there is no
volume that has γp < γ̄p, and thus, the DLI ¼ 0. On the
other hand, if γp is highly localized in a very small region,
then, the DLI is close to 1. Experimentally, the DLI can be
estimated from statistical analysis of surface step distribu-
tions [22]. Figure 2(a) clearly demonstrates that, for large
samples, increasing the irradiation dose significantly
increases the DLI, in agreement with the expectation of
irradiation-induced deformation localization. For bulk (or
large samples), this can be understood as follows. In a bulk
irradiated sample, the activation stress of a dislocation
source τs is calculated as

τs ¼ τ0 þ α1μb
ffiffiffi
ρ

p þ α2μb
ffiffiffiffiffiffiffi
Na

p
; ð1Þ

where the three terms on the right-hand side represent the
lattice resistance stress, Taylor hardening induced by forest
dislocations, and the resistance stress induced by irradiation
defects, respectively. μ is the shear modulus, b is the
magnitude of Burgers vector, α1 is a dimensionless con-
stant, and ρ is the dislocation density. α2 represents an
average value of the irradiation defect strength [21]. N
and a represent the volume density and average size of
irradiation defects, respectively. ðNaÞ−1=2 characterizes the
average distance between irradiation defects on the slip
plane. If some dislocation sources are activated, localized
deformation will be observed if τs decreases during
deformation. Namely, dτs=dγp < 0. The evolution of ρ
and N can be expressed as [21,37],

dρ
dγp

¼ 1

blfr
−
yaρ
b
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1
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FIG. 1. Snapshots of irradiation defect (dark grey dots) and
dislocation (red lines) distributions in irradiated Fe pillars with
a diameter (a)–(b) d ¼ 300 nm, (c)–(d) d ¼ 600 nm, (e)–(f)
d ¼ 1000 nm, and (g)–(h) d ¼ 1500 nm when the plastic strain
is 6% for (a)–(b) and 2% for (c)–(h). Blue dotted regions denote
dislocation channels.

(a) (b)

FIG. 2. (a) DLI for unirradiated and irradiated pillars when the
plastic strain is 2.0%. (b) An example showing the correlation
between a high DLI and dislocation channel formation, γp and γ̄p

is local and volume-averaged plastic shear strain, respectively. The
symbol size is proportional to the local irradiation defect density
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dN
dγp

¼ −λy
N
b
; ð3Þ

where lfr is the dislocation mean free path, km is a
dimensionless constant. ya is the effective mutual annihi-
lation distance between dislocations of opposite sign. In
Eq. (3), y describes the capture distance, below which
irradiation defect clusters might be absorbed or swept away
by gliding dislocations, and λ is the irradiation defect
annihilation fraction [21]. We obtain

dτs
dγp

¼ α1μ

2

�
km − ya

ffiffiffi
ρ

p
−
α2
α1

λy
ffiffiffiffiffiffiffi
Na

p �
< 0 ð4Þ

N >
α21ðkm − ya

ffiffiffi
ρ

p Þ2
α22λ

2y2a
: ð5Þ

Equation (4) clearly shows that plastic instability occurs
when the dislocation multiplication effect [the first two
terms on the rhs of Eq. (4)] is weaker than the irradiation
defect clearing effect [the third term in Eq. (4)].
Equation (5) suggests that high dose irradiation is con-
ducive to triggering plastic softening and the possibility of
dislocation channel formation when the defect density is
greater than the critical value given by Eq. (5). For example,
in irradiated bulk Fe, dislocation channels are experimen-
tally observed when N ¼ 5 × 1021 m−3, but not when N ¼
1 × 1021 m−3 [35]. This agrees well with the predictions of
Eq. (5), from which we calculate the critical irradiation
defect density as Nc ¼ 4.5 × 1021 m−3. The parameters
are set according to experiments [35] (ρ ¼ 1012 m−2,
a ¼ 5 nm) and Table I. Note that, the results presented
here are representative of low strain rate loading (i.e.,
quasistatic), where high strain rate effects are ignored [8].
By contrast, Fig. 2(a) demonstrates that at small scales,

the intrinsic deformation localization (induced by internal
dislocation structure instead of irradiation defects) is
already very pronounced, even for unirradiated materials.
This agrees with experimental observation of highly
localized deformation at the submicron scale [41].
Figure 1(a) illustrates that the dislocation source number
in small pillars is very limited, which is significantly
different from the highly tangled dislocation configurations
observed in Figs. 1(e)–1(h) of larger size pillars. The
deformation is prone to being concentrated around the
position of activated dislocation sources. Weak dislocation
interactions provide the possibility of continuous operation

of available sources without tangling with other dislocations.
It is the operation of the limited single-arm dislocation
sources that leads to the highly localized deformation mode
of unirradiated, submicron pillars.
Size-dependent localization also manifests itself through

various spatial correlations. Figure 2(b) shows that in large
samples, the high plastic strain zone (γp > γ̄p according to
the definition of DLI) is densely populated within a thick
dislocation channel region. This illustrates the correspon-
dence between a high value of the DLI parameter and the
observation of dislocation channels in bulklike samples
[22]. Conversely, the high plastic strain zone in small
samples is sometimes distributed in several slip regions
[such as Fig. 3(a)]. Heavily deformed zones are associated
with much thinner dislocation channels. The width of the
dislocation channel is clearly found to be controlled by
the cross slip mechanism. In bulklike irradiated samples,
the dislocation channel size is significantly reduced
if the cross slip mechanism is deactivated [such as
Figs. 3(c)–(d)]. This is consistent with the general belief
that cross slip is an important mechanism leading to the
widening of dislocation channels [4,11]. However, at small
scales, cross slip plays a weak role in controlling the
channel width [Figs. 3(a)–(b)]. This implies that the much
thinner dislocation channels observed at small scales are
associated with less frequent cross slip events as a result of
the limited dislocation mean free path.
With the aid of DDD simulations, a theoretical model

is constructed to further understand the physical and
distinct origins of deformation localization. A cross slip
induced dislocation channel widening model is first devel-
oped as depicted in Fig. 4(a). Assuming that characteristic
double cross slip height is hcs, and dislocations have a
probability q of double cross slip after gliding a distance
Lcs, with equal probability q=2 of reaching upper and lower
slip planes. Similar to a branching process described in
Fig. 4(a), after gliding a distance nLcs, the probability
Pðn; j; qÞ of reaching a slip plane with distance jhcs away
from the original slip plane is,

TABLE I. Theoretical model parameters.

α1 α2 km ya λy hcs

0.35 [38] 0.3 [21] 0.01 [39] 0.6b [40] 8.4b [21] 10b [40]

(a) (b) (c) (d)

FIG. 3. Results of 3D-DDD simulations of dislocation channel
formation in high-dose irradiated pillars when the plastic strain is
2.0%. For (a)–(b) d ¼ 300 nm, and (c)–(d) d ¼ 1500 nm. The
width of the channel is indicated. Note that cross slip is not
essential for channel formation.
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Pðn; j; qÞ ¼
Xn−≤ðn−jÞ=2

n−¼maxð−j;0Þ

n!
ðjþ n−Þ!ðn − j − 2n−Þ!n−!

×

�
q
2

�
jþn−ð1 − qÞn−j−2n−

�
q
2

�
n−
; ð6Þ

where n− is non-negative integer describing the number of
downward cross slip events [22]. −n ≤ j ≤ n. j reflects the
channel widening magnitude, while n captures the size
truncation effect since n ¼ d=Lcs. Pðn; j; qÞ is a cumu-
lative trinomial distribution, representing the channel wid-
ening probability if n keeps constant during deformation.
Suppose that each time dislocations meet the irradiation
defect, one cross slip event may occur. Accordingly, Lcs is
set to Nð1=3Þ, where N is local irradiation defect density.
Therefore, during the deformation, n varies with N.
In the following, a simple 2D Monte Carlo model is

developed by coupling the DDD-informed dislocation
source activation mechanism and the cross slip induced
channel widening model. First, the sample is divided into
multiple subregions by cross slip height hcs along the
sample height h, as schematically shown in Fig. 4(b).
Dislocation sources are assumed to be distributed uni-
formly, with a total number ρV=L̄ [39]. Here, V is the
sample volume and L̄ is the average effective source length.
This naturally reproduces the feature of limited dislocation
sources at small scales [42]. The source strength is τs þ Δτ̃,
where τs is evaluated by Eq. (1). Δτ̃ depends on the
effective local source length, source type, slip system, etc.

For simplicity, all of these factors are lumped into the
variations of the effective source length [43]. Similar to
2D-DDD simulations [44], the source length L follows a
Gaussian distribution, with a mean value L̄, and standard
deviation 20%L̄ [45]. At small scales, Δτ̃ ¼ α3μb=L [45],
where α3 is a dimensionless constant. L̄ is 0.317d to
model the truncation effect induced by the external size
[39]. For a bulklike sample, the spatial heterogeneity of
source strength is mainly induced by the character and the
arrangement of dislocations. Therefore, Δτ̃ is assumed
to fluctuate around the Taylor resistance stress. Namely,
Δτ̃ ¼ α1μb=L − α1μb=L̄. L̄ is 1=

ffiffiffi
ρ

p
[37].

As depicted by the flowchart in Fig. 4(b), the weakest
source (with the lowest strength) activates first during
deformation. When the dislocation source sweeps the
whole slip system once, the plastic strain increases by
b cos β=hcs [45], where β is the angle between the slip-
plane normal of this source and the loading axis. To
consider the spatial coupling arising out of the double
cross slip mechanism, this plastic strain is assumed to
spread to the neighboring 2n subregions by multiplying
with the widening probability in Eq. (6). Then, the
neighboring and local irradiation defect density and dis-
location density evolve by Eqs. (2) and (3), respectively.
In order to consider the temporal fluctuation of local
coarse-grained resistance stress, induced by complex dis-
location-dislocation and dislocation-defect interactions, a
random number k is generated between 0 and 1. If k < Ptf,
the local dislocation source strength fluctuates by randomly
resetting a new source length. If the new source is much
stronger, it means the local source is exhausted, or it is
strongly pinned. This process is repeated until the end of
the desired deformation.
Typical prediction results obtained by this simple model,

using parameters listed in Table I, are demonstrated in
Figs. 4(c)–(e). In bulklike samples, a significant dose-
dependent irradiation defect distribution and DLI are
observed in Figs. 4(c) and 4(e) after deformation. By
contrast, the DLI at small scales shows a weaker dose
sensitivity. In Fig. 4(d), the tendency of the weak inverse
dose dependence is a result of the interaction with irradi-
ation defects, which promote dislocation cross slip. Such a
trend is difficult to observe at a small size (300 nm) due
to the significant scatter. In addition, the size-dependent
dislocation channel widths are captured in Fig. 4(c). This
model can also capture the yield drop feature in the stress-
strain curve (see Fig. S6 in Supplemental Material [22])
that is observed experimentally. The excellent agreement
between these abstract 2D model predictions and the more
fundamental 3D-DDD simulations and experimental obser-
vations [35] verifies the basic physics of the simple model,
and it shows that it may be used to guide the design of
new irradiation-resistant materials. For example, cross slip
probability q can be tuned by changing the stacking fault
energy and temperature etc. Figures 4(d)–(e) show that

(a)

(c) (d) (e)

(b)

FIG. 4. Schematic illustrating (a) cross slip induced channel
widening model and (b) the discrete dislocation source activation
model. (c)–(e) The predicted results when the plastic strain is
2.0%. The DLI is the average over 1000 realizations.
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tuning q does not qualitatively affect the dose sensitivity
of the DLI, but increasing cross slip probability decreases
the DLI by increasing the channel width. Here, Ptf is 0.2. A
sensitivity analysis of the choice of Ptf from 0.05 to 0.2
shows a small decrease in the DLI (see Fig. S5). This
implies that the source strength fluctuation induced by local
entrapment or dislocation interactions promotes a more
homogeneous deformation.
In conclusion, an easy-to-handle parameter deformation

localization index is proposed to quantitatively assess the
localization extent of plastic deformation. We demonstrate
that at small scales, the plastic flow localization mode
transitions from irradiation-defect clearing controlled to an
intrinsic limited dislocation source dominated mechanism.
The dislocation channel width at the same plastic strain is
shown to be reduced when cross slip is not very active,
indicating that cross slip is not necessary to the creation of
the channel, but it is beneficial since it spreads plastic strain
over larger volumes. Based on the insights gained from the
DDD simulations, a simple model based on cross slip
channel widening coupled with stochastic glide is devel-
oped. The model reproduces the size effects on deformation
localization. This study also sheds light on understanding the
deformation localization issue in barrier-strengthened mate-
rials (e.g., nanoprecipitates), and it has implications in the
design of new radiation-resistant materials by tuning size and
other microstructural parameters, such as stacking fault
energy and dislocation density.
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