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During the plastic deformation of crystalline materials, 3d dislocation networks form based on dislocation junctions. Particu-

larly, immobile Lomer junctions are essential for the stability of dislocation networks. However, the formed Lomer junctions can
unzip and dissolve again, if the linked mobile dislocations of the Lomer junction - the Lomer arms - experience sufficiently high
resolved shear stresses. To generate a better understanding of the dislocation network stability and to pave the way to a general
stability criterion of dislocation networks, we investigate the Lomer arm length distribution in dislocation networks by analyzing
discrete dislocation dynamics simulation data of tensile-tested aluminum single crystals. We show that an exponential distribu-
tion fits best to the Lomer arm length distribution in the systems considered, which is independent of the crystal orientation. The

influence of the slip system activity on the Lomer arm length distribution is discussed.
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Dislocation network structures evolve in crystalline mate-
rials during plastic deformation. Ongoing plastic deformation
can be observed by tracking the motion of mobile dislocations
with respect to the resolved shear stress on individual slip sys-
tems. However, dislocation networks consist of mobile and
O immobile dislocations. The motion of dislocations is hindered

C by mutual interactions between the dislocations, which largely
O 1leads to strain hardening [1} 2} 13]. Thus, the characterization of
IE,dislocation networks has to incorporate two competing mecha-

nisms: The formation of stable network structures and the mo-
bility of dislocations in network structures [4} 5].
In fcc crystals, the interaction of dislocations on two dif-
ferent slip systems may lead to junctions. Junctions are thus
(\] 7shared” by at least two dislocations on different slip systems.
<J" Reactions can generate new mobile dislocations on other slip
(Q\|
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) systems, e.g. due to glissile interactions or represent the cross-
slip mechanisms, as discussed in [6, [7]. In contrast, reactions
1 can also lead to immobile junctions, the so-called Lomer junc-
N tions. The Lomer junction is considered to be sessile, since it is
CN not part of a slip system [8]].

> However, immobile Lomer junctions can also dissolve dur-
'>2 ing the dislocation network evolution. Line tension models [2],
simulations of quasicontinuum and molecular dynamics (MD)

EB [9,[10] and discrete dislocation dynamics simulations (DDD) [[11}
12} [13]] can be used to analyze the stability or dissolution of
Lomer junctions. The unzipping of a Lomer junction depends
on its neighboring Lomer arms, which are connected to one of
the ends of the Lomer junction [2} [14}[15,9]]. In the following,
we refer to the mobile dislocations, which are connected to the
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end-nodes of Lomer junctions as "Lomer arms”. Lomer arms
are glissile on their respective slip system. The ability to move a
Lomer arm correlates inversely with its arm length, i.e. shorter
Lomer arms require higher critical shear stresses and thus sta-
bilize the dislocation network. In contrast, longer Lomer arms
can bow-out at lower shear stresses and thus unzip the Lomer
junction.

Consequently, the Lomer arm length is important for two
aspects, the stability and dissolution of the junction within the
dislocation network. In this work, we analyze the length distri-
bution of Lomer arms by analyzing 3d DDD data of plastically
deformed fcc single crystals mimicking aluminum to lay the
foundations for a general stability criterion of dislocation net-
works.

We analyze data of 24 DDD simulations of tensile test for
the crystal orientations (100), (110), (111), and (123). For each
orientation, six simulations with different relaxed initial dislo-
cation microstructures are performed. The used DDD frame-
work is described in [[16}[11]]. The samples analyzed are tensile-
tested fcc single crystal with a volume of 5x5x5 um? at a strain
rate of 5000 s~!. The cross-slip mechanism is included in the
simulations [[11]].

We evaluate the fraction of Lomer arms in the network.
Comparing the fraction of Lomer arms for a loading of &, =
0.3% with the initial relaxed network configuration (&;,; = 0.0%)
shows a decreasing trend, see The dislocations in-
volved in the Lomer reaction in turn can react again and form
further reactions, which can effectively cause one of the end-
nodes of the Lomer reaction to become immobile. This is sub-
sumed under the term “reaction” in[Table 1] Those Lomer junc-
tions can then only unzip from one side. Thus, we observe a
gathering of reactions at Lomer junctions during plastic defor-
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Tab. 1: Fraction of Lomer arms and of dislocation reac-
tion{}adjaeent to Lomer junctions according to number in the
initial (¢, = 0.0 %) and in the final load step (g,,; = 0.3 %)
of the simulations for different crystal orientations.

Fraction of links next

&t o Lomer junctions {100y <10y (I (123
0.0% Lomer arm [%] 45.75 42.20 42.81 34.51
. (%
Reaction [%] 5425 57.80 57.19 65.49
0.3% Lomer arm [%] 32.62 31.00 26.52 25.15
. 0
Reaction [%] 67.38 69.00 73.48 74.85
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Fig. 1: Normalized link length distribution of (a) all mobile links
and Lomer arms across all simulation steps of one simulation in
(100) orientation and (b) the normalized distribution of Lomer
arms for all orientations at 0.3% total strain.

mation for each crystal orientation considered.

[Fig. T(a) shows the length distribution of all mobile dislo-
cation links compared to the Lomer arms in (100) orientation.
We observe a resembling distribution for the overall length of
mobile dislocations and the Lomer arm length. [Fig. T[b) illus-
trates the length distribution of the Lomer arms in (100), (110),
(111) and (123) orientation at a total strain of 0.3%. The results
show barely any orientation dependency. In order to investigate
and compare the Lomer arm length distribution with the gen-
eral dislocation link length distribution from the literature, the
following distributions are considered here, whereby from now
on, the length of a Lomer arm is termed “link length”:

Shi and Northwood [[19] provide an analytical approach based
on the considerations of Wang et al. [20], which leads to
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Thereby, the probability ¢ for a discrete link length A depends
on the dislocation density p and the link length with the highest
probability 4,,, which relates to the average link length L.

The number and topology of dislocation reactions, that are different from
Lomer (and Hirth) junctions, are tracked by virtual junctions, which have a
zero net Burgers vector. This concept is used in this work to track the Lomer
junction neighbors. For a detailed explanation we refer to 11117, [18].

Hu and Cocks [21]] show a similar analytical solution with
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They suggest to apply the equation on individual slip systems,
since they expect differing link length distributions for each slip
system.

Sills et al. [22]] use a one dimensional Poisson process for
the description of the link length probability and compare it to
link length data obtained by DDD simulations, which results to
the exponential distribution by

o0 =7 exp(-7) &)

They suggest to replace the average link length by L = %, with
the number N of dislocation links per unit volume.

Shishvan and Van der Giessen [23] investigate the differ-
ent dislocation lengths of Frank-Read sources in polycrystalline
materials, which resemble hindering objects such as grains or
particles. They choose a log-normal distribution, which leads

to
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with ¢; = InL, c% = 21n(LLSU) and Lso as the median of link
lengths.

Zoller et al. [24]] use a Rayleigh distribution to approximate
the link length of stabilized dislocations due to Lomer junc-
tions, which leads to

2
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where o is the expected value of the link lengths. The com-
parison of five distributions and the present data is shown in
for the (100) orientation for three different total strains,
respectively. The link length distributions for the other crystal
orientations are found to show qualitatively similar distributions
(cp. [Fig. T{b)).

We observe that the exponential and the log-normal distri-
bution fit best for the link length distribution. The distribution
of the link lengths shifts towards shorter lengths with increasing
plastic strain and dislocation density, respectively (see[Fig. 2(a)
to (d)). The exponential distribution slightly underestimates the
probability of short links, however, it applies best for longer
links. The increase of shorter links during straining is due to a
densification of the dislocation network. To quantify these ob-
servations, we apply the Kolmogorov-Smirnov(ks) statistics to
the distribution results. The ks-statistic analyzes the deviation
of a distribution with the data [25]. Thereby, small values in-
dicate a small divergence. The ks-statistic results are listed in
for each distribution in each crystal orientation. The
exponential and the log-normal distribution fit best in each ori-
entation with similar ks-values. So, we state that the qualitative
distribution and the change of the distribution does not depend
on the orientation. The exponential distribution shows the best
agreement to the DDD data. Thus, it can be concluded that an
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Fig. 2: Comparison of different link length distributions in (100) orientation at the initial state (a) and for (b) 0.1%, (c) 0.3% and
(d) 0.5% total stain with Shi/Northwood: Analytical 1 (Eq. I), Hu/Cocks: Analytical 2 (Eq. 2)), Sills et al.: Exponential (Eq. 3)),
Shishvan/Van der Giessen: Log-normal (Eq. 4) and Zoller et al.: Rayleigh (Eq. 3} The link length distribution of the underlying

data is presented in the grey bars.

Tab. 2: Kolmogorov-Smirnov statistics for the link length distri-
bution in (100), (110), (111) and (123) orientation of various
distributions.

Distribution (100)  (110) (111)  (123)
Analytical 1 (Eq. 1 0.297 0303 0.298 0.294
Analytical 2 (Eq.2) 0.300 0.290 0.300 0.299
Exponential (Eq. 3 0.106  0.107 0.109 0.102
Log-normal IEq. 4 0.116  0.118 0.122  0.121
Rayleigh (1E_q 5 0293 0.295 0.295 0.292

exponential distribution, e.g. as proposed by Sills et al. [22]], is
a good approximation for the link length distribution.

The exponential distribution uses as unique parameter the
average link length L. The average link length is shown in
[Fig- 3|a) for the investigated crystal orientations. A common
first approximation might be the consideration of the averaged
dislocation spacing given by the 1/ 4/p relation, which is shown
by dashed lines in the diagram. The averaged Lomer junction
spacing is given by the 1/ /oL, relation. The Lomer density
is derived on the basis of the total lengths of the Lomer junc-
tions. Assuming that there are two Lomer arms between Lomer
junctions, a factor of 0.5 is chosen for the Lomer density ap-
proximation, which leads to 1/(2 yjorom) and is shown by the
dash-dotted lines. Additionally, the average Lomer arm length
approximation with respect to the number of Lomer junctions
PLom/Nrom as proposed by [22]] is shown by dotted lines.

We observe a similar behavior for both square root approx-
imations, with a slight shift for the absolute value of the ap-
proximated average link length compared to the ground truth
data (see [Fig. 3(a)). We assume that this shift arises due to
the accumulation of further dislocation reactions between the
Lomer arms in the dislocation network, resulting in shorter link
lengths. The approximation py,/Nrom shows a good fit, which

indicates a correlation between the average length of the Lomer
arm with the average length of the Lomer junction. This is a
surprising observation which can not be fully explained by the
present data.

So far, the analysis of the link lengths has been consid-
ered for the entire system but not depending on the slip system.
However, the resolved shear stress differs for each slip system
and influences the bow-out of dislocations. As proposed in [[18],
we apply a Schmid factor (orientation) dependent approach for
the classification of DDD data. In the following, we examine
the influence of the slip system activity on the link length char-
acteristics. We observe a difference for the evolution of the
links between active and inactive slip systems. The Schmid fac-
tor dependent results of the average link length and the number
of links are shown in [Fig. 3| where (b) and (e) show the re-
sults for the high symmetry (100) orientation and (c) and (f) for
the (123) orientation, respectively. For comparison, (d) shows
the evolution of the number of links for each orientation. We
observe, that the average link length starts to deviate between
active and inactive slip systems at 0.1% total strain with an in-
crease of the deviations for larger plastic deformation. It can
be observed that the average link length on active slip systems
decreases less compared to inactive systems.

In (123) orientation, we even observe a slight initial in-
crease of the average link length of the most active slip sys-
tem. The reduction of the average link length on inactive slip
systems is in accordance with our expectation of a densifying
dislocation network. When looking at the number of links, it
is observed that it evolves differently for each orientation (cp.
[Fig. 3[d)). With respect to the slip system activity, the number
of links increase stronger on active than on inactive slip sys-
tems with increasing plastic deformation. This effect is more
pronounced for the most active slip system in (123) orientation.
Thus, the slip system activity has an influence on the formation
and stability of the Lomer arms.

The influence of the slip system activity on the distribution
of the link length and its evolution is shown in for the
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Fig. 3: Comparison of the average link length (a) and number of links (d) between all investigated orientations. Slip system activity
dependent comparison of the average link length in (100) orientation (b) and in (123) orientation (c) as well as slip system activity
dependent comparison of the number of links in (100) orientation (e) and in (123) orientation (f).

(123) orientation for a total strain from 0.0% to 0.3%. We
use the distinction of slip system activity in (123) orientation
with a threshold value for the Schmid factor of 0.25, leading
to four active slip systems. At a total strain of 0.1%, the link
length distribution between active and inactive is similar. With
increasing plastic deformation, we observe small deviation of
the distributions, also visible by the corresponding median and
average link lengths. The distributions on inactive slip systems
shifts stronger to shorter link lengths compared to the active slip
systems during plastic deformation. The average link length de-
creases for inactive as well as for active slip systems, however,
the reduction is more pronounced for inactive slip systems.
The physical origin of the slightly different link length evo-
lution of the active resp. inactive slip systems is addressed
here: Active slip systems show less decrease in link length
due to higher resolved shear stresses compared to inactive slip
systems. A higher resolved shear stress leads to bow-out and
thus lengthening of the links, while densification of the net-
work leads to an overall decrease of the link length. The bow-
out depends on the magnitude of the resolved shear stress. A
Lomer arm bow-out factor is calculated by dividing the link
length with the Euclidean distance between the start and end-
node of the Lomer arm, here referred to as ”Euclidean link
length”. shows the probability distribution of the Eu-
clidean link length as a function of its bow-out. Compared to
the initial state (Fig. 5(a)), the evolved network (Fig. 5(b)) ex-
hibits more curved links. However, many links are short and
straight at both strains. By classification of the evolved network

into active (Fig. 3|c)) and inactive (Fig. 3[d)) slip systems, we
can relate long and strongly curved links to active slip systems.
However, we observe also bow-out of the links on inactive slip
systems. The length and the bow-out of a link is limited due to
the increasing probability of re-reaction with other dislocations
and due to unzipping of Lomer junctions.

To classify the length and the bow-out of the links, the re-
sults are compared with a line tension model. The line tension
model is used to calculate the threshold stress for the link in-
stability. Several line tension models exist in the literature, e.g.
2L 13} 126, 27]. The models describe the relation between the
Euclidean link length and the resolved shear stress.

Since most of the links bow-out much less than a semi-
circle, the prefactor of the line tension model is assumed to be
reduced [27]]. This is why in this work, a simplified approach
with a small prefactor from Rodney et al. [9] for the calculation
of the threshold L, of the Euclidean link length is used, which
is calculated by

Ly, = 0.5ub 6)

[Test|
Here, b is the Burgers vector magnitude, u is the shear modu-
lus and 7.g is the resolved shear stress on a slip system. The
dash-dotted lines in[Fig. 4]as well as the dotted line in[Fig. 5{c)
indicate the threshold link lengths. We observe link lengths
longer than the threshold link length. Thus, parts of the Lomer
junctions remain stable on active slip systems even if the shear
stresses, calculated with the externally applied load only, ex-
ceed the critical shear stress of the Lomer arms. This finding
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Fig. 4: Normalized frequency over link length in (123) orientation for (a) 0.0%, (b) 0.1%, (c) 0.2% and (d) 0.3% total strain. The
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suggests that the Lomer junction stability in a dislocation net-
work cannot be replaced by a general analytic term without fur-
ther network information, e.g. internal stress contributions.

Hence, the use of a simplified stability threshold value to de-
fine a maximum link length as used in some averaged descrip-
tions in the literature, e.g.[9} 28], has to be reconsidered. We are
aware that more sophisticated line tension models approximate
the threshold stress more precisely, e.g. [29, 27], containing
additional length and angle dependent terms, which hinders the
calculation of an unambiguous threshold length solution. How-
ever, independent of the applied line tension model, we assume
that the stability of these long links could be favored by the in-
creasing presence of other reactions and internal stresses. This
needs further investigation.

Summarizing the findings of this paper, we investigated the
Lomer arm length distribution in dislocation networks at dif-
ferent total strains and showed that the distribution is well de-
scribed by an exponential distribution. The crystal orientation
has been found to have barely any influence on the distribution
of the Lomer arm lengths obtained from the overall structure.

The modeling of the average Lomer arm length based on the
Lomer junction density showed good results and provides an al-
ternative to the general formulation. If the network information
exists, an approximation by prom/Niom can be applied. How-
ever, the number of Lomer junctions might be not accessible
for many continuum frameworks. In addition, it has to be re-
marked, that the number of Lomer junction is found to correlate
with the strain rate [30]]. This correlation has not been part of
this study but needs further investigation.

Furthermore, we showed that the Lomer arm length distri-
bution and the average Lomer arm length differ between active
and inactive slip systems. Lomer arms on active slip systems
show longer arm lengths compared to inactive slip systems.
The analysis of the Lomer arm bow-out showed that the bow-
out on active slip systems is larger compared to inactive slip
systems. However, bow-outs can also be observed in inactive
slip systems. An investigation of a theoretical maximum Lomer
arm length and the observation of Lomer arms that exceed the
threshold value of m lead to the conclusion that some of the
Lomer junctions persist in the network even with long Lomer
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arms. In current continuum modeling of the junction stability,
the presence of such large arms in stable structures is not con-
sidered [28]. Therefore, future studies will analyze the Lomer
junction dissolution process within a dislocation network dy-
namically.
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